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Abstract

Conditions for plant growth in acid-sulphate mine tailings are difficult because low

levels of organic matter, low pH conditions (causing metals toxicity), and slow water

movements that reduce plant root aeration. Experiments were conducted, based on the

hypothesis that organic amendments held some promise for improvement of physical

properties of acid-sulphate mine tailings and for the resulting acid drainage (AD).

Decomposable plant'material (green manure or GM) doubled the hydraulic

conductivity of the tailings and caused a >S-fold increase for the dried residue resulting

from lime neutralisation treatment of the acid drainage. Aggregation of both materials

was increased by 12 and 157o, respectively, and erodibility was reduced, by applying

green manure. However, an aerobically aged sludge did not have a positive effect on

the physical properties of the tailings or leachate. This was attributed mainly to its high

proportion of components resistant to microbial decomposition, low organic C content

and their small particle sizes. The sludge itself was dramatically improved physically,

after GM was applied to it, because it resisted 50% more high energy water drops than

GM treated mine tailings or tailings leachate residue. Thus sludge resists erosion to a

far greater degree when GM has been applied. This has implications for the treatment of

sludge prior to its application to minespoils.

Under stagnant pool conditions, major improvements in the quality of the acid

drainage (AD) occurred after sulphate reducing bacteria (SRB) mediated a combination

of sludge and ryegrass that had been added to AD. Sharp pH increases were recorded

for one sludge-ryegrass treatment, and concentration of sulphate and the toxic metals Al,

Co, Cu, Fe, Mn, Zn, decreased 5-, >25-, 10-, 3-, 1800-,100- and 5- fold respectively.

The long adaptation period needed for SRB in this study would not have been of

great practical value under constant flow conditions. To reduce the long acclimatisation

periods for SRB in the highly acidic AD of a constant-flow reactor, further work, using

more efficient buffers was undertaken. After 10 days, soluble Fe, Al and sulphate all

decreased >1800-, >40- and 3-fold, respectively. This was a more efficient performance

than that of the previous no-flow bioreactor using sludge + ryegrass, and is an

alternative where chemical treatment is unfeasible.



CHAPTER 1

Extended Summary

The extended summary is placed at the beginning of this thesis rather than at the end,

due to the large amount of technical material in the chapters which follow. Preceding

the introduction, this arrangement contextualizes the ensuing work.

1.1 Minespoil rehabilitation

This thesis concerns the ability of various organic and inorganic materials to ameliorate

materials from acid-sulphate mine tailings as collected at Brukunga, South Australia.

The minespoil materials that were to be ameliorated were (a) acid-sulphate mine tailings

from a decommissioned iron pyrites mine, and (b) the dried lime-treated tailings

leachate residue from the tailings dam. For improvement of the physical properties of

the tailings and its lime-treated leachate residue, aerobically digested sewage sludge,

green manure, and lime were applied. For the mitigation of physico-chemical and

chemical properties, the effects of treatments including combinations of fresh

decomposable plant materials, sewage sludge, layer silicates, oxides and lime were

investigated.

Leguminous and non-leguminous green manures were applied to the minespoil

materials. At application rates of 1.5"/" (w/w), both green manures significantly

increased hydraulic conductivity for the leachate residue, and for the tailings. Though

for aggregate stability, the leachate residue showed marginal improvements for both

green manures, neither green manures when applied caused large changes to the

stability or aggregation of the minespoil. Of the two green manures, the leguminous

green manure exhibited a slightly better granulating effect.

When applied alone, an aerobically aged sludge did not have a positive effect on

the physical properties of the tailings. This was attributed mainly to its high proportion of

components resisitant to microbial decomposition, its low organic C content and the

small pärticle size of those organic components. Whenever it was linked to green

manure in the minespoit materials the aerobically treated sewage sludge significantly

decreased the effectiveness of the green manure to stabilize the minespoil materials.

However the stability of the sludge itself was dramatically increased (50 7o increase in



waterstability and in stable aggregates when green manure was incubated ,,1,,n 
"

minespoil leachate residue. Green manure increased the stability of the sewage sludge

(itself containing 40 % clay added during its processing) against erosion by simulated

raindrops by 15-30 o/" and increased its resistance to waterdrop impacts. The small size

of sludge organic particles adjacent to clay particles of comparable size led to

dispersion of the clay, and disaggregation of the sludge and the sludge-treated soils.

Increased microbial action in the sludge-green manure mixture caused a significant

increase in its aggregation by green manure. Also, when sludge was incubated with

green manure, calcíum carbonate (2.5 %) added during its aerobic treatment would

have supplied polycations which adsorbed onto clay particles inherent in the sludge.

Anionic macromolecules from the decomposition of the green manure provided

adsorbed onto positive sites on the clay partÍcles in the sludge. Further coalescence

resulted in the development of water-stable aggregates.

Though the sludge did not directly improve the physical properties of the

minespoit as welt as the green manure did in the short term, after a period of íncubation

together, green manure with sludge as a treatment combination promises further

amelioration of mínespoils.

Green manure improved the saturated hydraulic conductivity values of both mine

materials but the lime-treated tailings leachate showed greater increases than the

minespoil tailings.

Green manure significantly reduced the amount of mechanically dispersed

particles in both mine tailings materials, but for aged sludge-only-treated materials there

was no significant decrease. The small size of the organic anÍons (< that of colloida!

clay) in the pre-treated sludge was believed to have contributed to the high amount of

clay dispersed for all sludge-only treatments. However, the effect of applying green

manure-with sludge as a treatment reduced dispersed clay for the minesoils to a level

below that even of the green manure-only treated minesoils. Dispersed clay contents of

green manure treated materials were lower in the tailíngs leachate residue than in the

tailings. Though there was a higher inherent amount of clay in the tailings compared to

the leachate, its greater clay dispersion after treatment with rapidly decomposable plant



4
the tailings due to its high inherent acidity (pH 3.5) and heavy metal toxicity. These

conditions very likely resulted in the significantly higher proportion of undecomposed

green manure found in the tailings as compared to the tailings leachate residue. An

increase in the amount of green manure applied from 1 .5 lo wlw to 2.5 "/" wlw had no

significant impact at any time on mechanically dispersed clay.

Green manure-only caused an average 8-fold infiltration increase when used on

minespoil residues, compared with an average 12-fold increase above control levels,

when used on sludge. lnfiltration increases for sewage sludge-only treated minesoils

were non-existent, except where the sludge was added in combination with green

manure. lncreases were attributed to biological interaction causing the flocculation and

cementation of clay particles, resulting in a supression of clay dispersion.

There was a statistically significant difference between the erosional effects of

water-drop impact for sludge-treated, and green manure treated residues. Green

manure decreased erosion by about 65 % for the tailings leachate residue, and by only

about 12 % for the tailings. The inference is that green manure-stabilised aggregates

would not be broken down (slaked) as easily as non-treated aggregates by raindrop

splash, and hence would not be detached as readily by overland flow. For most

treatments, physical improvements were significantly greater for the tailings leachate

residue compared with the ta¡lings residue.

1.2. Rehabilitation of acid mine drainage (AD)

Major improvements in the quality of the acid drainage (AD) occurred after

sulphate reducing bacteria (SRB) mediated.a combination of sludge and ryegrass

added to the acid drainage. The greatest SRB activity was associated with the highest

quantities of the sludge-ryegrass combination. Since the ryegrass component was of

the same mass for each treatment containing sludge and ryegrass, higher quantities of

sludge within the treatment regime meant a lowering of the ryegrass: sludge ratio. The

speed, magnitude and effectiveness of SRB activation occurred in increasing order of

the sludge in each treatment mass:. ryegrass + low sludge < ryegrass + medium sludge

< ryegrass + high sludge. Though ¡t had been the pulverized ryegrass that sustained
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ameliorative effect on the AD. Under the no-flow conditions of the experiment, the ideal

mix of ryegrass and sludge for SRB driven AD mitigation was in the ratio of 1: 17: 67

(w/w) for ryegrass, sludge and AD respectively.

Higher quantities of sludge initially would have contained more SRB spores, and

more buffering material. Therefore it is reasonable to conclude that the greater the

sludge (buffer): AD ratio, the greater the effectiveness of the SRB in the presence of an

appropriate nutrient source. However, where there was no ryegrass there was no SRB

activation. Thus, had SRB been activated, and that activity sustained in the sludge-only

treatments, similar toxicity decreases would have been expected in those treatments.

The long adaptation period needed for SRB in the highly acidic "stagnant pool

conditions" of this study would not have been of great practical value under natural

stream flow conditions. lt had been shown in other studies involving laboratory

bioreactors that increased influent flow rates decreased the efficiency of biological

mitigants. Therefore an experiment was conducted to examine the relative effectiveness

of various pH buffers, which were to decrease acidity to a level where SRB could be

activated in AD effluents which flowed. Therefore after testing a range of pH buffers for

their efficiency, influent AD was passed at various speeds through an SRB driven

bioreactor using a combination of a whole soil (a mollisol) containing 40% kaolinitic

clay and ryegrass as the pH butfer. The Mollisol decreased the acclimatisation time for

the activation of SRB in stagnant AD from 50 days (the time it took for sewage sludge to

do it) to <10 days. After causing a pH change from 2.8 lo >7 in just 5 days, the Mollisol

buffer dramatically reduced the hydraulic retention time (HRT) of the constant-flow

reactor from 12 days at flow speeds of 100 ml per day to 2 days at 25 ml per day

respectively. Gompared to those of a previous no-flow bioreactor, heavy metals were

reduced more efficiently in the Mollisol-SRB driven constant-flow bioreactor. This

method of AD rehabilitation is an alternative for localities lacking in cheap sources of

calcium compounds for chemical rehabilitation but having copious quantities of fresh

decomposable plant wastes such ad grass clippings. ln order to reduce after-treatment

solid waste disposal problems, further work is needed on the re-cyclability of the

organic substrates used in this study.
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CHAPTER 2

lntroduction

2.1. The Gauses and Effects of Acid-sulphate Soils and Acid Drainage

2.1.1. Soil physical problems in acid-sulphate mine tailings

Soil deterioration caused by mining is a serious problem in vast areas of the world

today. Until recently, land reclamation was not a major concem, and it was done only if

itwere economically feasible - cosVbenefit ratios ruled the day (Box, 1978). With the

advent of strip mining, such short term land use relegated vast areas to mine spoil

heaps, incapable of supporting the original vegetation. The lack of vegetation caused

further exposure of unconsolidated soil to wind and water erosion.

Acid sulphate soils are often saline soils containing the buildup of iron sulphides

in the upper layers under waterlogged or more reducing conditions (Fitzpatrick et al.,

1998). When exposed to air by drainage, these soils become highly acidic. The chief

source is pyrite, which when oxidised becomes highly acidic. Sulphuric acid may leak

into drainage and flood waters, attacking clay, thereby releasing aluminium, which is

toxic to vegetation and aquatic life (Fitzpatrick et al., 1998).

Though these phenomena occur as natural processes in relatively competent

rocks and minerals, they take place very slowly. The problem lies in increasing the

exposed surface areas of such materials. Thus, where there are fractured rock or finely

ground mine wastes, the emanation of acid drainage causing acidity can occur rapidly,

with evidence otten appearing within months (Taylor, 1998).

Where ore minerals are fine-grained or of low concentration, crushing/grinding of

the ore to a rock flour of clay and silt-sized particles is required prior to extraction (Bell et

al. 1989) . The tailings are thus the fine crushed rock remaining atter the ore minerals

are recovered from the ore, between 80% and 90% of the crushed ore typically ending

up as tailings (Mulligan and Bell, 1996). These are not soils in the edaphic sense.

Here, the predominant fractions are thus single silt, sand, and clay-sized (not

necessarily clay) grains.

Though the range of soil types formed on mine spoil heaps within short periods

since they were constructed (thirteen to five years) can be wide (Fitzpatrick and



Hollingsworth, 1997), water-togging is usually adominant feature in att caser, u¡J (1)

alkaline, poorly drained, (2) acid sulphate or potential-acid sulphate with soils

characteristic of water-logged (hydric) situations, (3) permanently or seasonally

waterlogged soils (Fitzpatrick and Hollingsworth, 1997). Such waterlogging and

reduced oxygen levels are not only inimical to emerging plant roots, but have given rise

to heavy metal toxicity, since any crushed or finely ground solid wastes from mining

containing sulphur or sulphides such as pyrites are prone to Ieaching.

Under natural conditions the development of stable soil structure (in the edaphic

sense) is a gradual process influenced by physical, biological and chemical agencies

(Low,1955). However, though in the mining context "overburden" refers to the zone of

weathered rock between the mineral of interest and the surface soil (Mulligan and Bell,

1996), in practice, the surface soil is removed with the overburden (Hannan, 1978), and

thus the process of pedogenesis must begin afresh. The natural pedogenetic process

results in the development of vertical zonation - differing horizons of pedogenic material

.on.i.ting of an organically-enriched surface (A) horizon underlain by a subsoil horizon

low in organic matter. When unhindered, the process results in crumbing, or

aggregation of mineral particles. A good crumb structure is desirable to allow the

adequate diffusion of gases and the retention and movement of water and dissolved

salts and plant nutrients in the soil environment. Some minespoil soils have been

described as having a thin, friable surface crust (5-1Omm), very weakly developed A

and B horizons (100mm thick and usually at depths from 50 to 500 mm) with silty-sandy

clay-loam to silty-light clay textures and saline to sodic properties (Fitzpatrick and

Hollingswoth, 1997). This results in poor particle-particle bonding due to insutficient

binding compounds in the soil to hold the solid phase together. For the maintenance of

good soil structure, at least 40% of the soil particles should consist of waterstable

crumbs >25Opm (macroaggregates) (Reid & Goss, 1981). Unfortunately, the physical

propefties of a (growth) medium are often the most difficult to ameliorate, even after the

most problematic chemical and microbiological properties have been changed

(Mulligan and Bell, 1996). Majoq physical factors that influence the behaviour of

minesoils in the rehabilitation process include stoniness and impermeable crust



formation (Fitzpatrick and Hollingsworth, 1997), with the tatter also being a diaglostic

feature of high levels of human-induced physical deterioration of topsoil.

The physical state of soils in mine soil heaps is therefore not often in an ideal

condition for re-vegetation and re-afforestation. Clearly, from the foregoing, it can be

deduced that in such mine tailings the amount of macroaggregates (i.e. soil crumbs

>250 pm) would be substantially lower lhan 40o/" or non-existent. Therefore initially, it

is necessary for clay mineral pafticles to remain flocculated (clumped together as

domains) and at least microaggregated (i.e. crumbed at <250 pm), for the eventual

creation and maintenance of aggregate stability in a soil. Flocculation is enhanced by

the presence of polyvalent cations, high electrolyte concentrations, organic matter and

minimum disturbance (Muneer and Oades, 1989). Soil conditioning gives these needed

physical properties to allow plant growth, decrease erosion, and conserve water

(DeBoodt, 1975).

2.1.2. Soil chemical problems in acid-sulphate mine tailings

Sulphide ores provide a large proportion of Australia's non-ferrous metals. lron

sulphide is often associated with base metal sulphides, giving rise to potential water

pollution problems due to acid leachate. The basic problems arise when metal

sulphides including pyrrhotite, marcasite, galena, sphalerite, chalcopyrite, but especially

pyrite (Taylor, 1998), are in contact with water and oxygen. Past technologies were

inadequate to remove much heavy metal from crushed mine ore, and therefore mine

tailings, changed from the ore by chemical processes, are finely ground with new

surfaces that may be chemically active (Hore-Lacy, 1978). The mining of these

sulphide-bearing materials brings them into contact with air, leading to oxidation (Figure

2.1) andthe production of sulphuric acid, since the residue is left behind with access to

air and the sulphides are convefted to sulphate, thereby bringing about an acidic

condition. When water comes into contact with pyrite (or coal) and the overburden

surrounding it, chemical reactions, and biological processes occur which exacerbate

the condition, causing the water to gain acidity and dissolve iron, mangnesium,

aluminium and toxic "heavy metals" such as cadmium, lead, copper, zinc and mercury

(Hore-Lacy, 1978). These processes, together with the transport of their oxidation
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products by water (processing water, rainfall, surace and groundwater) produce acid

drainage (Taylor, 1998). Water that comes into contact with coal or pyrite has a

characteristically orange-red to brownish colorÍr. The impacts on the natural

environment are as follows.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Heavy metal leaching from acid mine drainage

Seepage of toxic solutions into ground water, and surface water contamination

Revegetation failure

Wildlife and fisheries habitat loss

Changes in local water balance

Sedimentation

Exposure of tailings

Revegetation failure due to poor soil physical properties

2.1.3. Acid drainage and biological processes

Though the optimum pH range for root growth depends on the species, little growth

occurs at pH values below 4.0 due to toxicity from Al or Mn (Corbett, 1969; Kabata-

Pendias and Pendias, 1984) and Cu,Zn, Pb, N¡, Cr (Narwal et al., 1983). Therefore at

low pH, such conditions pose severe limitations to successful rehabilitation on waste

rock and tailings (Taylor, 1998; Kelly, 1978). ln extreme cases (e.9. Mt. Morgan in

Queensland, Mount Lyell in Tasmania and Mt. Lofty Ranges, South Australia), solutions

having a pH in the range of 2.5 to 3, with sulphate concentrations of between 1000 and

3000 ppm are common (Mulligan and Bell, 1996). Equations 2.2-1.4 depict the

acidification process (after Ritchie, 1993):

FeS2+ 7l2OZ + H2O -> FeSO4 + H2SO4

2FeSO+ + H2SO¿ + 1/2c2-> Fe2(SO¿)3 + H2O

(2.1',)

(2.2)

(2.3)FeSZ + Fe2(SO4)3 + 2H2O + 3O2 -> 3FeSO4 + 2HzSO+
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MS + Fe2(soa)3 + 3l2oz + H2o -> MSo4 + 2Feso4 + H2so4 (Equation 2.4).

where MS represents any sulphide mineral.

Exacerbation in the oxidation of the toxic ions in soil can be induced by

microorganisms which function well under strongly acid conditions and which help to

catalyse the above-mentioned reactions between pH4 and pH2 (Bloomfield, 1976;

Swaine, 1978). Thus under leaching the natural acidity is increased and perpetuated by

chemosynthetic bacteria Thiobacillus ferro-oxidans (Kelly, 1968) which are acidophilic,

thriving in conditions of warmth and moisture and thereby playing an active role in the

oxidation of the Fe3+ and S2+.

lnitially, the ferric ions in solution react with any other sulphides present and

oxidise them to soluble sulphates plus more acid (Hore-Lacy, 1978). The reduced

ferrous ions are then re-oxidised by the bacteria, deriving their energy from the oxidation

of sulphides. Thus, under leaching, the natural acidity is exacerbated and perpetuated

by chemosynthetic bacteria playing an active role in the oxidation of the Fe (Swaine,

1e78).

. The system thus perpetuates itself as long as sulphides, moisture and oxygen are

adequately available in the soil (Hore-Lacy, 1978). ln addition, the hitherto insoluble

sulphides (of Gu, Zn, Ni) are then easily oxidised to their sulphates in solution (Figure

2.2). The result of the bacterial activity is that (a) the soil solution becomes more acidic,

and (b) this highly acidic water percolating through mine spoil heaps emerges laden

with dissolved metals in phytotoxic concentrations.

However, the sulphate reducing bacteria (SRB) can reverse this process, and

sutphate reduction of the sulphate ion SO42- occurs when the hexa-valent positive

sulphur of the sulphate is converted to the divalent negative form. The process can be

described by the equation:

8 [H] + SO42- -> H2S + 2H2+ 2OH - (2.5)

Hydrogen donors are alcohols, organic acids, or molecular hydrogen. Organic acids
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Figure 2,1. Schematic representation of pollution generation and transport

in a pyritic waste dump (after Ritchie, 1993)
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Figure 2.2. Simplified diagram showing bacterial oxidation of sulphides
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are produced from the anaerobic decomposition of readily decomposabte plant rl?"r¡"1.

Acidity of can thereby be decreased in the long term. A rise in pH is accompanied by a

decrease in the solubility of toxic heavy metals (Allaway, 1968). With an adequate

substrate, under anaerobic conditions, the SRB (Desulfovibrio or Desulfotomaculum)

may improve AD quality during their respiration.

2.2. Key points:-

. Most mining activities disturb land surfaces, sometimes creating entirely new

surfaces. Stability of those disturbed and new surfaces to erosion is often unknown

Water percolating through some old mine dumps or old mines may emerge highly

acidic

a

a

a

a

The development of highly acidic conditions in the ground (to about pH2) leads to

high concentrations of sulphate, aluminium, calcium, magnesium, iron and

manganese

Soil microorganisms generally lower the oxygen content of any water that percolates

down, thereby decreasing acidity in the ground

Vegetation reduces leaching, due to the transpiration of developed ground cover

2.3. Hypothesis

Arising from this literature review, the two hypotheses to be tested in this thesis are as

follows:

(1) Under laboratory conditions, incorporation of organic matter in the form of biosolids

such as green manure or sewage sludge, will significantly improve the physical and

chemical properties of an acid-sulphate mine-spoil for plant growth.

(2) Under laboratory conditions, the water quality of AD can be improved by sulphate

reducing bacteria (SRB) using organic manures as an energy source.
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t42.4. Aim and Objectives

This project aims to ameliorate (a) the physical properties of acid sulphate mine tailings

materials from the edaphic standpoint, and (b), decrease chemical toxicity of AD,

through the application of organic mitigants. For successful tree grovrrth in acid-sulphate

ground environments, the soil needs of plants have to be met. The following objectives

of this project are therefore recognised:-

improvement of slow water movement in the soil

increased aeration of the soil

amelioration of hard-pan conditions

reduction of soil acidity

improvement of water quality of minespoil effluents by reducing metals toxicity of

AD, through the application of organic mitigants.

2.5. Research Plan

Chapters 1-5 summarises the physical problems for plant growth in acid sulphate

minespoils, and possible correctlves. Chapter 3 looks at the geology of the Brukunga

Mines, current practices in its rehabilitation, and an evaluation of their successes and

failures, and implications for other similar minesites. Chapter 4 first examines the

concept of rehabilitation as opposed to reclamation, and the implications for acid sulfate

minespoils. Since the soil fabric has been destroyed, methods of repair are examined,

including the potential effectiveness of some organic manures. ln this regard, the role of

soil bacteria and their organic substrates are analysed, with respect to the restoration of

physical soil properties and the improvement of etfluent water quality. Chapter 5

examines the role of green manure and stabilized sludge in (1) improving soil structure,

and (2), decreasing acidity and heavy metal toxicity.

The substantive chapters include land quality (Part 1: Chapters 6-8) and water

quality (Part 2: Chapters 8-10). Chapter 6 examines by experiment, the etfectiveness of

the main proposed organic substrate i.e. green manure.
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Chapter 7 utilises the results of green manuring in two clayey soils (chapter 6).

The hypothesis is that if green manure is capable of improving the physical properties of

sodic soils, then, either with or without other organic additives, it will also improve

physical conditions for plant grov'rth in the sodic minespoils.

Though green manure caused some improvements in physical properties of

minespoils, other tests were needed to determine the likely responses under raindrop

impact. Therefore Chapter 8 includes tests of soil strength and raindrop impact on

aggregates stabilised by green manure and sewage sludge.

It was expected that soil solution chemistry would have been influenced

by the decompositional products of incorporated organic amendments. Chapter g

entailed the use of sewage sludge and green manure to reduce the heavy metal toxicity

of AD. The role of sulphate reducing bacteria (SRB) as a biological rehabilitator of AD,

facilitated by organic nutrients from decomposable plant material was examined.

For a continuous flow of highly acidic effluent through an SRB driven bioreactor,

devices must be emplaced to offset the speed of through-flowing AD effluent. Chapter

10 tests the results of Chapter 9 (entailing a stagnant bioreactor), in a constant-flow

bioreactor, by searching for and utilising more etficient buffers than that which worked for

the'stagnant flow type (using sludge).

The general conclusion (Chapter 1 1) summarises this project, and cites the areas

where further research is needed.
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CHAPTER

The Brukunga Mines: A TYPical

3.

Acid-sulphate Minespoil

3.1. Historical Background

This research is concerned with the environmental effects and amelioration of acid-

sulphate mine spoil heaps where there already is some surface soil, and so does not

deal with bare rock sudaces. The decommissioned Brukunga Mines in South Australia

has been chosen as a working example for acid sulphate mine tailings 'because 
it

typifies a general problem in other disused pyrites mines. The Mine is located about 50

km from Adelaide, in the Mt. Lofty Ranges just north of the township of Nairne.

. This pyrite formation has been opened to chemical attack via mining, because its

degradation process only requires exposure to oxygen and water. The process has

been self-perpetuating (as oxygen and water going to the system have not been

reduced) until all the pyrite is eventually converted to sulphuric acid and iron sulphate.

Thus acid drainage (AD) (Plates 1 and 2) is of major local and regional concern.

The mine was established in the aftermath of World War ll when a world shoñage

of sutphur had resulted in higher prices for the mineral, prompting the South Australian

Government to sponsor the establishment of Nairne Pyrites Ltd. to provide a local source

of sulphur for the manufacture of superphosphate.

According to the South Australian Department of Mines and Energy (South

Australian Department of Mines and Energy (1989) (SADME, 1989), mining at Brukunga

began in the 1950s. By the early 1970s however, sulphur was being obtained at a

relatively low cost from Canada where the refinement of sour natural gas had resulted in

large surplus stockpiles of sulphur. Consequently the Brukunga mine became

uneconomical, and production ceased in May, 1972. Since mining ceased at Brukunga

in 1g72, the residual sulphides in the quarry, two waste rock dumps and tailings storage

have been actively oxidising and generating sulphuric acid via natural processes. lt is

estimated that the total votume of waste rock amounts to 3.45 million cubic metres. The

waste rock contains an average 9f approximately 2% sulphur, while the tailings dam

contains an average of about 1.75% sulphur.
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Figure 3.1. Locational Map'of the Brukunga Pyrite Mine
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The total sulphate load generated annually by the Brukunga Mine site is estimated to

be of the order of 3000 tonnes, compared with a total annual inflow from upstream

catchments of about 60 to 70 tonnes. Recent investigations have indicated that the two

waste rock dumps are the current main source of sulphuric acid, contributing at least

65% of the sulphate load, with the tailings dam and the quarry contributing about 20%

and 15% respectively. Presently acid leachate from these sources is being treated and

then released into the nearby Dawesley Creek - a tributary of the Bremer River which

discharges into Lake Alexandrina (Fig. 3.1). Notwithstanding their efforts in that

direction, Nairne Pyrites Ltd. could not completely stop the pollution, the gradual

deterioration of the area and the impact on the surrounding areas.

3.2. Geological Background

The original orebody is a conformable pyritic metasedimentary layer consisting of five

parâllei bodies, none exceeding 30m in thickness (Armstrong and Betheras, 1952),

enclosed within regionally metamorphosed Kanmantoo rocks throughout the ore zone.

The ore zone consists mainty of iron sulphide bearing muscovite schists, the only major

chemical difference in the silicate phase between the ore zones and the waste being the

iron sulphide content (Mason, 1968). The pyrite horizon outcrops widely throughout the

region (plate 1), showing widespread weathering and releasing heavy metals. The low

pH brings into solution Al, Fe and Na.

3.3. Mining and Processing at Brukunga

Mining at Brukunga was carried out by open-cut quarrying methods with on-site

crushing and treatment, where material containin g >5o/" sulphide ore was processed

and. separated by crushing, fine grinding and flotation. According to Armstrong and

Betheras(1g52), atotal of 5 million tonnes of ore was mined, with the final concentrate

accounting Íor about 25% of the ore, thereby yielding 75% (3.5 million tonnes) in

flotation tailings. tn slurry form, the finely ground tailings \¡/ere pumped to a nearby

settling pond, where after setlirig out, the waste water was redirected to the water

neutralising plant before being discharged into the nearby creek'
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Plate 1. Open cut at Brukunga, South Australia exposing iron sulphide bedding.
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Plate 2. Acid drainage affected ground at Brukunga, South Australia, and effects on

vegetation.

Photo: AMEEF
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Plate 3. Acid drainage affected creek at Brukunga, South Australia.

Photo: After Taylor, 1998.
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(a)

(b)

l

Plate 4. Old tailings dams at Brukunga, showing dried leachate residue formed after

chemical neutralisation of acid drainage. (a) >3 years. (b) t10 years.



g.4. Brukunga site: climatic characteristics 
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Analysis results of climatic data (Oades et al., 1981) indicate a typical Mediterranean

climate. This consists of typically hot, dry summers (20-43 oC), warm springs (15-30

oC), and mild, wet winters (<10-20 oC). Average annual rainfall exceeds 500mm, with

occasional night frosts from June to September, However, inter-annual variability of

rainfall is also high. Average monthly temperatures are correlated to potential

evaporation rates, which are normally higher than average monthly precipitation.

3.5. Brukunga site soil characteristics

According to Fitzpatrick and Self (1997), the organic C content in the tailings dumps is

very low (O.34%). Because the material lacks organic matter, it has a poor structure and

forms a surface seal rapidly during rainfall. Secondary layer silicates, where present,

tend to hold water internally, on their surfaces, and in pore spaces between particles.

However, due to sodÍcity resulting from the mining treatment processes, layer silicates

would have been disturbed from their normal compact arrangement. This disturbance

destroyed the original face-to-face configuration of the silicates, causing them to align

face-to-edge because of the opposite electrostatic charge (face negative, edge positive).

This increased the dispersiveness and water-logging capacity of the minetailings. The

high water-holding capacity (WHC) of such dispersive clays cause waterlogging and

reduces aeration of the soil. Further, when pyrite is oxidised to geothite and hematite, a

dispersal of fine particles occur which gives rise to a slurry when exposed to wet

conditions (Hannan, 1978).

The opposite condition exists on some slopes. As is typical for open-cut mines

(Hore-Lacy, 1978), oneof the greatest difficulties in revegetating the Brukunga mines is

the dessication of the re-shaped spoil dumps. Here, because of the elevated, exposed

and porous nature of the terrain, moisture readily drains out. None but deep-rooted

plants would be able to tap this moisture source (Hore-Lacy, 1978).

Highly acid conditions lead to high concentrations of Al, sulphate, Mg, Fe, Mn, and

other elements in toxic concentrations, and Fitzpatrick and Self (1997) measured low pH

values (pH3.4) for Brukunga mine spoil materials. Since high levels of heavy metals are



have also upset the microbial balance in the soil and few bacteria and actinor2yi5."t",

would remain. The decreased organic matter also means the lack of an energy source

for microbial life, The water is very rich in magnesium, iron and aluminium sulphates (at

microbially toxic levels), and the locality is largely free of successional higher plants.

Therefore the products of microbial decomposition, which are needed to bind the soil

particles, are largely absent.

3.6. Attempts at Tailings Rehabilitation at Brukunga

3.6.1. Capping and neutralisation

According to Caplygin and Cox (1998) rehabilitation has been adopted in the following

manner. Since 1977, remediation efforts have been directed at reducing the amount of

acid leachate from the tailings dam area (Fig.3.1), which was the main source of

leachate at that time. The tailings dam has been backfilled and capped. ln addition, an

acid neutralisation plant is in operation, where lime [Ca(OH)Z] is added to the acidic

water. The aim is to neutralise the low pH water by agitation with the slaked lime to

initiàlly raise its pH to 9.5, enabling dissolved metals in the acid water to be precipitated

in a settling tank. Near the neutral value of pH 7.0, the final water produced is then

discharged to the Dawsley Creek. The plant has been operating for over 19 years,

intercepting and treating an estimated 40"/" of the total acid leachate generated from the

site.

Other site remedial work has included the progressive covering of the tailings

dump with sludge settled from the neutralisation treatment plant, and an ongoing

revegetation programme which includes the planting of trees on the covered tailings.

Future investigations include the strategy of permanently reshaping and covering the

waste rock dumps to reduce and ultimately eliminate the reliance on the leachate

collection and treatment system.

3.6.2. Role of vegetation at Brukunga

It is clear from the standpoint of the decrease in soil acidity, that reduction in the amount

of soil water is the most effective rehabilitation strategy. Tree vegetation delays and



26
evaporated, or penetrates the soil only to be taken up by their roots and lost through

leaves as transpiration. According to SADME (1989), the trees absorb the surface

water on site, thereby minimising further seepage. A dense network of roots from

vigorous vegetation growth causes the utilisation of vast amounts of oxygen in the

ground (Dexter, 1988), thereby minimising the formation of sulphuric acid. Forty

thousand trees have thus been planted, with the aim of absorbing the sudace water on

the site and reducing further seepage. This decreases the generation of acid water in

the ground (SADME, 1998), and ties in with the aim of converting the chemical

environment from an oxidising to a reducing environment. Among other options

approved by the State Government is the continuation of a full scale trial of this evapo-

transpiration cover over one of the small waste rock dumps for the period 1998-2002

, (SADME, 1998). Yet, tree growth is stunted as a result of poor soil structural conditions

(Plate 4b), and in spite of these measures, the impact on Dawsley Creek of the

seepages, is projected to continue long into the future.

3.7. Concluding Remarks

The environmental impact of AD includes damage to soil and groundwater resources.

Though inorganic treatments have been applied, very little progress has been made,

and the problems still remain. Excess soil water and oxygen enhance the production of

AD.. Since the problem is a long term one, cost-effective strategies for amelioration must

include the application of self-perpetuating systems such as plant life (Plates 5a & b).

For Brukunga, this first step has been taken, because to reduce water levels in the soil,

the need for a continued programme of tree planting has been established. However,

since tree growth is stunted in several locations, it is clear that there are problems with

the growth media. Thus vegetation ground preparation, tree planting and management

is difficult because, in large tracts, thin, waterlogged soil conditions during wet periods

alternate with hardened crusts in the dry season. This reduces aeration of the soil and

the extension of tree roots, thereby creating difficulties for tree growth.
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CHAPTER 4

The Rationale for Organic treatments

4.1. Amelioration and Rehabilitation

Several methods have been applied to reduce the toxicity of drainage water from

disused minesites. Most of these techniques have involved the application of chemical

precipitators such as calcium compounds, Such measures have not been highly

successful. lt has been observed that lime additions have not been found satisfactory

for highly pyritic material as it is soon used up and tends to form gypsum pans (Hore-

Lacy, 1978). Sourcesof lime are not ubiquitous. The longevity of the oxidation process

is calculated in decades rather than years (Elliott et al., 1998). Therefore the

management of acid mine drainage should be realistically focussed on prevention and

control rather than the treatment of effluents, since present methods utilising lime are not

cost effective in the long term (Elliott et al., 1998). For example, Hore-Lacy (1978)

further found that in one United States case, 2500 t/ha of lime were added to tailings at

Bingham (the "iron mountain"), yet after 3 months the pH was back to a value of 3.5.

By using a gentle spray, James and Mrost (1965) have attempted to leach out

soluble salts and oxidation products from pyritic material to a relatively low water table,

where they are fixed onto clay particles. However such measures do not solve the

problems of metal toxicity to plant life (Hore-Lacy, 1978) especially in wet seasons.

The physical sealing of the AD materials, or reducing infiltration into such

materials with compacted clay cappings has been advocated by Currey (1998). Box

(1978) statesthat "reclamation", which implies the return of a site to the approximate

pre-mining condition and habitation by the organisms originally present in

approximately the same composition and density as those prior to mining, is often

unattainable. Neveftheless, a substantial amount of AD would continue to be released

into the local catchment areas (Plates 5a & b). This conclusion was corroborated by

analysis of the above-mentioned clay capping plan, by Agnew (1998). Since inorganic

methods have not been satisfactory, a more biological and organic approach is

considered here.
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(a)

(b)

Plate 5. Acid drainage into a creek at Captains Flat NSW, Australia: (a) before capping

the tailings with compacted clay (b) after clay capping

Photo: AMEEF



Rehabilitation refers to the return of a disturbed site to a form anO proO2u?,'un,

according to a defined land use that may not necessarily be the original usage of the site

(Box, 1978; Mulligan and Bell, 1996). Since cost effectiveness must be considered,

programmes of rehabilitation must be economically feasible and adaptable over large

areas (Hannan,1978). This is seen as a more attainable and rational approach than that

of trying to regain the pre-mining condition in its entirety. In this regard, the first

objective of a rehabilitation plan (Figure 3.1) is to physically stabilise the mined land

(Mulligan and Bell, 1996), since the immediate objective should b".lo create a

landscape that is stable against the erosive forces of wind and rain (Mulligan and Bell,

1ee2).

Figure 4.1. Objectives of Rehabilitation (After Mulligan and Bell, 1996)
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According to Mulligan and Bell (1992), "The immediate objective of any rehabilitation

program should be to create a landscape which is stable against the erosive forces of

wind and rain in order to reduce both onsite and environmental insult". ln this

connection there are two aspects for the improvement of acid-sulphate mine taillings:

(a) soil integrity and (b) water quality. ln the latter case, essential monitoring should

include changes in the water storage and flows and changes in water quality (Marshall,



1978). This view is supported in Tabte 4.1, which shows a percieved pre-emin"3n%" of

the academic subjects hydrology and water quality to mine reclamation of (a) water

quality and (b) soil conditions for plant growth (agronomy).

Table 4.1. Relative importance of academic subjects to mine reclamation in the

United States

Rank Subject

1

2

3

4

5

6

7

I
I

10

Hydrology and water quality

Agronomy

Geology

Forest Science

Technical Writing

Range Science

Communications

Mining Engineering

Agricultural Engineering

Economics

Source: Davis (1978).

Stabilisation of tailings materials involves the physical bonding of loose clay particles,

silt and sand soil pañicles into stable granules and aggregates which are not

susceptible to ready removal by the agents of erosion. On the other hand it is mainly

the movement of contaminants from the damaged area into the groundwater that

threatens the surrounding environment.



. This investigation will therefore focus on the improvement of (a) minespo¡13',lso¡1s,,

and (2) mine etfluents.

Some aspects of these rehabilitation objectives are examined below.

4.2. Stabilising Mined Land

Soil granulation is imperative for minespoil amelioration. When individual soil parlicles

are bound into aggregates (crumbs), water movements in the soil and aeration are

vastly improved, and erosion is resisted. This will only occur where soil conditions are

conducive to the degradative activities of micro-organisms, yet minespoils are deficient

in microorganisms (Seaker and Sopper, 1984). Ameliorating conditions also include

non-extreme pH and moisture conditions, and an accessible nutrient source. For

rehabilitation of acid-sulphate taitings, substantial increases in pH vatues are therefore

imperative, since microorganisms are largely inactive when acidity falls below a pH of 4

(Alexander, 1976). One proposed chemical corrective depends on decreasing the

acidity of the tailings after predicting the potential acid producing capacity of the

minesite. This is called the net acid production (NAP), where the capacity to produce

neutralising material (ANC = âcid neutralising capacity) is subtracted from the acid

producing potential (APP) thus:

NAP = APP - ANC, the neutralising potential depending on the geochemistry of

the materials (Blesing et al., 1974). Thus, when mica weathers, potassium and other

cations slowly diffuse out of the structures. The negative charge that results by the ¡¡3+

substituted (one fourth) in ptace of Si4+ is neutratized by K+ as an accessory intertayer

cation in muscovite (Jackson, 1963). But this provides a weak platelet to platelet

bonding in the mineral (Bush and Markos, 1981), thereby providing the best

opportunuties for cleavage and the eventual release of the K+. But as micas weather,

this K+ release is slow (Brady, 1974). Thus typically, high proportions of alkali-

producing but resistant minerals such as muscovite are effective only when they occur in

combination with at least a low proportion of naturally occurring rapid neutralising

materials such as soluble CaCO3. On the other hand inadequate solubilisation

enhances the problem of inadequate neutralisation (Lawrence et al., 1989), particularly

under semi-arid climates where leaching is restricted. At the same time, under



adequate soil moisture regimes the alkalis and alkaline earths are the most33".ily

leached minerals. Neutralisation therefore depends not only on rainfall and temperature

regimes, and ANC, but on the capacity of the neutralising substance to butfer and resist

acidity at a rate which conselves its ANC over time, under varying weather conditions.

The establishment of "green belts" of natural vegetation (such as native species)

on mine spoil heaps reduces erosional soil loss by increasing soil granulation. Plant

roots are the most effestive soil structural ameliorant (Russell, 1973a), through their

organic matter contribution, and physically forcing particles together and apart, thereby

increasing stress in the root zone, thereby inducing the formation of discontinuities

which create soil aggregates (Dexter, 1988). The larger the amount of photosynthate

the greater the amount of plant roots and the development of desirable soil structure

(Russell, 1977). Though vegetation might initially be established on sites reclaimed

with chemical fertilizers and lime, poor physical conditions result in deterioration of

vegetative cover before it can begin to ameliorate the spoil (Stroo and Jencks 1982). lf

the root zone is to be capable of supporting self-sustaining vegetation, it must be free

from excessive salinity, acidity and alkalinity, have an adequate water-holding capacity,

have adequate aeration, and not restrict root growth through mechanical impedance

(Mulligan and Bell, 1996). Yet, one or more of these conditions prevailing where the

minespoil fabric is so weak as to be spontaneously dispersible (as for minespoil

dominated by sodic conditions), makes the initial establishment of vegetation often

impossible. Acid-sulphate soil conditions which depend on excess moisture and

oxygen are therefore inimical to the establishment of seedlings and young rooting

systems. Yet, the reduction of the availability of excess oxygen and moisture in the

ground can be achieved by the action of plant roots. A good cover of vegetation retards

and reduces the percolation of water deep into the material (Hannan, 1978). This

reduces leaching and further soil contamination.

' One proposed method for creating the physical conditions necessary for good

root growth has been the return of the same organically rich overburden (topsoil) which

had been initially removed, to the strip-mined sub-soil surface, thereby physically

burying the tailings (Fletcher, 1978). However, there are several disadvantages, the

chief being the slope factor and the time lag factor. Fletcher (1978) observed that



replac¡ng stored topsoil on sloping ground is often unfeasible. Further, ln addition? so¡l

moisture and the diffusion of organic materials, the root zone itself is dependent on

microbial populations (Russell, 1977; Tisdall and Oades, 1979; Oades, 1993). Hannan

(1978) found stale topsoil to be virtually sterile when it was replaced over spoil dumps,

and concluded that stockpiling of topsoil for periods longer than about six months had

an adverse effect upon plant seeds and microorganisms. Fuñher, storaQe problems

would exacerbate this sterility, because in reality, the previously removed top-soil would

have to have been stored for several years until the ore extraction process had been

completed.

Additionally, Emerson (1983) found that once organic bonds have been broken in

the soil, the organic matter then acted as a deflocculant. Later research (Durgin and

Chaney, 1984) indicated that the size of the organic anions concerned was a

determining factor for deflocculation, as it was found that only when the organic anion

was larger than the clay particle in the soil, was it able to attach and bind several clay

particles. On the other hand, the opposite etfect - dispersion, occurred when organic

anions were smaller than clay pafticles, resulting in clay dispersion due to excess

negative charge. Thus, even if the disturbed top-soil had been replaced on the subsoil,

disrupted organic matter in it may have then become an agent of soil dispersion (due to

its removat, age and re-spreading) with the potential to exacerbate soil waterlogging,

and. attendant negative etfects on plant roots.

On the other hand, the spreading of fresh topsoil induces a satisfactory vegetative

cover with very tittle assistance (Ftetcher, 1978). Unfoilunately, addition of fresh topsoil

to any subsoil must have first necessitated topsoil removal from somewhere else,

thereby defeating the purpose of the exercise in a wider sense. Fuilher, applied topsoil

is tost in a short space of time during severe runoff episodes (Hannan, 1978) on even

low to moderate slopes. Lastly, in keeping with the above-mentioned objectives for

rehabilitation, the replacement of topsoil over large areas is not economically feasible.



CHAPTER 5 34

Some Organic Amendments:- Green Manuring and Sewage Sludge

5.1. Good Soil Structure: Gonditions Necessary for its Development

Good structure for plant growth on loams and clays can be described in terms of stable,

adequate pores for water, air transmission and storage, and root growth (Oades, 1984).

A desirable range of pore sizes for a tilled layer occurs when most of the clay fraction is

flocculated into microaggregates (<250pm diameter) and these microaggregates in turn

bound together into macroaggregates (>250¡rm diameter), with most being in the range

of 1 to 10mm (Oades, 1993). When the surface soil is well granulated it has a high

permeability that facilitates water infiltration. ln mine tailings, the complete breakdown

of original mineral structure exists, due to prior mining processes. Therefore, in

keeping with Objectives of Rehabiltation cited above (Fig. 4.1, Chapter 4) rehabilitation

mudt first encompass the formation of stable soil aggregates to regain adequate aeration

and water movements in plant root zones.

When good soil structure deteriorates under hard-pan conditions to create a

close-packed mass, conditions for gaseous exchange by roots are reduced, leading to

difficulties in root establishment and consequently stunted plant growth. The etfect of

slaking followed by consolidation (loss of intra-aggregate pores) on plant growth is

clear when it is considered that in rigid media, young roots do not pass through pores

smaller than their root tip (Williams and Cooke, 1961), which for most species are about

200¡rm in diameter (i.e. pores within the microaggregate diameter range). Though they

may grow through pores even smaller than their diameter in media such as wet mud

which can be easily pushed aside (Wiersum, 1957; Williams and Cooke, 1961), as water

content decreases and such soils become dry and rigid, the roots will be stopped by

high soil strength (Rengasamy et al., 1992). This condition exists where tailings dams

have been filled in with gypsum impregnated leachate residues following acid drainage

neutraisation with lime compounds (Plate 5).

On the other hand, the ability of a soil to resist breakdown (and thereby to

maintain its porosity) and dispersion leading to soil erosion either by wind or water is

dependent largely on mechanical and water stabil¡ty and size distribution of soil crumbs



(Stefanson, 1971). Soil therefore needs time to be fully stabilized, the stabiliry oífo,",
being their most important aspect. Donahue et al. (1971)cited the main factors which

influence the buildup and subsequent stabilization of soil structure as:
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Plate 6. Hard-crust in old tailings dam, Brukunga, South Australia, is not easily

penetrated, even with a knife.

(1) the extent and nature of the clay mineral in the soil

(2) the presence of organic and inorganic binding/cementing agents

(3) the electrostatic charge carried by the clay and organic matter

(4) the type of cation associated with these charged surfaces.

Though inorganic compounds such as oxides are the major factor in stabilizing

some soils such as latosols (Desphande et al., 1968; Krishna Murti and Rengasamy,

1976), it is generally accepted that organic polymers exert the dominant influence in

non-tropical soils (Clapp and Emerson 1965; Greenland, 1965; Hayes, 1980; Hamblin,

1984). Thus the binding of clay particles into microaggregates that strongly resist

dispersion is effective when first, polycations combine with organic colloids in the soil

(Hausenbuiller, 1 978).

Subsequently, cementation is needed for consolidation and in the first instance it

is the microbial population that drives the production of such effective soil organic

cements. Seaker and Sopper (1988) draw attention to the insufficiency of microbial

r*---.a:



nutr¡ent sources after mining, effected by the destruction of the premining orn"nåu,"u",
(o horizon). They cite the meagre subsequent plant biomass expected to accumulate
over several growing seasons on the site as being the only C source for microbial
nourishment and utilization. Since under such adverse soil physical and nutrient
conditions, microbial activity remaíns at a low level, vegetation growth and maintenance

are also inhibited in such environments.

5.2. Green Manuring: lts Effects on Soil Physicat properties '

Soil organic matter is that fraction of the soit which includes plant and animal residues at
varíous stages of decomposition, including cetls and tissues of soil organisms and the
substances synthesized by them (Houghton and charman, 19g6). since the eartiest
days of agriculture, organic amendments have been returned to the soil to supply crop
nutrients and to physically improve soil structure (Allison, 1g73). lts influence on critical
soil attributes is far greater than its actual amount in the soil. Toth (196g) stated that the
importance of the organic phase in soils can be demonstrated by the fact that the cation

exchange capacity can be reduced by as much as 20 to S07o by the removal of the

organic phase, even when it constitutes only 3 to 5% of the total soil mass. Tisdall and

Oades (1980) estimated that for each 0J% increase in organic carbon there is a2o/"

increase in water-stable soil crumbs and a 1"/" increase soil moisture holding capacity.

They found that for six separate soils, water-stable particles >2000pm, 1000-2000pm,

500-1000¡rm and 250-50Opm in diameter were stabilized largely by organic matter.

Acton et al., (1963) similarly found that the level of aggregation in soils was related to the

level of carbohydrate (i.e. readily decomposable material) present in the various

fractions of the soil organic matter. Organic matter is effective in stabilization not by

merely entangling soil partictes physically, but rather by changing over time the
cohesíve forces between soil particles as a result of adsorption to soil particles (Kroth

and Page, 1940) and through binding by microbially extruded gums.

However, they note that interestingly (and contrary to common presumptions),

such a stabilizing effect on soit structure does not occur when already fu¡y decomposed

organic matter is added to soil (Kroth and Page, 1946). The experiments of Meredith

and Kohnke (1965) have indicated that a tairly rapid and sustained rate of



37
decomposition of organic residues is a necessity in the stabilization of soil aggregates.

Thus increases in crop yields from farmyard manures (FYM) for example in field

experiments, have come mainly from the nutrients supplied. Williams and Cook (1961),

suggested that increased yields from FYM may not be attributable to improved physical

effects of the manure on the soil. Thus materials such as compost, digested sewage

sludge or farmyard manure, having been already "worked over" by bacteria are

relatively inert (Browning and Milam,1942; Kroth and Page, 1946) being themselves

residues of intensive degradation (Martin et al., 1955) and therefore, ineffective in

producing crumbs (aggregates) since they do not serve as an energy source for the

activities of microorganisms . Kroth and Page (1946) thus concluded that in order to

keep cultivated soils in the best physical condition, a sufficient quantity of rapidly

decomposing organic matter to produce active compounds should be at all times

present. The creation and maintenance of stable soil crumbs thus needs the addition of

organic matter which provides energy for the survival of heterotrophic microorganisms.

ln this connection, Ekwue (1991) found that where the silt fractipn predominated, only

low levels of soil cohesiveness occurred. Oades (1984) had previously postulated that

the lack of accumulated organic matter in silt soils is a reflection of a lowered bacterial

(aerobic) population, since such soils are prone to waterlogg¡ng. ln other words, it may

be microbial action in soils, and not the organic matter of itself that maintain aggregation.

The aggregating power of organic amendments vary directly with their rate of

decomposition in the soil (Browning and Milam, 1942), there being a more long-lasting

increase for readily decomposable substrates than that of less readily decomposable

amendments, and effects of some substrates even being counter-productive. Readily

decomposable manures therefore, rather than old organic material seem to be more

effective in improving the physical status of soils. Thus it is the ongoing processing by

the microorganisms of a biodegradable substrate that results in the most substantial

improvements in soil structure and tilth (Tisdall et al., 1978; Cheshire, 1979; Hayes,

1g8O), aggregate stability becoming greatest some time after the creation of an intimate

admixture of soil and degradable organic matter (Obatolu and Agboola, 1993). This

indicates that a substantial amount of palatabte substrates must be provided in the soil

to supply the energy Íor soil particle-particle binding activities of the microorganisms.
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Organic amendments added to soil to improve physical properties thus need to be

transformed by soil organisms rn the soil.

It therefore seems reasonable to conclude that (1) the longer the period of

microbial activity in the soil, the more effective the soil structural improvement, and (2),

the more advanced the decomposition of the organic matter to be incorporated with soil,

the smaller its immediate effect on the soil structure. Thus the application of fresh,

readily decomposable organic matter may improve the physical status of mine tailings.

This would probably account for the stability decreases occurring'in soils soon

after the disappearance of some readily decomposable materials, where such stabilized

aggregates are afterwards "torn down" by microorganisms in their quest for new sources

of energy. For example, Harris et al., (1963) postulated that after the initial readily

decomposed substrate is "used up", the aggregating agents themselves are

metabolized by the soil microflora in the absence of a more readily available energy

source. Soil aggregation therefore decreases over time because some of the recently

synthesized soil-binding materials are consumed by the microflora themselves (Martin,

1946). For most organic amendments, the remaining organic substances consist of

relatively resistant residues, some of which have been rendered recalcitrant to further

decomposition by physico-chemical union with certain soil constituents (Martin et al.,

1g5S). Therefore one negative aspect of a single-constituenþrapidly-decomposable

added substrate may be the high frequency of replenishment necessary in the soil to

maintain adequate microbial substrate levels. The need for continual replenishment

necessitates physical disruption to the soil in the replenishment process, yet minimum

disturbance is necessary for the buildup of aggregation (Oades, 1984). Therefore, very

short-term, quick acting simple compounds like glucose would not seem to be the ideal

microbial substrate in the soil over a period of several months. This is one negative

effect of adding glucose solely, since its rapid loss by microbial breakdown (Low, 1955;

Rovira and Graecen, 1957) would indirectly reduce the stability of macroaggregates

over the long term. lt would thus seem that ideally, a decomposable soil structural

amendment would contain constituents with differing decompositional rates, thereby

ensuring the constant availability of a microbial energy source for an extended period.



As disruption of organic bonds can tead to physical problems such as Oi.jSr.ion

(Emerson, 1983), organic amendments for the binding of soil particles should be most

effective when decomposition occurs in sítu; i.e. after its application. Therefore, to fulfil

such minimum objectives, one treatment considered here for the initial grovrrth of plants

in edaphically hostile environments is the spreading on of 3 top of finely particled readily

decomposable plant matter brought in and thoroughly mixed in situ with the existing

minespoil soil. Such a measure may lead to oxygen-reduction processes in the soil via

aerobic decomposition, thereby cuftailing the activities of the T. ferro.oxidans bacteria,

reducing acidity and toxicity, and thus better prepare minespoils for plant estabtishment.

Green manure has been defined as the practise of enriching the soil by turning

under undecomposed plant matter either in place or after transporting it from a distance

(Pieters, 1927). Since the earliest days of settled agriculture, green manure has been

utilised to improve crop yields and has proven to be of value in improving both the

nutrient status and the physical properties of soils (Singh et al., 1992). Historical

records show that the Chinese grew and ploughed in green crops, mainly legumes,

directly or as compost for the purpose of manuring rice fields; in Greece and Rome

before the time of Christ, green manuring was a common practice (Pieters, 1927). ln

modern times, instances of dramatic increases have been reported in crop yields after

green manuring; for example Chen and Wang (1987) observed improvements of 956

Vha, 805 Vha and 2474 Uha for wheat, rice and maize respectively, but whether or not

improvements in soil physical properties were a factor in these increases was not clear.

5.3. Sewage Sludge and Soil Physical Properties

Sewage sludge may be considered a soil physical amendment because of its high level

of organic matter, and has often been applied for physical and chemical effects on soils

(Epðtein et al., 1976). lt is the decomposable fraction in organic matter that supplies the

energy soil microorganisms need for producing bacterial gums and cements (Kroth and

Page, 1946). Compared to the untreated kind, digested sludge, being largely the

product of bacterial decomposition, is relatively lacking in decomposable particles.

Depending on its nature, organic matter, as noted above (Emerson 1959), can be a

dispersing agent in soil when mutually repulsive negative charges increase clay



distocation. Though fats, waxes and resins provide a continuous matrix which ¡¡fO1 tfre

soil particles into secondary units by physical forces alone (Martin, 1971), the

observations of Frenkel et al., (1978) are that in clayey soils, dispersion may be

enhanced by "natural" levels of soil humus. This is because colloidal organic materials

ranging in size from a diameter of a few hundred molecules to one in the order of

microns are mobile and move below the zone of organic matter inputs (Susanto, 1gg2).

This could conceivably cause dispersion of soil due to their negative charge. For

exainple, Gupta et al., (1984) found that old farmyard manures increased dispersion in

sodic soils. Such may conceivably also be the case for some aged sludges. On the

other hand, in the early stages of organic matter decomposition, the resulting anionic

molecules, being necessarily larger at this stage, are relatively few in number, thereby

reducing (1) the number of mutually repulsive negative charges and (2) the ratio of

negative to positive charges in the soil. Therefore it is reasonable to assume that clay

particles added to sludges during treatment (a currently adopted practice, Grindley,

1998; pers. comm.), could either increase or decrease dispersion, depending on the

number and sizes of mutually repulsive negative charges already in the sludge. This

seems to indicate that an overabundance of mutually repulsive negatively charged

colloids in soil tends to increase dispersion, particularly where there is an insufficiency

of binding materials. lt would seem therefore that untreated (raw, stabilised, or

undigested) sludge would be a more effective soil physical ameliorant than the treated

(stabilised) kind.

Nevertheless, contrary to expectations, preliminary obseruations at the Brukunga

Mines, South Australia, of the after-etfects of raw (unstabilised) sludge surface

applications, indicated that raw sludge, when applied in semi arid conditions to hard-

pan surfaces was not an effective physical ameliorant (Plate 6). lt was noted that the

raw sludge readily disintegrated under dry conditions (Plate 6). This could have been a

result of its poor structure, since raw sludge volatilized and shrank, becoming tough

impermeable skins (Plate 6). This would have increased sudace seal effects and

exacerbated the very conditions its applícation was meant to alleviate. On the other

hand it was noted, by eye estimation, that the structure of a treated sludge containing

soil as an additive was superior to that of the untreated sludge.



Treated sludges (though lower in readily decomposable organic matter¡ *or1å ,.,ot
disintegrate as readily as had the untreated sludge they would be a more'effective
ameliorant under such conditions.

. Fufther, in treated sewage sludge, some of the inert particulate organic matter
includes resistant bacterial cell wall debris, which according to oades (1ggg) provides

many negative sites for cation bridging. lt seems possibte that these could therefore help
to initiate mícroaggregation in the soil. Though abundant amounts of polar compounds
in soil can cause dispersion leading to structural breakdown, in smaller concentrations,
in the presence of cations they can form physico-chemical bonds with surface active
clays that are not easily disrupted on rehydration.

Despite the inability of inert organic materiats to produce binding agents, they
supply an amount of polar organic debris (singh et al., 1gg2). Anaerobic conditions
encourage the buildup of polar compounds (Kroth and Page, 1946) in anaerobically
digested sludges. ln soils where organic matter is the main aggregating agent, the polar
materials are probably effective in electrostatically linking inorganic colloids, but it would
seem that polar compounds can be more effective in aggregation where there are
sufficient polycations in the soil to link them together, as in the case in minespoil soils.

5.4. Green Manure: Chemical Effects on , Soil

Green manure under certain moisture conditions can ameliorate the chemical status of
soils by reducing metal ion toxicity and modifying pH. For exampte, Bao and yu

(1986) found that after only 7 days of intensive decomposition of green manure,
substantial levels of complexation of Fe 2+ and Mn 2+ had occurred. Further, when
green manuring is combined with lime treatments, the solubility of many metals could
conceivably be significantly reduced due to a change in soil pH. Further details about

chemical effects of green manure on soil and ground water are discussed below.

5.4.1 Green manure: effects on pH

An increase in pH reduces the availability of toxic heavy metals in soils (Brady, 1974).

Christensen (1987) found that in sandy and loamy soils, the levet of plant unavailability

of Cd increased three-fold for every pl-l unit increase between pH4 and pH7.7. Because



pH values lower than 5.5 indicate fairly comptete removal of bases from the soil lnliowuy
and Morgan, 1986), the neutrality or near-neutrality of soil pH is the first step in ensuring
the availability of soil nutríents in disturbed soils (Hore-Lacy, lgTg). ln this regard, green
manuring causes changes in pH in two ways. Decomposition of green manure in soil
can not only decrease a high pH by providing extra protons to the soil from organic acids
and coz, but can increase pH by reducing Fe and Mn oxides, because protons are
consumed in the reduction of oxides (Donahue et al. 1g71). ln addition, by removing
H*, increased pH may result from the mineralization of organic ions to COe and Heo
(Singh et at., 1992).

Katyal (1977) found that one of the benefits of flooding a rice soil was a
decrease in pH for calcareous, alkaline soils and an increase in pH for acid soils. He
further measured pH increases in acidic soils of widely ranging textural soil
environments in flooded rice soils, further observing that a near-neutral pH was
achieved within 28 days of planting by the addition of organic matter, as compared to 70
days or more when no organic matter was added. According to ponnamperuma (1972),
the achievement of a neutral pH seems eventually inevitable in soils under flooded
conditions' Singh et al. (1992) found that in green-manure treated soils, active
biodegradation and the resuttant extensive production of Co2 can lead to the
dissolution of ca and Mg carbonates, thereby reducing soil acidity. However, they also
found while it took just 2 weeks for significant changes to occur under waterlogged
conditions, in upland soils such changes occurred more slowly. Thus in an acid soil
under aerobic conditions, Debnath and Hajra (1972), achieved a significant increase in
soil pH (i'e. a >0.2 unit increase) only atter 30 days incubation with green manure. on
the other hand, Singh et al., (1981) observed a pH increase from 5.g to 6.5 in an acid
soil just 10 days after the commencement of a green manure incubation under
waterlogged conditions. Thus, changes in CO2, organic acids and metal oxides in soil

via organic matter decompositon can either increase or decrease soil pH, towards a
condition of neutrality. Green manure, dependíng on the water-regime of incubation,
can vary the rate of change in soil conditions which increase microbial biomass in soils.

The reactions which affect the availability of these elements in the soil are
controlled by its pH, organic matter content, and redox potential (Brady, 1974). Brady



(1974) further states that at pH6.5 and above, the heavy metals are only 
o.1o*ly

available, particularly in their high valence or oxidised forms, hence most soils with a

good drainage and a high pH will tie up these elements. Since the chemical etfect of

green manure on soils of extreme pH is to move the soil reaction towards a condition of

neutrality, green manure would be an effective ameliorant for either extremely alkaline

or extremely acidic soils.

5.4.2. Green manure: mechanisms of metal immobilisation

Though organic ligands generally increase the solubilities of heavy metals, heavy metal

toxicity to plants is also reduced when the more stable organically or inorganically

complexed forms operate as they seem less toxic than the free ions (Kabata-Pendias

and Pendias, 1984). Removal of heavy metals from soils naturally by leaching depends

on environmental conditions of soil and climate. Therefore, though anionic complexes

remove heavy metals from the sotution phase, it would seem that such complexes are

not significantly adsorbed by clay coltoids, due to their negative charge. Further,

according to Allaway (1968), competition from protonated ligands substantially reduces

the adsorption of cationic species on the clay particles. Of importance also is water

regime. Leaching is favoured by water movement, occuring most easily in permeable

sandy soils that are low in organic matter. However, strongly adsorbed molecules or

cations are not likely to move down the profile, thus conditions which encourage such

adsorption witl not favour their leaching (Brady, 1974). For instance, Leeper (1948a)

reported that some soils with high levels of organic matter or Fe oxide content,

adsorbed more Cd than those with large amounts of 2:1clays, even though the 2:1 clays

had higher CECs. Even though green manures do not constitute an important source of

micronutrients, transformations are markedly influenced by green manur¡ng through

changes in oxidation-reduction regimes and through increased chelation capacity

(Singh, 1gg2). The term chelate, derived from the Greek word meaning "claw'l,

indicates that chelates have a tendency to hold tightly certain cations attracted and

attached to them (Brady, 1974),,resulting in a wide range of chemically stable organic

anions being capable of binding metal ions into their slowly available or unavailable

molecular form. ln the presence of organic matter, all cationic forms of micronutrients



(Cu, Fê, Mn, N¡, Pb, Zn etc.) arc subject to chelation, especially Cu "iå Mn

(Hausenbuiller, 1978), the latter of which is reduced by oxygen defiency under

anaerobic conditions (Donahue et a1.,1971). Whether the formation of soluble

chelation compounds increases the availability of micronutrients depends largely on the

kind and amount of the particular chelating agent (Greenland, 1965). Thus chelation is

more lasting when it involves organic products in the solid rather than liquid state

(Hausenbuiller, 1978). This is because chelation by solid organic particles creates a

much tighter bond than even that of exchange adsorption (Greenland, 1'965), thereby

effectively reducing micronutrient availability (and hence toxicity where these ions are

over-supplied) by limiting cation mobility. An excess of chelating agent can even

interfere with root uptake of micronutrients (Hausenbuiller, 1985), by complexing and

thus reducing the quantities available to roots.

During green manure decomposition, large amounts of such insoluble polymers

are formed, some with relatively low molecular weights, and negatively charged (Singh

et al., 1gg2), thereby presenting an affinity for many cations, in the following order of

strength of attachment: Fe > Cu > Ni > Zn > Mn (Brady, 1974). Allison (1973) points out

that a monolayer of protein inside clay lattices is protected against ready decomposition.

This has been confirmed by several workers (Edwards and Bremner, 1967; Marshall,

1962; Rovira and Graecen, 1957). lf it is accepted that microaggregate formation

stabilizes some of the organic matter in soils by rendering it physically inaccessible to

microorganisms (Edwards and Bremner, 1967; Oades, 1988), then it is reasonable to

suggest that heavy metals previously complexed by that organic matter would likewise

be unavailable to plant roots because of their inaccessibility on such organic sites on the

inside of the microaggregates. Thus microaggregation mediated by green manuring

could conceivably lead to a reduction of heavy metals in the soil solution.

5.4.3. Green manure transformations of sulphur

Green manure which decomposes quickly can increase the supply of plant available

sulfur, particularly under anaerobic conditions (Singh et al., 1992). They further state

that the principal end product of organic S in soil is SO42- under aerobic conditions and

g2- under anaerobic conditions, so that in waterlogged soils, green-manure can



markedly influence the chemical equilibria of S. However such a retease 3å"r.
mediated by the initial S content of the green manure species, since Beiderbeck (1g7g)

reported that organic residues with S content more than 0.15% will undergo S release

during decomposition, and Barrow et al. (1969) found that S was released from organic

materials below a C:S ratio of 200 and immobilized above a C:S ratio of 420. He also

found that as the S content of leguminous green plants is usually >0.1S%, it is expected

that S would be released during their decomposition. For example, Yu (1gg5) observed

that on a red soil containing very little organic matter, the 52- content was vèry low even

at high temperatures, whereas at 2}tlha incorporation of organic matter, the same soil

increased its 52- content several-fold in just 5 days. Green manure decomposition in

waterlogged soils not only yields H2S (Yu, 1985), but the reduction of SO42- in
waterlogged soils is dramatically increased with the addition of organic matter. This has

implications for dissolved heavy metals in acid drainage, since the removal of acidity in

sulphates reduced to sulphide precipitates the heavy metals (Elliott et al., lggg).

5.4.4. Green manure transformations of iron and magnesium

Several studies have indicated that under submerged conditions of incubation, green

manure can influence transformations dictating the availability of Fe in wide ranging soil

environments. Submergence with green manure achieved peak concentrations after

only 2 weeks of Fe2+ and Mn2+ in the soil solution, compared with that of no green

manure in calcareous and non-calcareous soils (Thind and Chahal,lggT), black, red

and lateritic soils (Katyal, 1977), acidic soils (Nagarajah et al., l969) and neutral soils

(Khind et al., r987). However, all the above workers noted continuous decreases of

Mn2+ and Fe2+ up to 60 days after the peak, though not to the levels preceding each

submergence. These processes are triggered by oxidation-reduction reactions by

organic reducing substances, by as much as a factor of 30 in an acid lateritic soil (Katyal,

1977). Thus, because of the intensification of reduction conditions under waterlogged

regimes of leguminous green manuring, Fe2+ and Mn2+ toxicity would be expected to

increase in saturated soil conditions.



5.4.5. Green manure transformations of zinc and copper 46

As the process of solubilization and release of bound Fe and Mn increases in soil
during a green manure incubation, the newty available vacant inorganic sites on which
Zn and Cu may be bound increase (Singh et al., 1992), thereby reducing the availabilty
in the soil of sotuble Zn and Cu. A decline for water-soluble or DpTA extractabte Zn
and cu was reported after green manuring under submerged conditions (Katya l, 1g771
Khind et al', 1987). Simitarly, it is believed that an excess of chelating agent can
immobilise substantial amounts of Zn, as seen for exampte in plants grown on storage

ì

sites for manure (Hausenbuiller, 1978), thereby explaining Zn deficiency in soils after
they have been cropped by ptants. lt thus appears that there might be a relationship
between the amount of easily degradable organic solids in the soil in the form of green
manure (and perhaps in this case, due to the need for organic chelating solids, ,,passive,,

organic amendments such as sewage sludges or farmyard manure), and reduction of
toxic metals in the soil.

The availability of Cu to plants refers to the readiness with which the availabte ion

[Cu(H2O)6]2 is adsorbed by plants in acid soils and Cu(OH)2 in neutral and atkali soits
(Kabata-Pendias and Pendias, 1984). The behaviour of Cu in response to green
manuring seems to be different to that oÍzn (singh et al., 1gg2). This is because there is
competition for positive Cu cations between the adsorption sites on oxides and sotuble
organic anions. Thus Cu may be present in the soil solution at a higher concentration in

complexed form than is Zn (Hodgson et al. 1966).

Several workers have reported a higher concentration of DTpA-extractable
(soluble) Cu after 12 week incubations under waterlogged conditions after the
incorporation of non-leguminous green manure (Meelu and Rekhi (1gg1) and
leguminous green manure (Bijay-Singh et al., (1gg2). From the above, it seems
reasonable to conclude that in flooded soils, green manure can suppress Zn availability
and toxicity, whilst exaggerating that of Cu. On the other hand, while stating meager
expected etfects of green manure on Cu and Zn availability under aerobic conditions of
decomposition, Ponnamperuma (1972) stressed the need for further research on the
effects of green manure on the changes in the soil solution concentrations of different
nutrient elements.



5.4.6. Green manuring and Ca, K, Mg and p
47

The importance of K, Ca and Mg in green manuring lies in the fact that the alkali and

alkaline eafths are the most easily leached of all common soit constituents in the

general order (even allowing for differences between minerat species):

Na>K>Ca>Mg>Si>Fe & Mn>Al> & Ti (Corbett, 1969). Green manure significantly

increases the Ca, Kand Mg levels in soil (Singh etal., 1991). One beneficiat effect in

the context of acid-sulphate minespoil conditions is that increases of bases in the soil

increase the soil pH. Having incubated a calcareous sodic soil with leguminous green

manure at saturation, Singh, (1974) recorded significant increases in soil K after 3

months. Incorporating the legume Chemolaena odorata into soil under moist (40%

WHC) aerobic conditions, Obatolu and Agboola (1993) reported increases at 4 months

of at least 25Y"in Ca, K, and Mg and Na, whilst other workers (Debnath and Hajra, 1g72;

Swarup, 1987) reported increases in the levels of K in soils (under submerged

conditions) due to leguminous green manuring. Patcharapreecha (1993), repoiled an

increase in soil P and K after soaking green manure under flood waters for three days

and then incorporating it into soil. There are three ways in which green manure

accomplishes increases in the above-mentioned cations. lt is believed that in the green

manure amended soils, active biodegradation and the release of organic acids coupted

lo an extensive CO2 production can lead to the dissolution of Ca and Mg carbonates. ln'

addition, there is evidence that leguminous plants are capable of extracting larger

amounts of normally intractable nutrients from the soil such as K, than are non-

leguminous plants (Appendix 2).

Appendix 15 also indicates that the leguminous plants depicted may release

more than twice the amount of COe from root respiration than the non-leguminous

plants. lf this is the case, then in a general sense teguminous plants would release

more Fe2+ and Mn2+ from the insoluble Fe3+ and Mn3+ oxides and hydrates under

highly reduced conditions, a process which releases more Mg and Ca into the soil

solution (Singh et al., 1992). Such extensive CO2 production can also lead to the

dissolution of Ca and Mg carbonates, thereby releasing more Ca and Mg from the soil.

Therefore leguminous ptants should supply such nutrients in greater amounts than non-

leguminous plants when they are incorporated into soil.



5.5. Sewage Sludge: Ghemical Effects in Soil 48

The chemical characteristics of a sludge depend largely on its source and treatment

(Boyle, 1990). The chief disadvantage of sewage sludge is thus its variable content of

heavy metals and toxic inorganic compounds (Horvath and Koshut, 1981). lt is therefore

important that the origin and characteristics of the sludge be ascertained prior to its

incorporation into soil, since ions such as Cu, Zn, and Mn, essential for plants, often

become toxic when high levels of sludge are applied (Sommers et al., 1976).

Factors such as pH (Andersson and Nilsson, 1973; Brady, 1974i Street et al.,

1978), cation exchange capacity (Haghiri, 1974), organic matter content (John et. al.,

1972; Haghiri, 1974), sorption and precipitation (Ellis, 1973), complexation (Maftell,

1971) and oxidation-reduction (Brady,1974) influence the mobility and plant availability

of phytotoxic heavy metals from organic wastes. However, though the impact of heavy

metal contamination on agricultural soils depends, according to Narwal et al., (1983), on

all the properties, including the physical, chemical and biological, of the soil treated,

some particular processes usually dominate.
' 

Chelating by sludge for example, can diminish the availability of heavy metals,

rendering them less soluble than when in the inorganic forms. Particulates in sewage

sludge can complex toxic metals (Allaway 1968). Research has shown (Elliot and

Denneny, 1982) that complexation of heavy metals such as Cd with some organic

ligands can have major etfects on the plant availability of these cations. Several studies

have shown that CaCO3 has a high atfinity for Cd, which can be adsorbed on the

surface of calcite crystals (McBride,1980; Alloway and Morgan, 1986), thereby reducing

its bioavailability. As the Cd concentration increased in a soil rich in free CaCOg, its

unavailability increased, as precipitation followed the exchange reaction, in the form

CdCO3 (McBride, 1980)

Allaway (1968) concluded that since the sludge is often treated under anaerobic

conditions, reduced forms of these heavy metals may be present. For example, divalent

mercury is converted by microorgan¡ttt to methyl mercury viz:

Hgt* CH.Hg+ (5.1)
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which can be adsorbed by plants (Brady, 1974).

However, according to Brady (1974), inorganic mercury corripounds added to

soils react quickly with organic matter and clay materials to form insoluble compounds,

forms in which the mercury is quite unavailable to growing plants. Thus methyl mercury

can be converted in the soil to dimethyl mercury viz:

CH3Hg -> CH3HgCH3 (Dimethylmercury) (5.2)

Sewage sludges are usually stabilized prior to their application as soil

amendments. However, if aged for a long time, the toxic substances may be more

concentrated as a result of the loss of volatile fractions. Sludges which have been lime-

stabilized would be expected to contain a lower proportion of toxic heavy metals.

5.6. Conclusion

Though vegetation coverage is useful for minespoil mitigation, such organic methods

depend greatly on improved physical condition of mine tailings soils. The absence of

soil crumbs in mine tailings presents great difficulties for the establishment of vegetation.

As a first step in the remediation process, it is necessary for soil particles to be

aggregated, to maintain a satisfactory level of stability, air, and water movements in

mine spoils. Clay particles therefore have to be flocculated. Flocculation of clay

particles is enhanced by the presence of sufficient reactive inorganic surfaces,

polyvalent cations, rapidly decomposable organic matter and minimum disturbance.

The importance of microbial life to soil aggregation has been recognised, but in acid-

sulphate minespoils the low pH values recorded means that bacteriacidal toxic heavy

metals will be released into the soil solution. Vast catchment areas and groundwaters

can be adversely affected as a result.

It is possible that aspects of the toxicity of acid drainage from mine spoil heaps

can be changed through the addition of fresh organic matter. By fulfilling the role of a

temporary holding station for some toxic heavy metal ions, chelation involving linkages

with solid products of biodegradation can reduce toxicity in soil solutions, thereby

improving the water quality of mine'spoil heap etfluents.
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Through complexing of toxic metals, and improvement in granulation, organic

manures can probably improve the physical and chemical status of acid-sulphate

minespoil soils. lt has been shown that green manure has the ability to improve both the

physical and chemical status of poorly structured soils by improving aggregation, and

ameliorating soils with an extreme reaction (extreme pH). However, in keeping with

observations of Ponnamperuma (1972), more information needs to be obtained on the

effects of green manure on the changes in the soil solution concentrations of different

nutrient elements.

Since sewage sludge manures can bring toxic metals into plant available forms

especially under anaerobic conditions, the source of, modes, and water regimes of

storage of sludges should be investigated prior to their application to soil or mine

tailings.
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PART I

SOIL STRUCTURE IMPROVEMENT:

Alt ethícs so far evolved rests upon a single premise; that the individual is a member of a

community of interdependent parts. His instincts prompt him to compete'for his place in

that.community, but his ethics prompt him also to co-operate (perhaps in order that there

may be a place to compete fof . The land ethic símply enlarges the boundaries of the

community to include soils, water, plants and animals, or collectively; the land." (Aldo

Leopold, Sand County Almanac, 1949).

a

a

Chapter 6

Short-term effects of green manure on some physical properties of two

clayey soils

Ghapter 7 ,

The effect of sewage sludge and green manure on the aggregation and

hydraulic conductivity of mineral particles in mine tailings

GhaPter I
The effect of sewage sludge and green manure on the erodibility of two

mine tailings materials

a



CHAPTER 6
52

Short-term effects of green manure on some physicat properties of two

clayey soils

6.1. lntroduction

Many workers have found that poorly structured clay soils yield significan¡y greater

improvements in soil physical properties after the addition of organic matter than do

sandy soils (Warkentin, 1982; Macrae and Mehuys, 198S; Macrae and Mehuys, 19g7).

After an incubation of soils with ptant residues, Christensen (1g87) found that the water-

stable macroaggregate fractions appeared to be enriched with clay and silt compared

with whole soil samples for atl soils studied. Very tiny additions of kaotinite have caused

a marked increase in the water-stability of synthetic soils (Schamp and Huteybroeck,

1972)' and high application rates of artificial polymers have increased the tensile

strength of clays and soil (Dowdy, 1975). Since organic colloidal material togetherwith

clay has been responsible for the stabilization of soil aggregates against raindrop

impact largely through the actions of microorganisms (Williams and Cooke, 1g61;

Chaney and Swift, 1984;) when green manures are incorporated into a soil and have

been thoroughly decomposed, there is an improvement in tilth of finer textured soils

(Allison, 1gGB).

lmprovements in soil structure after green manuring are often but not invariably

associated with improved crop yields (Williams et al., 1959; Hatstead and Snowdon,

1968; De Haan, 1977; Chen and Wang;1987; Bouldin, 1988). Therefore the effects of

increased yields due to nutrient addition in the soil following green manure

incorporation need to be separated from possible physical effects on soil of the added

green manure. Differentiation of nutrient effects from physical effects can be

accomplished by a direct measurement of the soil physical properties after the

incorporation of green manure.

One indication of increased organic matter in soils after green manuring is an

improvement in macroaggregation. However differing results by several investigators

led MaOrae and Mehuys (1985) to conclude that green manures maintain organic

matter levels in soils under particu.lar, though not well-defined conditions, and that



different plant species used as green manure can vary widely in their impact, 
"sJå¡"uv

legumes vs non-legumes (Singh, 1992), possibly due to their greater percentage of dry

matter (Appendix 12). Species may therefore atfect soil aggregation differently,

depending on their intrinsic water content, their N status, the proportion of water-soluble

constituents, and the soil-water regimes under which decomposition occurs. Since

quick-acting ameliorants are needed in mine tailings, proposals for soil structural

improvement through green manuring will therefore be more useful if it were determined

beforehand whic.h plant materials caused significantly greatest effects on soil structure

over time, in field or laboratory trials.

6.2. Aims

This experiment was designed to determine the ability of a leguminous and non-

leguminous green manure to improve physical properties of two clayey soils, when

apptied at a typical application rate ol20 t ha-1 (Maartens and Frankenberger, 1992).

The aim is to test the potential benefits of non-leguminous and leguminous green

manure as structural amendments for a minesoil and the potential suitability of each clay

soil added as an amendment to mine tailings treated with green manure.

6.3. Materials and Methods

6.3.1. Plant leaf succulence study

Prior to the main study, an experiment was conducted to determine the intrinsic water

content of leaf material from selected green manure plants which were harvested five

days before flowering, since it is known that moisture status at incubation can affect the

activity rate of soil microorganisms (Tisdall et al., 1978) and hence the speed of

decomposition. A difference in intrinsic water content of a green manure can also

influence the extent of some physical changes to the soil. The initial criteria for

selection of potential green manure plants were apparent luxuriance of growth in the

field or wild, amount of top growth obserued, and proliferation of the uncultivated plants

in the wild. From cultivated beds or uncultivated paddocks, four perennials plant

species were selected and harvested: Phlaeum pratense (onion weed), Lolium

perenne (ryegrass) , Vicia sativa (vetch), Leucanea leucocephala (Leucania). Three

plant species were each selected from separate field locations of differing South



ptant species were each selected from separate field locations of differing 
s$ortn

Australian sub-climates: Whyalla (semi-arid), Urrbrae (semi-humid), Brukunga (humid -

the Adelaide Hills). The foudh species - Vetch (Vicia sativa / a seasonal herbaceous

plant, was cultivated in a glasshouse.

Top growth was removed and immediately after harvest the shoot materials were

put into sealed plastic bags. ln the laboratory they were then chopped up (<2mm),

thoroughly mixed, and 1009 aliquots of each species were apportioned. These were

weighed and dried at 40 oC until there was no further loss in weight during, successive

weighings.

' An index of water content "lyy" was calculated for each species.

lr¡¡ = [Wt fresh shoot - Wt dried shoot] x 100

Wt. fresh

(6.1)

High index values denote high initial water contents.

6.3.2. Pot experiment

6.3.2.1. Soi/s

Macrae and Mehuys (1985) found that without a significant amount of clay in the soil,

the etfect of green manure on soil physical properties is greatly reduced. Pieters (1927')

found that when green manures have been incorporated into a soil and thoroughly

decomposed, there is an improvement in the aggregation of clayey soils Chotte (1998)

concluded that the extent to which organic compounds are decomposed in soils

depends on soil characteristics, especially clay content.

Two clay-rich, poorly structured soils were used to test the aggregating

capability of each green manure. One soil was an Alfisol with 19% clay-sized particles.

The other a Mollisol with 40% clay (Table 6.1). Their poor structure was related to their

sodicity, which is a typical characteristic of acid sulphate mine tailings.

The .physical and chemical properties of the two non-minesoils are shown in

Table 6,1._ The Alfisol sample was from the B horizon (10 to 20cm depth) of a

Campus, University of Adelaide. The Mollisol was from 0 - 4cm of a natural fallow plot.



The clay minerals in both soits mainly illite and kaolinite. The clay miner"lrt¡tn tn"

minespoils to be studied later are also illite and kaolinite.

6.3.2.2. Processíng of soils

After air-drying for 5 days at 30 oC, the clods were broken, gently crushed and

thoroughly mixed. During mixing, any obvious organic matter and stones observed

were removed from the samples. The soil was then passed through a 2mm sieve,

thereafter being stored in air tight plastic containers until further needed. Tire próperties

of the soils (Table 6.1) were obtained as follows.

. Carbonate content using Leco C analyzer (Chicago, 1994)

. Clay mineralogy by x-ray ditfractometry (XRD)

. Electrical conductivity 1:5 Soil:HZO dS/m

. mechanical analysis, by pipette (Klute, f s8o)

. pH determined in a soil/water ratio of 1:5, using a glass electrode (lonode)

. Total N: Leco N analyzer

. organic C using a Leco C analyzer (Chicago, 1994)

. exchangeable K, Ca, Mg and Na determined by extraction with 1 N ammonium

acetate (buffered at pH 7); amount of K, Ca and Na in the fíltrate determined using

ICPAES

. cation exchange capacity determined by summation.

The field capacity of each soit was determined by saturating, draining (whilst sealed

at the top to prevent evaporation), and re-weighing a known weight of the soil.

6.3.2.3 Preparatíon of green manure

Since substrate quality greatly affects the extent to which organic compounds are

decomposed (Chotte, 1998), the teaves of four plant species Vicia sativa (common

vetch) and Leucana (both legumes), Lotium perenne (ryegrass), and onion weed (non-

legumes) were utilised. Harvesting occurred at 6 weeks or just prior to flowering since
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Table 6.1. Some chemical and physical characteristics of the soils

D = dominant and p = clay minerals present

Soil Property Alfisol Mollisol

pH (1: 5 soil: water ratio)

Electrical conductivity

(1: 5 soil: water extract; OS m-1)

Organic C (/")

Total C (%)

Total N (%)

CQ as CaGO. (%)

ExchangeableCations [cmol(+ykg]:

Ca

Clay (%)

Silt: 2-20pm (%)

Fine sand : 2O-2OO¡tm (%)

Coarse sand: 0.2-2.Omm (o/")

1.24

1.4

0.11

<0.1

7.3

5.3

6.5

0.12

7.2

0.23

4.6

4.61

0.69

<0.1

59.1

43.1

40.3

20.0

17.2

6.4

Quartz (%) 4.O

lllite (total) D

Kaolinite (total) p

Randomly interstratif. minerals (total) p

6.0

D

p

p

19.6

30.8

M.8

3.9



tissues of immature plants generally decompose more rapidly than those of matuåTptant

materials.

They were chopped in turn to <2mm in a portable food processor operated at

1000 r.P.ffi., because of the increased decomposition rate of finely divided material

reported by several workers (Kroth and Page, 1946; Alexander, 1976; Singh et at.,

1992). Amato (1983) measured the decomposition of different parts of the medic plant

and found that the rate of decomposition in the field occurred in the following order:

leaves > stems > roots > pods, but that ground pods were decomposed just, as easily as

unground stems. ln addition, MaOrae and Mehuys (1985) caution that coarse organic

matter may prevent the formation of large aggregates by blocking the attractive forces

between smaller aggregates. Finall!, some investigators (Hutchinson and Milligan,

1914; Jamison, 1963) have concluded that incorporated coarse organic matter in soils

can atso block water movement by isolating soil zones, thereby reducing infiltration.

To identity undecomposed green manure in aggregates after incubation,

aggregates were air-dried, re-crushed, and passed through a 2mm sieve. All visible

undecomposed organic material was then removed and oven-dried tor 24 hours at 105

oc and then weighed.

ln the present study, the leaves of legumes were used but owing to the difficulty in

differentiating grass stems from leaves, all pafts of the fresh ryegrass and onion weed

except roots were used. Pinck and Allison (1961) found that any excess above 1.5o/" ot

decomposable plant material in the soil did not cause an overall percentage increase in

decomposition. Further, inhibitory etfects on decomposition of large quantities (over

1.53% w/w) of green manure in the soil have been reported (Singh et al., 1992).

Theïefore an application rate of 1.51" (w/w dry matter) was applied.

6.3.2.4. lncubation

Pot experiments were conducted using a constantly wet water regime, due to the

demand for consistently moist soil conditions for green manure decomposition (Amato et

al., 1987; Linn and Doran 1984; Lin and Wen, 1990). Though most studies indicate

between 38% and 50% water holding capacity (WHC) as an optimum range

(Hutchinson and Milligan, 1914; Tamai et al., 1990). Since lack of oxygen hinders



biological activity and hence decomposition rates above 90% WHC (FranzleuUfår, .t
al., 1994), Martin et al. (1967) used a 60"/" WHC water content when decomposing

plant material in soil.

For this study, an 80% (WHC) of incubation was applied. The soil-plant matter

mixture was placed in 25cm by 10cm deep pots. Each pot was watered and

equilibrated up to the amount stipulated by the water regime of incubation cited above.

The incubation was for 60 days, at ambient temperatures (20-30 oC). Substantial

changes in the mineralization of various substrates and in soil aggregatibn driven by

rapidly decomposable substrates have been reported after similar periods of incubation

(Chotte, 1998). The three replicates of each treatment were randomly arranged on

tables in a closed room. During the incubation the pots were kept tightly covered with

plastic sheets to maintain the water content for each water regime, but was reopened for

2 minutes every 3 days to let in a fresh quantity of air for the needs of the bacteria at

work on the substrate. At these times, the above-mentioned water regimes were

maintained throughout the incubation by topping up slowly with distilled water via a thin

tube (4mm) down the inside of the container, if and when the weight fell below the gross

weight determined initially.

6.3.2.5. Saturatedhydraulicconductivíty

Hydraulic conductivity was to be measured since the infiltration or downward entry of

water into soil must occur freely if water-logg¡ng and soil erosion are to be avoided.

Further, the measurement of permanence of fissures is the significant aspect of stability

of clayey soils (Warkentin, 1982). According to Danielson and Sutherland (1986), it is

information concerning these pore spaces, rather than the soil particles, that is most

useful in characterising the soil as a medium for plant growth, since they control the

retention and transport of solutions, gases and heat. Moreover, other workers

(Lawrence, 1977; Greenland, 1977; Pagliai, 1981) have considered porosity related

measurements as a suitable approach to the study of soil structure. ln addition, the

early stages of an incubation (the initial stages of stabilization) normally involves the

binding of soil particles into small aggregates (Loch et al., 1978). Thus, as shown by

Acton et. al., (1963) the state of porosity can be a better indicator of stability, since a total
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lack of larger aggregates would not necessarily negate the existence of many stable

pores.

Assessment of the rate of water movement through the soil, (i.e. the saturated

hydraulic conductivity (Ks), was determined 
.by 

using a constant hydraulic head

foltowing Hiltel (1982)" 509 of loose air-dried aggregate were placed in a perspex

cytinder. The soil was first settled by a "drop" technique whereby eacþ cylinder was

dropped a fixed number of times from a fixed height (McOalla, 1944; Klute, 1986), a

procedure which compacted the loosely held aggregates, thereby approximating the soil

consistency in the field. The soil was then fitted with a fine nylon mesh stretched over

the bottom opening of the cylinders and wetted by capillary action. The soil surface was

proæcted from the direct impact of the hydraulic head by using a filter paper. A

constant head of 15cm of water was maintained on each replicate, over a period of 7

hours during which 14 measurements were taken every th¡rty minutes, of the amount of

water conducted in that time. The 4 hour period was needed for a constant flow to be

achieved (Alperovitch et al., 1985). The saturated hydraulic conductivity Ks wâs

calculated using equation 6.2:

Ks = q(L/H(A)

whêre H is the height of the water above the soil surface, Ks is the saturated hydraulic

conductivity of the soit, q is the volume of water (m3) coltected per unit time (in hours),

R 1cm2) is the cross-sectional area of the cylinder, L is the length of the sample (cm),

and H the hydraulic head is (L + 15 cm).

(6.2)
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6.3.2.6 Water stable aggregation

Some key indicators of soil structural status are the characteristics of aggregates as

indicated by their density, strength and size. According to Loch and Foley (1994), stable

pores do not necesssarily indicate the presence of stable macroaggregates. Water-

stable aggregation is to be applied since breakdown and detachment of

macroaggregates (slaking) causes a reversion to microaggregate status, and

subsequent breakdown of these microaggregates (dispersion) releases clay particles

which can very effectively decrease porosity (Stern et â1., 1991). Stable

macroaggregates are also a useful sign of adequate pores, since Loch and Foley (1994)

found that increases in the propodion of aggregates <0.125pm decreased infiltration

rates, acting as a seal. Measurement of the stability of macroaggregates in water was

carried out because under a South Australian climate, sudden wetting from an air dry

condition often occurs. Stable macroaggregates equals adequate aeration and ensures

water movement in soil on a longer-term basis as compared to that of hydraulic

conCuctivity measurements per se. The method of Kemper and Rosenau (1984) for

measuring water-stable macroaggregates (WSMA) was adopted and adapted because

of the proposed air-dry status of the aggregates to be used.

All samples were exposed after20,40, and 60 day incubations until air-dry.

The soils were then gently hand-crushed to <6 mm diameter. 20 - 259 of dry polyhedral

samptes which passed through a Smm aperture sieve but not a 4mm aperture sieve

were then placed in a nest of sieves of the following mesh diameters: (2.0mm, 0.5mm,

0.25mm, 0.125mm). Samples were slowly lowered into a cylinder of water until the

water made contact with the bottom of the soil layer and then immersed in the cylinder

and osciltated veftically at a stroke length of 3cm with a frequency of 40 strokes per

minute for 5 minutes. The material was then carefully washed from each sieve into

containers, oven-dried at 105 oC degrees for 48 hours and then each re-weighed.

Water-stable macroaggregation (WSMA) was calculated as the amount of soil left

behind on each sieve as a proportion of the total sampte weight after the %sand was

subtracted.



6.9.2.7. Spontaneous dispersion 
6l

De-ionised water was slowly and carefully added down the side of a vial, to 259 of air-

dry soil aggregates without disturbing the soil. The flask was then left to stand tor 24

hours. The water above the soil was then stirred for 15 seconds and 10ml of clay

suspension removed using a pipette. The clay obtained by spontaneous dispersion of

the soil was calculated as a percentage of the total soil weight on an oven-dry basis.

6.3.2.8. Hydrophobicity test

Organic matter derived from plant shoots is hydrophobic, and hydrophobicity increases

aggregate resistance to wetting. Wettability can therefore show whether or not some

clay particles had combined with organic matter during incubation, and hence test the

effectiveness of the organic matter treatment in the aggregation of the soils. This test

was adapted from King (1981), who measured the wettability of soil in terms of the

molarity of ethanol droplets (M.E.D.) which just penetrate the soil surface in 10 seconds.

The treated soil was air-dried and passed through a 1mm sieve. M.E.D. values were

determined at a constant temperature of 20 oC. Polyhedral aggregates of the same

weight were used.

6.4. Results

6.4.1. Water content study

There were marked variations in water content between leaf material from different

species (Table 6.2). Leucana had the lowest index of water content (lw = 64), while

Onion Weed had the highest index. Both leguminous plants had comparatively low

indices of water content, but it was lower for the uncultivated legume. The reason seems

to be that in semi-arid Australia, natural selection has resulted in native legumes almost

invariably belonging to the Acacia family of woody shrubs. The cultivated legume used

in this study has a lower cellulose/moisture ratio than the native species.

The results suggest that Onion Weed might have the best potential for green

manuring. This is because a higher proportion of water-soluble constituents meant

potentially more rapid decomposition. However, since its water content was so much

higher than that of the legumes it was concluded that the experiment would be less



biased if ryegrass was chosen, since it has a water content which more closely ,nåt*n.O

that'of one of the legumes.

Table 6.2: lndex of water content for four South Australian native plant species

Species

Onion weed

Ryegrass

Vetch

Leucana

h¡y

90.3

81.0

72.3

64.0

6.4.2 Pot experiment:

6.4.2.1. Aggregatestabililty

lncreases in aggregation of the two clayey soils were detected after incubation. Both

leguminous and non-leguminous green manures substantially increased the aggregate

stability for each soil but there were slightty greater increases in stability from

leguminous green manure for both soils. Though each green manure substantially

increased the proportion of waterstable aggregates >2mm of both soils, the ditferences

between green manures were not great (Table. 6.3).

Visually, the green manure in the Mollisol at the end of incubation was much less

and. had appeared to have undergone more advanced decomposition than that of the

Alfisol. After removal from the aggregates, and weighing, the mass of still

undecomposed plant material for the Mollisol following incubation was found to be much

less than that of the Alfisol (Table 6.4).

For the Mollisol, greater aeration during incubation due to greater prior

granulation, as seen from a comparison of the controls (Fig. 6.1) would have also helped

the decompositional process to advance more quickly than that in the Alfisol. The

Mollisol contained twice the proportion of clay over the Alfisol. Yet a greater proportion



of aggregation (>2mm) occurred for the Alfisol, which differs from expectations Otl¡u"O

from MacRae and Mehuys (1987) i.e. that a greater proportion of clay in the soil causes

greater reactiveness with added green manure.

Table 6.3. Effect of green manure and soil type on soil aggregation (% >2mm)

Soil type Kind of green manure

Leguminous non-legume ¿sD

Mollisol

Mollisol (no green manure)

Alfisol

Alfisol (no green manure)

30b.

0a

50c

0a

25b

0a

44c

0a

ns*

6

I
NS

'Values with ditferent letters significantly different (P < .OS) as determined by Tukeys HSD test

" ns = not statistically ditferent at the 0.05 level

It was concluded that possibly, the newly formed organic acids in the Mollisol were

more rapidly consumed by its bacterial population, thereby reducing the initial gains in

the aggregate stability of the Mollisol.

6.4.2.2. M.E.D. válues of green manured treated soils

Since speed of wetting atfects the rate at which an aggregate slakes and ruptures in

water, organic mattercontent was tested by a hydrophobicity test (King, 1gB1). Green

manure significantly atfected the M.E.D. values of the Alfisol, and the Mollisot. Though

the etfect on the Mollisol was greater than that on the Alfisol for either soil, manure

amendment led to an increase in M.E.D. value (2.2 and 1.2 respectively, Table 6.5),
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Figure 6.1. Dispersibility of aggregates ín the'"u ntreated Mollisol and Alfisol
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Table 6.4. Mass of undecomposed organic matter ( percentage of weight

incorporated) in soil aggregates after incubation with green manure

Soil

Mollisol

Alfisol

Treatment

green manure

green manure

Amount undecomposed (%)

40

56

LSD 0.05

\t

5

indicating moderate water repellance (King, 1981). However, for the Alfisol controts,

M.E.D. was measured at 0.0 , indicating no water repeltance whereas in the case of the

untreated Mollisol this value was 0.2, a very low M.E.D. (Table 6.5). The index of

hydrophobicity is the measured wettability of the soil in terms of the molarity of ethanol

droplets required to penetrate the soil in 10 seconds. The values for hydrophobicity for

soils in this study are summarised in Table 6.5.

Table 6.5. Effect of green manure (20 Vha) and soil type on M.E.D. value. of a Mollisol

and Alfisol

Green manure

(t ha -1¡

M.E.D. value (Classlfication)

Mollisol Alfisol

0.2

2.2 (moderate)

0.0

1.2 (moderate)

0

20

LSD 0.05

ns"

0.2

'After King (1981). " See footnotes, Table 6.3.

6.4.2.3. Hydraulicconductivity anddíspersion

The transmission of water through the untreated soils differ greatly, being twice as high

in the Mollisol as for the Alfisol (Table 6.6). Both these are nevertheless relatively low
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rates, inadequate to suppoñ maximum root growth (Russell, 1977). Both soils exhibited

significant increases in hydraulic conductivity even after the first 3 weeks of incubation,

but compared to differences between the controls, there was a greater disparity between

the treated soils (Table 6.6). Thus whereas for the Mollisol the increase of the two green

manures (average values) was 6-fold above the controls, for the Alfisol the same

treatment yielded a 1S-fold increase over its controls, suggestíng that the Alfisol was

more responsive to the treatment.

There are substantial differences in the amount of dispersed clay from the

untreated soils, since it is seen that almost twice as much clay is spontaneously

dislocated in the Alfisol samples (Fig. 6.1). Further, a trend is seen where for the

controls, the smaller aggregates (<2mm) are more dispersive for the Alfisol, yet the

opposite is the case for the Mollisol (Fig. 5.1). This suggests that, in the untreated state,

flocculation of clay particles in the Mollisol was greater than it was for the Alfisol.

Table 6.6. Effect of green manure and soil type on soil saturated hydraulic

conductivity 1cc hr1 )

Soil type

Mollisol

Mollisol (no green manure)

Alfisol

Alfisol (no green manure)

Kind of green manure

leguminous non-legume

1290c

170b

1 300c

804

1 000c

170b

1240c

804

LSD O.O5

200

15

300

10

Values with ditferent letters significantly ditferent (P < .05) as determined by Tukeys HSD test

Green manure signíficantly reduced the amount of spontaneously dispersible clay

in both treated soils compared with the controls. However, the amount of dispersed clay
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was much lower in the Mollisol than in the Alfisol (Table 6.7), despite the highei clay

content (Table 6.1) of the former.

Table 6.7. Etfect of green manure (20 llha) and soil type on spontaneous
dispersion of aggregates as a proportion of total soil weight

Green manure

(t ha -1¡

0

20

(Clay: g kg-l of soil dispersed)

Mollisol Alfisot

28.0b 3g.Oc

19.5a 31.5b

LSD 0.05

1.0

1.5

Values with different letters significantly ditferent (P < .05) as determined by Tukeys HSD test

6.5. Discussion

The change in soil aggregation at the end of incubation as a result of green manure was

greater for the Alfisol. Of the two soils in this study, the Mollisol intrinsically had the

higher content of decomposable organic C (Table 6.1). As this proportion was >3

times that of the Alfisol, it would have facilitated a larger secondary microbial population

and thus faster microbial degradation after priming by decomposable plant material.

This would have caused a smaller remainder of undecomposed material than that seen

for the Alfisol. Therefore the greater aggregation observed for the Alfisol at the end of

incubation was an unexpected result. However, Loch (1982) found that poor

correlations between aggregates >0.5 mm diameter and organic matter known to be

active in aggregation may only be an indication that such materials are contributing to

the formation of smaller sized aggregates, not that aggregation is absent. Thus the

comparable effects of the green mahure treatments on the hydraulic conductivity for both

soils indicate that an increase in aggregation per se may have been just as prolific for

the Mollisol as it was for the Alfisol.



Emerson (1959) concluded that more surface areas of the clay doma¡n. jå."0
greater protection from microbial decomposition, and so the Mollisol for this reason may
have been expected to show less decomposition than it did. However, while studying
endogenous resistant organic matter in soil using nucrear magnetic resonance (NMR)
techniques, Golchin et al', (1994) found that latent organic matter can suddenly undergo
rapid decomposition after priming by the addition of easily decomposed substrates in
the soil' Dalenberg and Jager (1989), and Mary et al. (1gg3) concluded that this extra
mineralized c is derived from the turnover of dead cells by secondary populations. yet,
in this study, the smaller amount of decomposed green manure in the Alfisol soil seem
to have created greater amounts of waterstable aggregates than those created in the
Mollisol' This event occurred even though the Mollísol controls suggest a greater
initial stabilíty than the Alfisol controls (Table 6.6). Two likely reasons, acting
concurrenily are offered for this apparent inconsistency.

Firstly, MaCrae and Mehuys (1985) found that the proportion of organic matter in
soil had to be 10% of the overall clay content in the soil for stable aggregation to occur.
ln this experiment the Mollisol contained 40% clay. Therefore since green manure was
applied at a rate of 1'5'/" w/w of the whole soil, the green manure added to the Mollisol
was 4'25o/" of the clay content of the Mollisol. The Motlisol contaín ed 4.6%organic C. lf
we assume that all the green manure had been decomposed, the total decomposed
organic matter after incubation would have been approximately g.g5%. However,
according to Table 6.3, a significant proportion of the green manure added to the
Mollisol (>20% at 80 % wHc) did not decompose (i.e. was resistant stem tissue).
Allowing for further tosses through volatisation during the air-drying process after
incubation, and microbial energy consumed during decomposítion at íncubation, the
organic carbon content of the Mollisol at the time of wet-sieving would have been
substantially lower than 8.85Yo, and certainly less than the 1O% oÍ the overall clay
content required for stable aggregation (Macrae and Mehuys, 19gs).

Secondly, despite the above explanation, the fact that substantially more
undecomposed organic matter was measured in the stabler Alfisol aggregates at the
end of the incubation, implies that factors other than, or in addition to organic materials
were responsible for its increased stability. These seeming stability gains for the Alfisol



are even more surprising when it is borne in mind that this soit has an inherentlfTeat

(Oades et al., 1981) and dispersive (Northcote and Skene, 1972) structure.

lf organic cements could not fully account for all of the increased aggregate

stability of the Alfisol, then the extra binding strength must have been furnished by

inorganic cements. Desphande et al. (1964) found that the Alfisol contained 2-1STo free

Fe as Fe2O3.

Table 6.8. Effect of green manure and soil type on soil aggregation (% <2mm)

Soil type

Mollisol

Mollisol (no green manure)

Alfisol

Alfisol (no green manure)

Kind of green manure

leguminous non-legume

30c

0a

20b

0a

25bc

0a

24bc

0a

LSD 0.05

ns

ns*

7

6

Values with different letters significantly different (P < .05) as determioned by Tukeys HSD test

* See comments at bottom of Table 6.3.

Being a reddish soil (Red Brown Earth type), iron oxide would have coated the Alfisol

soil particles. However though lateritic soils high in sesquioxides are inherently stable,

the Alfisol of this study was, as already shown, of a weak structure. ln addition to being

sodic, this weak structure probably reflected the kind (i.e., old and resistant, Golchin et

al., 1994) and quantities (i.e. low, Table 6.1) of native organic matter in the Alfisol.

Goldberg et al. (1990) showed that the etfect of soil organic matter on aggregation can

sometimes be negative when the soil organic fraction is dominated by old anionic

particles comparable in diameter tp the clay particles. For example, after studying the



effect of díssolved organic matter on Douglas Fir roots, Durgin and Chan", llrro¡
concluded that the size of the organic matter particles determined their effect. lf the

organic matter particle was longer than the edge of the clay particle, it would attach to

the edges of several other clay particles, thereby binding them together. Having been

taken from the subsoil zone at 15 - 30cm, of a 30 yearfallow plot, small organic matter

particles would have dominated the depleted organic fraction of the Alfisol controls in

this study, and hence be dispersive.

However, Oades and Tipping (1987) showed that interactions of variably charged

(i.e. Fe and/or Al oxy/hydroxide dominant) soils with decomposing organic matter can

begin the creation of aggregates, and Shanmuganathan and Oades (1982) decreased

the amount of dispersible clay in an illític soil by applying iron polycations. Thus an

inclusion of evenly-distributed, large anionic organic matter particles in an iron-rich soil

can aggregate that soil. In this study, freshly decomposing plant material added as

green manure would have eventually placed larger organic particles adjacent to the iron

oxide coated clay particles as incubation proceeded, thereby beginning aggregation. lt

is thus plausible thatthough inherently low in organic matter (Table 6.1), the Alfisol, with

its large quantities of free Fe interfacing with the large polymerized organic matter

particles from the green manure, could still have achieved a level of aggregation

comparable to that of the Mollisol while decomposing less plant material.

ln addition, the Alfisol in this study tended to be hard setting. Coughlan et al.

(1973) showed that apparent stability in some clayey soils with decreasing water

content could be due to the presence of "fortuitious agglomerates", i.e. exhibiting

resistance to wet-sieving breakdown due to an inherent predisposition to cloddiness

caused by inorganic cements. He concluded that the wet-sieving method, being an

unnatural process sometimes results in relic aggregates remaining on the síeve even

though they had not been stabilized by organic matter. Warkentin (1982) also found

that cementation of soil particles can be caused by the presence of hydrous oxides. He

also points out that oxides of Al and Fe are more stable and far stronger than aggregates

stabilized by organic cements. ln addition to the above-mentioned 2 - 15% free Fe as

Fe2O3 contained in the Alfisol, sqil strength measurements of clods (50-60mm) showed

a far greater increase in the strength of clods for the Alfisol compared with the Mollisol



after incubation (Table 6.9). However this factor would have been effective ¡n tni3 
t 

,uO,

only in conjunction with the organically derived cements from the freshly added plant

materials, since the untreated Alfisol controls which undenryent the same wetting regime

did not exhibit similar improvements in aggregation (Table 6.3).

While observing that hydrophobic molecules are present in varying proportions in

all soils, Leeper (1948b) found that water repellency in sandy soils is due to the

Table 6.g. Effect of organic treatment on soil penetrometer resistance at air-

dry.

Soil and treatment before air'dried

Mollisol(green manured)

Mollisol (no green manure)

Alfisol (green manured)

Alfisol (no green manure)

Force of rupture (kg cm'1¡

1.54

3.2b

4.5c

5.5d

LSD 0.05

0.3

0.6

0.5

0.1

Values with ditferent letters significantly ditfer (P < .05) as determined by Tukeys HSD test

adsorption of some organic molecules on sand particles. The sand in the Alfisol was

found to be almost 50"/o,compared to approximately 25"/o in the Mollisol (Table 6.1). ln

this study, the added decomposable organic matter in the Afisol after treatment could

have therefore been responsible for the slowing of the wetting rate exhibited during the

M.E.D. test and the wet-sieving process due to added hydrophobicity. A slowed wetting

rate would have helped to increase resistance to slaking and aggregate breakdown in

water. Decomposing organic matter helped to increase aggregation for the Alfisol. This

was indicated by the hydrophobicity test.
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6.6. Conclusion

These results suggest the following conclusions: (1) During a short term incubation the

addition of finely ground non-leguminous or leguminous material as green manure to an

Alfisol and a Mollisol containing significant clay fractions creates somewhat stabler

units >2mm diameter, increases hydraulic conductivity and reduces clay dispersion. (2'l

Aggregation for the Mollisol may have occurred as a result of increased'microbially

mediated soil binding activity to produce effective organic cements. (3) Though the wet-

sieving tests indicated that aggregation for the Alfisol was just as high as that for the

Mollisol, it is likely that agglomeration in addition to aggregation had occurred, since (a)

a significantly larger proportion of plant matter in the latter remained undecomposed and

(b) the soil strength of the Alfisol was substantially greater than that of the Mollisol, and

(c) its clay fraction was half that of the Mollisol. Though it is likely that for organically

cemented aggregates, a higher clay content gives rise to greater aggregation, when

readily decomposable materials are incubated with clay-loam soils, the amount of plant

material applied should also be based on the likely losses of organic matter entailed in

the process. A higher initial application rate may then be necessary.
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Chapter 7

The effect of sewage sludge and green manure on the aggregation and

hydraulic conductivity of mineral particles in mine tailings

7.1 lntroduction

Mine tailings that have been through an extraction and beneficiation process, are

dominated by fine-textured, non-flocculating, non-aggregating inorganic materials. ln

such weakly structured acid-sulfate mine tailings, deteriorating soil mechanical

behaviour when wet and when dry remain one of the main problems for the facilitation

of revegetation (Bell and Jones, 1987). Plant growth here is impractical without soil

structural improvement to facilitate adequate water movement and aeration in root

zones. Soil aggregation and aggregate stability are the chief physical properties which

affect its susceptibility against the impact of raindrops, runoff water and consequently

soil erosion. Though improved structure in soils increases aeration (Warkentin 1982)

and reduces waterlogging (Oades, 1993), thus reducing acidity, no amount (or

combination) of plant nutrients will make up for poor physical properties (Hausenbuiller

1 s78).

Since many chemical problems in the soil occur as a result of physical ones (Bell

et al., l969), the physical problems of soils must be corrected before the chemical ones.

For example, anaerobic conditions that exacerbate already high levels of acidity, and

often increase the mobilisatíon of toxic substances to restrict plant growth, can be

alleviated by increasing the granulation of primary and secondary inorganic particles.

Further, a lack of fine aggregates (microaggregates < 250mp) has important implications

for the improvement in infiltration, gaseous permeability (Arndt, 1965), and the

prevention of surface crust formation (Loch et al., 1978).

Since decomposable organic manures are valued for their physical effects on

soils (Epstein et al., 1976), and the process of organo-mineral interaction must be

preceded by microbial decomposition of organic materials (Theng 1982), sewage

sludge amendments are promising for minespoil rehabilitation. Research has shown

that sewage sludge as an amendment results in immediate improvement to soil physical



conditions, increasing soil water content qnd retention, cation exchange 
"Z!^ity

(Epstein, 1975), and water percolation (Boyle, 1990). Robeftson et al. (1982) found

that sewage sludge increased soil organic matter to a depth of 90cm in a fine sandy

loam. After its incorporation in a silt loam sub-soil, Epstein et al. (1976) found that the

proportion of stable aggregates for the sludge treatments was 34/", compared to 17o/o in

the untreated soil control, the increases persisting for at least 6 months. Lunt (1959)

increased moisture equivalent of soils by 13% by incorporating composted sludge with

oak chips. Hill and Montague (1977) concluded that in minesoils, applied sludge may

increase granulation, water-holding capacity and cation exchange capacity. ln disused

minesoils, Seaker and Sopper (1984) used aerobically treated sewage sludge to

accelerate plant establishment and growth, and achieved long-term productivity.

. However, the treatment of the sludge prior to its incorporation is of critical

impoftance to the physical propefties of the soil. Though it is firmly established that

organic matter bonds stabilize aggregates against slaking and disaggregation, once

these bonds break and disaggregation occurs, the organic matter acts as a deflocculant

(Emerson 1983). Thus as decomposition proceeds in a sludge, individual organic

particles decrease in size, and as discussed earlier (chapter 6), organic matter particles

no larger than the individual clay edges cause clay particle dispersion. This may be

related to the fact that Epstein et al. (1976) further observed that though hydraulic

conductivity values were increased more by the digested sludge than by raw sludge,

these values decreased, the longer the incubation progressed. Fufthermore, treated

sludges, themselves largely the product of prior bacterial decomposition, are sometimes

lacking in decomposable organics (as opposed to raw sludge), and thus may lack

sufficipnt latent energy to sustain microbial production of sufficient soil binding gums

and cements in the soil. This may also be partly the reason that significant changes to

soil structure seem to occur only at high application rates of treated sludge. Kladivko

and Nelson (1979) forexample found that up to 5 years aftertreated sludge had been

added at 56 Vha, it decreased bulk density significantly, compared with the unreated

plots, but that lower rates (11.2 and 22.4 ttha) had no effect on the soil physical

properties after the same time period. Losses through volatilisation are also lower at

higher application rates, sínce thicker layers mean smaller sub-aerially exposed



surfaces' one year after the incorporation of sludge in a sandy loam at 150 Vha, Ësagliai
et al' (1981) found that the total porosity of all treated plots were still significan¡y greater
than that of the control.

However, at such very high rates, treated sludges are potentíally toxic when
applied to soils, posing obvious risks to soil and groundwater environments (Alloway

and Morgan (1986). For this reason, lower rates of sludge are environmentally
desirable, though less effective. Therefore if tower rates of sewage sludge were
combined with equally or more effective but less toxic organic amendments to achieve
comparable ameliorative results, the toxic effects on the soil and groundwater
environments would be lessened.

There are several options. For example, the addition of glucose, and other
readily decomposable microbial energy sources have been implicated in the indirect
improvement of soil structure by stimulating increases in decomposition rates of
microbially "unpalatable" resistant organic residues in soil (Swift et al., 1g79; Chaney
and Swift 1984; Golchin et al., 1994; Hayes 1980). Chaney and Swift (19g4) observed
that incubation of a glucose solution with previously dried and crushed aggregates,

reformed stable aggregates through the production of microbial saccharides.
Therefore readily decomposable materials, combined wíth towered rates of treated
sludge may be just as effective at improving soil physical properties as high rates of
treated but toxic sludge.

Additionally, compared to glucose, a cheaper and more ubiquitous source of
readily decomposable organic matter is green manure, which can improved several
physical properties of clayey soils (chapter 6). Clays have naturally reactive surfaces

containing sites for the physico-chemical reactions that cause ftocculatÍon and

cementation, but according to Whyte and Sisam (194g), many minespoits are texturally

dominated by a single-grained sructure including sand. ln modern mine tailings the fine
particles are mainly rock flour, which, though smalter, are similar in reaction and charge

to larger sand grains. However, though clay colloids are clearly the important sites for

adsorbing microbially mediated orrganic molecules and partícutates, some
microorganisms can cause macroaggregation in sand. Forster (1g7g) for example

found that the amount of microbial and root-microbial aggregated sand was higher



during the winter when the vegetation was dying and decaying and concluded 
ttf;u, 

in
the absence of roots, microorganisms could play a major role in aggregating sand.
Decaying organíc matter colonized by bacteria on a sandy dune had a sticky surface
which included polysaccharides secreted by the microorganisms, thereby leading to the
buildup and formation of discrete aggregates up to Gmm in diameter. Forster (1979)

also found that microbial aggregates were more important at stabilizing sand than either

root-microbial or debris-microbial aggregates on the edge of a sand dune.

Because binding efficíency varies amongst microbial strains and environmental

conditions (Maartens and Frankenberger 1992), the conditions under which particular

species thrive would seem to affect the physical properties of the soil. Thus Forster

(1979) further found that all the bacteria taken from ground aggregates formed under the

above-mentioned harsh conditions on a sand dune were motile rods ranging in size

from 1 to 5 pm. This suggests that this particular kind of habitat determines the nature

and species of its microfloral coloniser, and that soil inoculation in such environments

with such species may lead to increased binding action in such soils. Therefore

changes in the temperature, water, microbial substrate and inorganic colloid regimes

can largely determine the extent and kinds of microorganism acting on soil particles.

Bacteria can play a major role in aggregating and stabilizing sand prior to colonization

by higher plants. This has implications for sandy minespoils.

However, without adequate levels of soil microorganisms, no amount of organic

amendments will be of any benefit to the soil. Bacterial populations can be re-

established in minespoils by organic manures (Bitton and Boylan l ggs). Since

minesoils usually suffer from a paucity of microbial life (Seaker and Sopper 19gg) the

effectiveness of a sludge application can be gauged by the range and numbers of

microorganisms in topsoil, which determine the state of soil quality for plant growth.

Seaker and Sopper (198a) found that microbial processes such as humification, soil

aggregation and N cycling are essential in the establishment of productivity in minesoils.

The decomposition of plant materíals in soil may also be enhanced by microorganisms

introduced from a sludge inherently low in toxic heavy metals. Microbially derived

polysaccharides can contribute up lo 10% and as much as 20o/" of the organic matter in

humus (Hayes and Swift, 197g).



However, the levet of plant available soil N in minesoils is relatively low i,l7r¡n,
tailings, due largely to the inherent acidity of such soils (Stroo and Jencks 19gS). To

illustrate this point, under laboratory conditions, Alexander (1980) and Strayer et al.,

(1981) found thatthe nitrification phase of the N cycle in soil is retarded by "acid rain"

conditions. These findings were later confirmed on soil cores in the field (Bitton and

Boylan, 1985). lt is reasonable to conclude that acid drainage (often much more acidic

than "acid rain", and of pH<3 units) would retard soil nitrification even more than "acid

rain", and would be even more destructive not only of nitrification bacteria, but of other

soil microorganisms. Since improvement and retention of soil structure depend on the

work of soil microorganisms, conditions conducive to their growth would be expected to

enhance soil structure.

Based on measured microbial populations and activity, Bitton and Boylan (1g85)

found that ecosystem recovery rate on sludge-amended mine-sites appeared to be

occurring at a more rapid rate than at inorganic fertiliser-amended mine-sites. On

sludge-amended sites ranging in age from 1 to 5 yr following sludge application rates of

120to 134tlha (dryweight basis), Seaker and Sopper (1988) found that populations of

aerobic heterotrophic bacteria, fungi, Nitrobacter, and respiration rate in the soil were

significantly increased due to the high rate of organic matter input. A possible

explanation may be that organic matter in sewage sludge can stimulate urease activity

(Moe 1967; Khan, 1970; Zantua and Bremner, 1976), which can help to activate and

release any native soil N present in some mine tailings soils. This happens because

urease is an inducible enzyme (Alexander, 1976), whose activity is stimulated by even

minuteamountsof urea in the soil (Paulson and Kurtz, 1969), such asthatfrom readily

decomposable organic matter or the urea present in sewage sludge. The urea activates

genes encoding microbial enzymes required to catalyse the mineralization of otherwise

inert N in such soils (Pinck and Allison, 1961).

Thus, under certain environmental conditions, microbial activity in such soils is

stimulated, leading to a flush of microfloral activity and subsequent improvements in

aggregation (Martin et al., 1955; Mehta et al., 1960). Therefore microbial activity in

minespoils determine their state of readiness to support plant growth. Organic amending

may therefore raise the low native nutrient levels in minespoils such that microbíal
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activity is increased. This could in turn release microbial gums into the soil matrix, to

increase granulation of inorganic soil particles. lt is anticipated and hypothesized that

green manure, when applied to fine-textured minespoil soils in combination with

reduced quantities of treated sludge, will cause physical changes comparable to those

documented elsewhere for larger quantities of sludge.

7.2. Aims

Since fresh, leaty plant material may contain a higher proportion of readily

decomposable organic matter than does aerobically processed sewage sludge, the

relative effectiveness of aerobically digested sewage sludge, green manure, or a

combination of green manure and sewage sludge to improve the aggregate stability and

hydraulic conductivity of a mine tailings and its lime{reated leachate residue is to be

examined. Thus the aim of the present study is to identify the effects of sludge and

green manure on some physical properties of an acid sulfate mine tailings, and its

leachate residue (formed after calcium hydroxide neutralization). The hypotheses for

this study are that

(a) green manure will improve the granulation of a mine tailings,

(b) green manure will more effectively granulate mine tailings than aged sludge, and

(c) green manure in combination with aged sludge will be at least as effective as the

same quantitiy of green manure in the granulation of acid-sulphate mine tailings.

7.3. Materials and Methods

7.3.1. Field study

tnsutficient numbers of soil microorganisms due to the residual existence of microbially

toxic levels of heavy metals in minespoils have helped to prevent the re-generation of

good physical structure in such environments. Decomposable organic materials added

to soils are useful as nitrogen and carbon sources for the building of the cell walls of

microorganisms, and as their energy source. This study therefore examines the impact

of sewage studge and residual,. effects of heavy metals on microbial counts in an acíd

sulphate mine tailings in the field.



7.3.1.1. Treatments 
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Aerôbically digested sewage sludge from the Murray Bridge treatment plant was applied

to field plots on an iron pyrites mine spoil site (Table 7.1). Characteristics of the sludge

is shown in Table 7.2. Additives in this sewage included 40"/" clay and 2o/" lime as

CaCO3. At three sites containing acid-sulphate mine tailings, a 4cm thick layer of

sewage sludge was applied to the tailings dump surface.

7.3.1.2. Field sampling

From locations previously treated with aerobically treated sludge, 3 replicate mine

tailings samples for microbial counts were collected on all sites in January 1999, 12

months and 18 months after surface application of the sludge. These were mainly

skeletal mineral particles of a sandy consistency, the main characteristics of which are

shown in Table 7.3. Six equally spaced soil samples were collected at each site with a

soil auger to a depth of 5cm from a transect line through each site at random locations.

Samples were placed in sealed plastic bags and put in a polystyrine ice-lined box for

transportation to the laboratory where they were refrigerated at 5 oC until analysed.

7.3.2. Measurements:

7.3.2.1 Bacterial assays

Each core was separately analysed. As an adjunct to direct counts of heterotrophic

bacteria, an indirect method of assessing biological activity was applied. A piece of

clean, white paper was perpendicularly buried amongst minespoil material in the middle

of each sample, parallel to the sides of the container. To ensure close contact between

pap.er and mineral pafticles, the particles were settled by dropping the container a

predetermined number of times from a fixed height. With adequate moisture in the

containers, each was incubated at 28 oC for 15 days. The paper remaining in each

container was visually observed and weighed.

Estimation of population numbers of bacteria were determined by the Dilution

method (Wollum, 1982), and counting of the colonies done under a dissecting

microscope. Numbers of organisms were calculated per gram of oven-dry tailings.



7.3.3. tncubation study: 80

7.3.3.1. Field collection of tailings leachate residue

Two years after residue from lime treated acid drainage had accummulated in a storage

dam and progressively lost enough moisture on exposure to the air, air-dry samples of

the solid residue (LR) were collected from the edges of a tailings dam" Characteristics

of this dried material are listed in Table 7.3. lt was not feasible to obtain samples from

the centre of the dam since the material there was still in its wet unconsolidated sludge

form. The edge samples however were not representative of the average grain sizes of

the whole dam, because during deposition the silts and other fines settled in the centre

of the dam with the coarser material surrounding them. Thus samples were collected at

random locations around the edges at three distances from the lake edge corresponding

to a texture gradient. Three subsamples collected at each distance were composted to

form a sample, and two composite samples were collected at each distance. Samples

were securely fastened in plastic bags until required.

7.3.3.2. Mine tailings

Characteristics of the mine tailings material are listed in Table 7.2. Areas of the iron

pyrites mines tailings heap which have remaíned unvegetated and more than 30 years

old were randomly sampled at two locations from an area of moderately sloping

topography. Due to restricted soil depth (<10cm), the acquisition of conventional soil

cores was not feasible. Soil samples were therefore taken from the 0-5cm surface

layer, due to stoniness below this level in the minespoil. According to Fletcher (1978), it

is the top Scm that contains most of the organic matter in a soil.

7.3.3.3. SIudge

An aerobically digested air-dried studge (characterised in Table 7.2) was crushed and

passed through a 2mm sieve. High rates of sludge application (>25%) are currently

applied in the field. In this laboratory study high studge rates were likewise applied to

the'soils: 25yo, and 50% of the'weight of the soil, in order to gauge the effects of the

currently high field application rates on soil physical properties.
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Table 7.1 Some characteristics of some Brukunga sludge sites

Site Age

(months)

Amendment

(at air dry)

Application

date

Application

rate (Mg/ha)

pH

1

2

3

12

18

24

sludge

sludge

sludge

Jan.'98

Jun '97

Jan.'97

110

110

110

3.4

3.1

3.0

The powdered sludge was thoroughly hand-mixed with air dry soil. The mixture was

watered initially with de-ionised water to 60% water-holding capacity using a perforated

U-shaped tube placed in each pot before the soil míxture was added. Each container

was sealed, but re-opened every 3 days for 2 minutes to admit fresh air.

7.3.3.4. Green manure

Green manure was prepared as done previously (Chapter 6). The green manure rate

used in a previous experiment (Chapter 6) was not increased (from 1.5% w/w) for this

study. This is because organic matter in soils should be at least 1O% of clay content

(w/w) (Chapter 6), and the two mine materials of the present study, contained much less

clay (12 "/" and 16% respectively) than did the Mollisol (O%) of that previous study,

where green manure significantly increased soil structure. Processing was carried out

as in chapter 6. However, it was suspected that a low pH, which could cause toxicity at

levels inimical to microbial growth, existed in the mine tailings. Therefore, the fresh

plant pafts were partly fermented after grinding for 2 days prior to incorporation to

increase the size of the viable microbial biomass inherent in the green manure.
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Table 7.2. Some chemical and physical characteristics of Murray Bridge Sludge

Sludge Property Value

Organic matter (% by weight)

pH (1: 5 sludge: water ratio)

Electrical conductivity

(1 : 5 sludge: water extract; (dS m-1¡

Organic C (%)

Total C (%)

Total N (%)

CaCO3 P/")

ExchangeableCations [cmol(+)/kg]:

Ca

Mg

Na

K

Total

Clay (T")

Sand (%)

s¡tt (%\

Gravel (%)

1.5

6.5

0.27

1.0

1.24

1.8

2.5

11.6

5.4

o.43

0.95

18.4

40.0

39.2

12.8

8.0

7.3:3.5. Spontaneously dispersible clay, hydraulic conductivity

ln keeping with the need for increased water movement in minespoils, spontaneously

dispersible clay and hydraulic'. conductivity were determíned following the process

outlined in chapter 5.



837.3.3.6. Partícle size analysis of dispersed material

Particle analysis of suspensions measures the average size of materiat particles after

mechanical dispersion. Since clay particles can be bound together into floccules by

cements, the size of these is an indication of the level of aggregation of blay particles

caused by the treatments. After materials were mechanically dispersed (1:5 soil : water),

particle size distribution (psd) was measured in suspensions by using a NICOMP

model C370 submicron particle sizer version 5. The standardisation was done using

0.09pm latex rubber spheres. The values were within 51" error.

Table 7.3. Some Characteristics of Two Brukunga Mine Tailings Materials

Soil Property Leachate residue Minetailings

Organic carbon (% by weight)

pH (1: 5 sludge: water ratio)

Electrical conductivity

(1: 5 sludge: water extract; ( OS-t¡

Texture (%):

clay (10-6pm)

silt (10-5¡rm)

sand (1O-apm)

gravel (10-2pm)

C.E.C. (meq)

o.2

7.5

o.17

12

16.4

69.5

2.0

12.7

0.4

3.5

1.6

16

15

67.1

1.9

12.9

7.3.3.7. lncubation procedures

Evidence indicates that the chemical composition of humus depends not only on the

type of organic residue, but the environment under which decomposition is occurring

(Mason, 1977). Based on previoub results where green manure caused aggregation in
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a high water-holding capacity (WHC) soil incubated at 80% WHC (chapter 6), the water

regime chosen for the materials (all having similarly high WHC), was also 80% WHC.

The soil-plant matter mixture was placed in 25cm by 1Ocm deep pots. Each pot was

watered and equilibrated up to the amount stipulated by the water regime of incubation

cited above. All incubations were conducted at ambient temperatures (20-30 oC) for a

period of 60 days. The samples from each treatment were randomly arranged on tables

in a closed room. During the incubation the pots were kept tightly covered with plastic

sheets to maintain the water content for each water regime, but were reopened for 2

minutes every 3 days to let in a fresh quantity of air for the needs of the bacteria at work

on the substrate. At these times, the above-mentioned water regimes were maintained

as outlined in chapter 6.

7.4. Results

7.4.1 Field study - aerobic heterotrophic bacteria

Decomposition of paper after burial for 30 days varied inversely with the age of the

sludge-amended samples (F¡g. 7.1). The papers acquired a darker grey with

decreasing age of the treatments. These changes are indicative of greater biological

activity, the more recent the sludge treatment. Bacterial populations ranged from I to

35 x 106 g -1 (Table 7.4). Compared to the older sites, bacterial counts were

substantially higher on site 1, reaching 2 to 3 times higher (Table 7.4). The first-year

peak and subsequent stabilization of bacterial populations is a typical response

following organic matter additions to minespoils (Fresquez and Aldon, 1986). When

sludge is applied to land, there is an initial flush of microbial activity, followed by a

decrease in microbial biomass as the more easily degraded materials and microbial

metabolites are mineralized (Boyle, 1990). Degradation of the sub-aerially exposed

sewage studge in the minespoil would have been aerobic, and thus similar to

composting. Applying infra-red spectroscopy and nuctear magnetic resonance (NMR)'

lnbar et al. (1989) monitored the maturation of composted organic matter. They found,

beginning with the raw manure; a decrease in the large carbohydrate fraction, whilst the

proportion of the more resistant fractions such as the carboxyl, alkyl, and aromatic C
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increased with time. This chrono-sequence gets progressively more unpalatable to

microorganisms.

Considering the extremely low initial pH of the mine tailings in this study, ranging

from 3.0 to 5.0 prior to lime additions, the microbial populations achieved with aerobic

sludge amendments after only one year seem unusually high. They compare favourably

with estimates of 1 to 34 x 106 g -1 reported for undisturbed soils (Wilson, 1965;

Alexander, 1976; Millerand Cameron, 1978; Visser, 1985; Segal and Mancielli, 1987).

Compared with the non-sludged sites, even the lowest estimates from the sludge-

amended sites, which occurred on site 3, were approximately double that of the controls.

This indicates that without adequate organic matter input, microbial activity in

unamended minespoils remains extremely low.

Table 7.4. Total counts of aerobic heterotrophic bacteria on a minespoil after

sludge amendment (mean of 3 samples).

Site Age

(months)

Aerobic heterotrophic bacteria

1to7 n't¡ LSD0,6

1

2

12

18

35x107g-1

17x1o7g-1

1o x 107 g -1

sx107g-1

3 24 I x 107 g -1 gx1o7g-1



co
o
ÉLo
CL

t
o
ID
o
CL

Eoo
ott
É
J
o
CL
6
o-

0.75

0.5

0.2s

Repl¡cates

86

j

Age of samples
(months)

0

EIl.¿
18

a

Figure 7.1. Proportion of paper remain¡ng undecomposed afterS0 days
in mine tailings amended wíth sludge.

T



7.4.2, Pot experiments - water-stable aggregation 87

7.4.2.1. Green Manure

Small amounts of water-stable macroaggregates >2mm were created by either

Leucana or Onion Weed green manure for both the mine leachate residue (LR), and the

mine tailings (MT) (Table 7.5). The Leucana was marginally more effective than the

Onion Weed, with respect to aggregation >2mm (Table 7.6). A small increasing trend in

aggregation was observed for samples green manured with the leguminous green

manure compared with those amended with non-leguminous green manure (Table7.6).

Based on previous results (chapter 6), the presence of a higher proportion of intrinsic N

in the legume was expected to have significantly increased the rate of decomposition,

and hence increase the rate of release of soil-binding gums. In this short-term

incubation, the lack of large differences between the effects of the grammaceous and

leguminous green manure on aggregate stability had not been expected. However, a

dramatic increase in aggregation and stability, three times that of any other treatment,

occurred when green manure was used to treat sewage sludge (SS), such that 50% of

the soil survived wet sieving on the 2mm sieve (Table 7.5).

Table 7.5. Etfect of green manure and material type'on aggregation as a percentage

of total weight after wet sieving.

Treatment*

Control

GM

SS (20 Vha)

SS (a0 Vha)

SSGM

(Percent of soil reta¡ned on 2mm sieve)

Leachate residue(LR) Mine tailings (MT)

0.0 0.0

18.5 11.0

0.0 0.0

0.0 0.0

13.5 7.5

Sludge (SS)

0.0

50.0

LSD 0.05

I
nsl

8

ns

ns

5

* LR = leachate residue, MT = mine tailìngs, SS = Sludge, GM = green manure, LRGM = $lêêrì manured LR,

MTGM = grêêrì manured MT, SSGM = greêrì manured SS, tns = not statistically ditferent at the 0.05
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A greater mass of undecomposed material was found in green manure treated

mine tailings (MTGM) samples compared to the green manure treated leachate residue

(LRGM) or green manure treated sludge (SSGM) samples (Table7.7). However, on

visual observation, it was the stem material only of the legume that remained

undecomposed. Amato et al. (1987) similarly found that decomposition of plant material

in soils are in the order: leaves > stems > roots > pods. The legume stems had

contained recalcitrant cellulosic materials for which the incubation period was

apparently too short for total decomposition. lf the legume stems had been less

recatcitrant, it is likely that decomposition would have been greater, which could have

led to even greater aggregation for the legume-treated samples.

Table 7.6. Effect of green manure plant species on water stability of materials'

Green manure

species

legume

non-legume

(Percent of soil retained on 2mm sieve)

Leachate residue(LR) Mine tailings (MT) Sludge (SS)

18.0

5.0

13.0

7.O

50.0

50.0

LSD 0.05

(within treatment)

8.0

3.0

*See footnotes, Table 7.5

7.4.2.2. Sewage sludge

Forsewage sludge (SS), two rateswere used: the equivalent of 50 Vha, and 100 Uha.

Ditferences between the etfects of the two application rates were neither significant nor

were there any significant incieases in aggregation (>2mm) for either the mine tailings

(MT) or leachate residue after their sludge treatment (Table 7.5).

It was seen previously (Expt. 1, current chapter) that even aged sludges contained



this experiment shows that the sewage sludge, contrary to results of Epsteintn", 
",.

(1976), made no difference in the aggregation of the mine materials (Table7.S).

Even though a better result was obtained when sludge was applied in

combination with GM to the mine residues, it was still less than that which occurred

when GM only was applied (Table 7.5). Therefore, as a treatment for the mine tailings

or leachate residue, the green manure proved marginally better when added alone than

when combined with the sludge (Table 7.5).

Table 7.7. Mass of undecomposed organic matter in samples after incubation

(as a percentage of weight incorporated) with green manure

Material and treatment* Amount undecomposed (%) LSD 0.05

(within treatment)

5.0

5.5

3.5

2.6

3.5

MT

LR

SS

MTSS

LRSS

88

73

35

82

78

*See footnotes, Table 7.5

7.4.2.3. Hydraulicconductívityand Dispersion

Whereas the saturated untreated mine tailings was totally non-transmissive to water

under the constant hydraulic head of this experiment, the untreated saturated leachate

residue conducted water through its fabric a|125 cclhr (as was the case for the saturated

untreated sludge). Howev'er, when incubated with green manure, the hydraulic

conductivity of sewage sludge increased 11-fold (to 1400 cclhr), which approximated the

rate of conductivity of the green manured leachate residue (1425 cclhr), and almost



manures significantly increased hydraulic conductivity in either minespoil r"t"r¡9"1, brt

more so for the leachate residue (Tables 7.9).

Sludge alone as a treatment did not increase hydraulic conductivity greatly for

either mine material (Table 7.9). Further, the green manure effect on leachate residue

was at least a 4-fold improvement over that of the sludge treated leachate residue (Table

7.9). There was no apparent impact of sludge on the mine tailings since the originally

complete pore blockage for the untreated mine tailings (0 cm hr -1¡ remained

unchanged by the sludge treatment (Table 7.9). However, as was the case for

aggregation, sludge, when combined with GM caused better results than those results

caused by the sludge-only treatment (Table 7.9). Still, for the sludge-only treatment, it is

seen that there was no resulting substantial improvement in the hydraulic conductivity of

the leachate residue (or mine tailings) over and above that of the untreated (control)

samples (Tables 7.9).

Green manure significantly reduced spontaneously dispersed clay for all

materials, but more so for the leachate residue as compared to the mine tailings (Table

7.10). For the sludge, it caused a 3-fold reduction in dispersible clay, but for either mine

material only a less-than 2-fold decrease was obserued. lt is therefore not surprising

that. the greatest hydraulic conductivity (HC) increases were also those for the GM

treated sludge. The greatest impact of GM in this study was therefore on the sludge.

7.4.2.4. Particle síze analysís

Except for the GM treated studge samples, measurement of the diameter of suspended

particles of the samples showed no significant differences amongst controls and other

treated samples (Table 7.11). For the measurement of particle size in a suspension, the

samples first had to be mechanically dispersed. The agitation involved would have

therefore dismembered, to varying degrees, the material aggregates in each sample.

This shows that the cementation of the SSGM particles in suspension had withstood the

process of mechanical shaking to a greater degree than those of other samples.



9l

Table 7.8. The effects of two manures on Ks¿1 (cc hr1) of two mine spoil materialsr

Material Manure-Treatment

Sludge Green Sludge + green Control LSD 0.æ

MT 0a sooc 280b 0a

LR 200b 14ZSe 771cd 125b

ss 150b 1400e 1400e 150b

Values followed by ditferent letters are significantly different (P < .05) as determined by Tukey's HSD test.

*See footnotes, Table 7.5

Table 7.9. Effect of green manure (20 Vha) and material type. on spontaneous

dispersion of aggregates as a proportion of total material weight

50

70

80

Green manure

(t ha -1¡

(Clay: g kg-1 of soil dispersed)

Mine tailings (MT) Leachate residue (LR)

58.0 48.0

Sludge (SS) LSD 0.05

(within treatments)

56.0 5.00

20 29.5 33.5 18.0 3.5
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Table 7.10. The etfects of two green manures on Ks¿1 (cc hrl¡ of two mine materials

Material* Green Manure

SS + Onion wd. SS + Legume Onion wd Legume Check LSD O.Os

660c 1900s 700c 700c 0a 100

700c 1725et 15ooe 17ooe :É¿ilb 80

750c 1900s 700c 1950s 12Sb 110

*See footnotes, Table 7.S

Table 7.11. The effect of manures on pailicre sizes of mine materiars (¡rm)

Material* Treaments

Sludge Green Sludge + green Check LSD within treatments (0.05)

MT 8.Oa 7.0a 7.ga 7.7a 1.5

LR 6.0a 73a 8.1a 73a 1.9

MT

LR

SS

values followed by different letters are significanfly different (p < .05) determined by Tukey,s HSD test.

s s 7.1d 12.0b 2.Ob 7.1a 2.0
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7.5.1. Mine tailings and leachate residue

The largest changes in the samples occurred not between treatments involving the two

minespoil materials, but between the green manured sewage sludge and the green

manured minespoil materials. Nonetheless, it was seen that the physical improvements

measured (especially HC) of the leachate residue exceeded those of the mine tailings

for all treatments applied.

7.5.1.1. Controls

All materials including the sludge contained high levels of spontaneously dispersible

clay. The untreated mine tailings was significantly more dispersive than the untreated

leachate residue. Due to prior neutralization treatment for the leachate residue, the

proportion of free CaCO3 and the more soluble CaSO¿ would have been substantially

higher in the leachate residue, compared with the mine taílings. ln addition there was

already 25lo more clay in the mine tailings (Table 7.2). Several workers (Frenkel et al.,

1978; Rengasamy, 1983; Alperovitch et al. (1985) have found direct correlations

between clay dispersion and the restriction of water movements in soils. Thus McNeal

et al., (1968) reported thatthe more clay mineral fraction present in the soil, the greater

the dispersion, and hence the larger the reduction in hydraulic conductivity. Oster et al.

(1980) found that though low levels of exchangeable sodium did not affect the structure

of the clay, it did cause a large increase in clay mobility, and results of tests for

spontaneous dispersiveness found the mine tailings to be more sodic than the leachate

residue (Table 7.10). Thus even though the sludge contained approximately 3 tímes

the amount of clay as either the mine tailings or leachate residue, the amount of clay

dispersed did not exceed that of the mine tailings, and was only marginally higher than

that of the leachate residue. This means that compared with the mine tailings or

leachate residue, a much greater fraction of clay was not spontaneously dispersible in

the sludge. Native Ca2+ ions therefore suppressed the effects of sodicity for the

leachate residue and sludge, but moreso for the sludge. This is in agreement with

Baldock et at. (1994), who found thät soluble Ca2+ in the soil which directly increased

flocculation of clay particles also reduced dispersion of the clay.
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At the <2.0 mm diameter for stabilized aggregates, the leachate residue

contained more than double the stabilized aggregate mass of the mine tailings, at 40%

and 15% respectively (Fi1.7.2). Also, even though there was just a4"/" difference in

the native clay contents of the mine tailings and leachate residue at 16"/" and 12%

respectively (Table 7.3), there was a much greater difference in the hydraulic

conductivity of both materials (Tables 7.9). According to Frenkel et al. (1978), if the

magnitude of swelling is not sufficient to seal pores, hydraulic conductivity is not affected

and dispersion is minimal. However, the complete hydraulic blockage of the mine

tailings controls (and substantial sealing for leachate residue controls) indicates that

swelling and dispersion would potentially reduce hydraulic conductivity, but more so for

the mine tailings control (16% clay) than for the leachate residue control (12% clay)

(Table 7.3).

^Ò+
bÞ

!9

"d 
^f5 rdt $' -st +sd Sñ

Water stab¡lity of materials* after wet sieving

Fig.7.2. Percentage of stable aggregates <2.0>0.5mm diameter in soils after the

application of organic amendments

Column values with different letters are significantly different (P < .05) as determined by Tukey's HSD test.

"See footnotes, Table 7.5
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In the untreated or treated mine tailings and leachate residue, the tottowinf 
stnree

conditions have therefore been seen to have controlled HC.

(1) where the stable <2mm aggregate fraction was high, then pore blockage did not
exist and HC was relatively high

(2) where both the stable < 2mm aggregate and stable >2mm were low, HC was

always very low

(3) where stable <2mm and stable >2mm aggregate fraction was high, HC was at least

relatively high. lt is seen therefore that though the occurrence of many stable
aggregates >2mm always accompany a high HC (Tables 7.5, 7.9), a total hydraulic

blockage does not always accompany the complete breakdown of the 2mm aggregate

fraction. Thus for this experiment, the sometimes poor correlation between low

aggregate stability of the untreated leachate residue and its relativety high hydraulic

conductivity is againstthe general impression (Epstein and Grant, 1973) that aggregate

breakdown causes surface sealing. Loch et al. (1978) conctuded that it is the fine sized

classes (<125 m¡r) that affect infiltratíon and surface seal development, ratherthan the

coarser sized classes, and that compaction of the soil layer, rather than increased

aggregate breakdown, is a major cause of surface sealing by raindrop impacts. ln this

study, in spite of poor aggregate stability >2mm, the hydraulic conductivity of untreated

leachate residue (and untreated sludge) was much higher than that of the untreated

mine tailings (Table 7.9), which had much less Ca cations, and therefore a greater

proportion oÍ <125 mp particles.

7.5.1.2. Treated samples

It is known that decomposition usually proceeds more readily in neutral than in acidic

soíl conditions (Alexander, 1980), and in the present experiment, the pH of the leachate

residue was neutral, whilst that of the mine tailings was <3.5 units (Table 7.3). Stroo

and Jencks (1985), found thatthe evolution of stable (and hence productive) minesoils

required active microbial populations and that decomposition of organic matter is highly

restricted in low pH conditions because of inhibiting effects on microorganisms in the

soil. Hayes (1980) found that the microbial populations involved in the transformation of

organic matter in acidic soils are very different from those involved in soils which are
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neutral to alkaline. Nonetheless, it is clear that species of microorganisms that may

have survived the highly acidic mine tailings environment would have been either

insuffucient in numbers or inefficient decomposers of the applied GM organic matter. On

the premise of a lower biomass of active soil microorganisms, it would have been

expected that decompositional products from green manure degradation would have

been produced in the mine tailings to a lesser extent than occurred in the pH neutral

leachate residue, Warkentin (1982) also concluded that in order for

macroaggregation to occur there first must be microaggregates in the soil; because it is

the linking of them by cements, that creates macroaggregates. Two factors could have

helped to increase microaggregation (inherently, and during the incubation) in the

leachate residue: (1) Ca2+, and (2) more bacteria than would have existed in the mine

tailings due to its low pH.

Based on the above premise, the statistically significant existence of aggregation

caused by the GM in the mine tailings material (Table 7.5) warrants an explanation. As

seen in Table 7.7, there was some decomposition of the green manure during its

incubation with the mine tailings. Armstrong and Betheras (1952) indicated that the

mine tailings used in this study consisted largely of amorphous ferrous aluminium and

other metalliferrous oxides. Though the materials in this study were incubated al8O"/"

WHC (water holding capacity), both mine tailings materials lacked pore connectivity

(hence an inherently low Ksat, Table 7.9), thereby decreasing the aeration in the lower

layers near the bottom of the container when watered, giving rise to reducing conditions

there. According to Singh et al. (1992), organic reducing substances formed during

green manure decomposition may reduce Fe and Mn oxides, causing soil pH to rise,

because protons are consumed in the process of the reduction of oxides. Though at the

start of incubation, watering of the mine tailings would have created an acidic soil

solution, the concentration of bacteriologícally toxic metal cations in the mine tailings soil

solution would not have been high, since a high levet of dissolution would have taken

some time to occur. Microbially toxic cations would therefore have been only gradually

released into the soil solution, during this period when a large, active biomass brought

with the fermenting GM would have continued to operate at least during the first few

days of the incubation in moist çonditions. Ponnamperuma (1972) observed that all
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submerged soils will eventually acquire a neutral pH. ln this study, the pH of the mine

tailings in a 1:5 soil : water suspension was measured at 3.5 before incubation. yet, by

the end of incubation with GM, the pH had increased to 5.6, while the pH of the control

soil (no green manure) had changed by a significantly smaller increment (Fig. 7.3).

Therefore decomposition of GM via microbial action must have occurred in the mine

tailings of this study. This is in agreement with Yu (1985), who found that green manure

increased the rate of pH increase in soils. Thus he found that at just 3 days after

incubation, the pH of a green manured submerged soil had moved from 5.3 to a value of

6.6 units. Thus, with an elevated pH for the GM-treated mine tailings, a less hostile

environment for microbial life would have been created, thereby increasing

decomposition of the organic matter.

As already stated, the amorphous ferrous aluminium and other metalliferous

oxides referred to above (Armstrong and Betheras, 1952), would have increased cation

concentration in the mine tailings during incubation as a result of desorption reactions.

Schwertmann et al. (1986) detected the adsorption of organic matter on iron oxide

sudaces, which has also been demonstrated in laboratory experiments by Evans and

Russell (1959) at low pH. The cations released could have then bridged large

(negatively charged) organic molecules released by decomposing organic matter from

the green manure. In this study, the iron oxide and iron oxide coating on soil particles,

being positively charged at low pH, would have adsorbed onto the anions released by

the green manure, thereby causing the coagulation of the humic substances and

possibly microaggregation (coalescence) of clay-sized particles. This process, having

then tied up clay particles from the soil solution (even more so in the case of the sludge),

would have lessened clay dispersion, thereby reducing pore blockage and increasing

the Ks¿1 and hydraulic conductivity to some degree as seen in the GM-treated mine

tailings samples.

With regards to flocculation and aggregation, the lack of sufficient native Ca2+ ¡n

the mine tailings as compared to the leachate residue might therefore have been partly

offset by (a) the large amount of cations desorbed at low pH during the mine tailings +

green manure (MTGM) incubation, (b) the adsorption of organic anions on exposed,



posit¡vely charged oxide surfaces, and (c) the subsequent pH increase which in"?iur"O

decomposítion in the latter part of the incubation.

# +GM

o Gtvt

55
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45

4

35

3

T
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sbrs\bn),í?1s+ùQtþ1s+bs

Days after submergence

Effects of green manuring (GM) on changes in pH of a minespoil

tailings at'80% water holding capacity.

Figure 7.3.
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7.5.2. Sludge and green manure

The green manured samples in this study were found to be less dispersive than the

controls. The decomposing green manure led to the release of organic acids in the soil.

Following the breakdown of rapidly decomposable organic materials in green manured

soil, Sekhon and Bajwa (1993) detected increased concentrations of Ca2+ in the soil. ln

this.study, the green manure decomposition would have similarly caused an increase in

the concentration of Ca2+ in the soil. This would have increased the electrolyte

concentration in the samples, thereby flocculating the clay particles Td reducing

dispersion. Prior to this study, the sludge was mixed with over 40% inorganic

constituents during its treatment, before undergoing ageíng (Table 7.2'¡. Fufther, being

an aerobically processed sewage sludge, its high proportion of older resistant organic

residues (Boyle, 1990) would have provided less energy for heterotrophs in the mine

residues, compared to the fresh GM. Thus for the sludge treatments of the minesoils,

nutrient supplies were not as abundant as for the green manure-only treatments.

Consequentty, a lower proportion of microbial gums and hence a smaller aggregation

effect on the soils would have been expected eventually from the sludge when applied

without GM. lt is therefore likely that, compared to the GM-only, the total

"decomposabitity" of the green manured sludge treated minesoils as a unit would have

been been decreased by its more resistant sludge fraction, since the ratio of non-

resistant : resistant manure would have then been substantially increased by its sewage

studge fraction. lt is therefore not surprising that treatment effects on aggregate stability

and HC occurred in the order: GM > SSGM > SS (Tables 7.5,7.9\.

As mentioned earlier, when GM was added as a treatment to the sludge (i.e. as if

the sludge were a soil to be treated, in the absence of mine tailings or leachate

residue), the sludge proportion of stable macroaggregates dramatically improved (Fig'

7.4) by >gOO% ( for >2mm) compared to O% improvement for the sludge controls (i.e with

no GM). This was at least three times the propoftion of >2mm aggregates of mine

tailings or leachate residue stabilized by the GM treatment (i.e. 25% increases, (Tables

7.S). This increase ín physical propefties of GM - treated sludge seems surprising since

microbially toxic levels of the metals Cu, Cd, Cr, Pb, and Zn are usually contained in

sewage sludges, and such toxicity slows and stops microbial actions in soils (Kabata-



Pendias and Pendias, 1984). However, Seaker and Sopper (1988) point å!r1 ,n"t

(amongst other criteria) effects of metals in sludge depend largely on sludge quality and

the complexity of the sludge. Though the sludge of the present study was relatively low

in organic matter, it was a complex one from a residential area, containing a high

colloid and lime fraction (Table 7.2). Hausenbuiller (1978) cites the metal-binding

effects of crystalline lattices of clay particles (also of humic acids and proteins), and

during its aerobic treatment prior to its use in the present study, 40"/" clay (w/w) was

added to the sewage sludge. Both of these materials would therefore have acted as

sinks for the toxic metals inherent in the sludge, during its stabilization prior to use in this

study. Further, since a subsequent 0.1 M HCL extraction (Table 7.12) showed

relatively low amounts of toxic heavy metals in the sludge (compared with that of other

sludges used as amendments in other studies), it is likely that microbial activities would

not have been greatly hindered in the sludge during incubation.

It is of interest that the inorganic fraction of this sludge is very similar to that of a

Mollisol (also 4Oo/" clay) which was aggregated significantly by green manure in a

previous study (Chapter 6). The extra clay (40% w/w) mentioned above as inherent in

the sludge may therefore have been implicated as a factor in its aggregation by green

manure, since MaOrae and Mehuys (1985) found that fine textured clayey soils attained

greater aggregation with GM than did coarser, sandier soils. Yet the sludge of this study

was more than twice as well aggregated by GM as was the Mollisol in the earlier study

(Chapter 6). However, the Mollisol (Chapter 6) did not contain substantial amounts of

soluble lime as did the sludge. Thus 2.5% soluble lime added to the sludge during its

prior aerobic treatment would have provided extra bridging polycations for increased

linkages between inorganic and potential organic colloids. Edwards and Bremner

(1967) found that in soils containing soluble CaSO¿.2H2O or CaCO3, and clays,

opportunities exist for clay-polyvalent metal-organic matter complexes which may be

represented as t(C-P-OM)xly, where C = clay mineral particle, P - polyvalent metal, OM

= organo-metallic complex (C-P-OM)x and C-P-OM represent compound particles of

clay size and x and y are finite whole numbers with limits dictated by the size of the

primary clay particles.



The mechanics of the above-mentioned process as considered

Mingelgrin (1991) shows that when a single cation neutralises two charg

molecular strands, the strands are pulled together, water is excluded, and a water

insoluble gel or sol is formed.

Table 7.12. Some metals extracted by 0.1 M HCI and 4 M HNO3 from

Murray Bridge sludge

es on

Cations O.1M HCI extracted (mg/L) 4M HNO3 extracted (mg/L)

AI

cd

Co

Cu

Fe

Mn

N¡

Pb

Zn

4.4

<0.1

0.4

0.3

<o.2

12.0

0.3

0.1

0.6

1224

no data

no data

4.2

1 164

19.3

no data

no data

4.9

ln this study, sub 25pm particle size analysis of the samples confirmed that of all

samples, the sludge treated with green manure achieved almost double the diameter of

every other sample (Table 7.11\, indicating that the flocculating and cementing of soil

particles by GM treatment was most effectíve in the green manured sludge samples.

Large macromolecular flocculating structures were thus formed (Fig.7. ). This suggests

that possiblythe high level of clay (40% clayadded), soluble lime (2.5%) andtheC from

added readily decomposable decomposing plant material (green manure) in the sludge

had been major factors for aggregation, even though organic C measured before the

start of the experiment was much lower than expected for a sludge (1.s%).
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S.E.M

Magnif ication

1.5 x 104

(b)

Figure 7.4. Internal structure of aerobically treated sludge aggregate (a) before, (b)

after the application of green manure

( )a



Therefore the substantial increase in aggregate stability for the sludge tolfol?ig its

green manure treatment would have been caused by components in the sludge in

combination with large organic polymers from the decomposing GM. Luxmoore (1981)

concluded that mesopores (0.2-30pm) hold water strongly enough to prevent drainage,

but loosely enough to allow uptake by plants. However it was found that without organic

cements to stabilise clay patrticles, the longevity of pores is diminished (Chapter 6).

7.5.2.1. Scanníng electron mícroscopy of water stable aggregates

Scanning electron micrographs (SEM) of the sludge are presented in Figure 7.4., where

the increase in organically derived binding agents in the sludge is evident. These

showed that green manure acted as a binding or stabilising agent. lt can be seen by

eye estimation that individual soil particles are substantially larger after green manure

treatment, than before (Fig. 7.4). Green manure therefore caused greater coalescence

of soil particles. lndividual strands of organic binding materials are seen under SEM as

shown by its "sticky string bag" effect on soil particles in Figure 7.4(b). In the context of

water flow through soil, these agents would have stabilised the mesopore walls in the

untreated sludge, thereby inhibiting the dislocation of clay particles, and thus increasing

the hydraulic conductivity of the treated sludge.

7.5.2.2. Sludgecomponents

It should be emphasized however, that despite the properties of the sludge which made

ít very responsive to GM treatment (thereby leading to its own aggregation), an ability of

this sludge of itself to significantly increase mine tailings or leachate residue

aggregation during its incubation wíth these was not evident. This was most likely due

to its low C content caused by its long sub-aerial exposure leading to volatilisation of its

readily decomoposable fraction prior to incubation.

Since the added sludge brought some C to the mine materials during incubation,

a change in their physical properties, however small or non-significant was expected.

This did not occur. The weak effect, on soil aggregation, soil hydraulic conductivity, and

clay dispersion of the sludge treatment used in this study therefore suggested an effect

pertaíning to a small proportion of organic C, the size scale of the organic and clay
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particles in the sludge, and their effect on particle charge in the treated soils. Having an

insufficient native pool of microorganisms, the bulk of the organic matter in the mine

materials prior to treatment would have come from the sludge itself, i.e. from organic

matter aerobically digested, dissolved, and depolymerized sub-aerially into smaller

anionic particles. Susanto (1992) found that mobile organic colloidal materials ranging

in size from a few hundred molecules to a diameter in the order of microns move around

in the soil solution. Goldberg et al. (1990) found that the positive edge charges of clay

particles are offset by their specífic adsorption of organic anions when those anions are

not longer than the clay edges. The sludge used in this experiment had been sub-

aerially stored lor >2 years, therefore could have been classified as an aerobically aged

sludge. After such a lengthy period of exposure to the weather, the anions would by

then have reached a state of advanced depolymerization. The fact that in this study, a

much lower microbial count was found in a sludge sub-aerially exposed for >2 years,

compared with those stabilized for shorter periods (Experiment 1), suggests that there

were minimal amounts of large decomposable organic units in the 2 year-old aerobically

stabilízed sludge of this study (Experiment 2). Placed against clay particles, such small

anions could have therefore acted not only as a disaggregator for the sludge itself, but

as a deflocculant for the minespoils treated with the sludge. This point seems more

likely since the values for spontaneous clay dispersion within the untreated sludge were

just as high as those of the untreated mine tailings (Table 7.10). On the other hand, the

dramatic increase in the waterstability and hydraulic conductivity of the sludge by GM

(Tables 7.5,7.9) was caused by GM derived, recently created organic acids, and hence

larger organic molecules than were contained in the sludge.

Since the sludge contained at least 5 times more native C than either the LS or

mine tailings, priming of the old C in the sludge by the GM probably occurred, leading to

a flush of microbial activity. As a result of there then being newly formed, larger organic

anions than clay particles, flocculation of the clay particles in the sludge occurred,

thereby reducing its dispersiveness and increasing its hydfaulic conductivity constant

(Ksat). This view seemed to have been confirmed by particle size analysis. lt therefore

seems that the main aggregating role of sludge was that of a supplier of degrad,ers-
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Figure 7.5. lnternal structure of sludge aggregate (a) no green manure (b) after green

manure (non-leguminous) (c) after green manure (leguminous)
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chemical surfaces conducive to aggregation. Such a process is enhanc"o *r13Í .o¡l

microorganisms are further provided with a source of readily decomposable nutrients.

7.5.3. Kind of green manure

There were signifícant differences between the aggregating etfects of the two green

manures. ln contrast to that of the legume incubated, the higher intrinsic Water content of

the Onion Weed (Chapter 6) due to its greater succulence meant that it contained more

water-soluble constituents than the legume. However, because of this greater

succulence, the amount of dry matter incorporated (7%) was substantially less than that

of the legume (20%). A far smaller amount of cellulose was therefore likely to have been

incorporated for the Onion Weed incubations than that of the field legume. Atexander

(1976) found the water-soluble fraction of plant material to be more rapidly

decomposable than the celluloses and hemicelluloses. The more recalcitrant celtulose,

the fraction which comprises plant cell walls, remains in the soil longer than do the less

polymerized carbohydrates such as starch. This woutd have significantly increased the

degradation rate of the Onion Weed, compared to that of the legume. Though it

contained more N than the Onion Weed, if the leguminous cellulosic material remained
I

largely undecomposed in the soil during the incubation, then its effect on soil binding

would have been reduced relative to what it would have been without the extra

cellulose. These factors may have helped to offset the greater ditferences expected in

the etfect on aggregation between the two categories of green manure.

Nevertheless, as concluded by MaOrae and Mehuys (lgBS), for aggregation to

occur in soil, organic matter should be at least 1OT" oÍ the weight of the clay fraction. The

Onion Weed by comparison, brought more water to the incubation (rather than solid

fraction). This would have caused the soil water content to exceed the stipulated g0%

WHP during the first few days of incubation, creating a negative influence on the rate of

decomposition in the soils for that time period, due to decreasing aeration (Chapter 6).

ln addition, Singh et al. (1992) found that in the absence of other detrimental substrate

parameters, N content of plant material is an important factor controlling the rate of

decomposition. Fufiher, Jensen (1989) observed no net mineralisation of N even after



50 days for pea straw containing 2.35% N. Compared to the Onion weed, ,n"13åurc

brought a substantially higher percentage of N to the incubation, since Singh et al.

(1992) further found that the legume species used in this study contained an N content

of >3.15 7o, exceeded by only 2 other known plant species - Hairy vetch (Vicia villosa)

and Sesbania (Sesbanía sesban). Though for this study the N content of the Onion

weed had not been measured, being grammaceous, it could not haye been far in

excess of 1"/o, and certainly not approaching 2%. Thus the greater Ksat of the

legúminously treated sludge (Table 7.10) indicated a greater stability against clay

dislocation than the sludge amended with non-leguminous plant material. A similar

condition applied for the treated leachate residue. The leguminous GM therefore

caused a stronger binding of soil particles against removal during the wet-sieving. This

is likely to have been due to the inherently greater proportion of solid decomposable

fraction in the leguminous GM compared to the Onion weed.

7.6. Conclusions

The hypothesis for this study contained the following postulations. (a) green manure will

improve the granulation of a mine tailings, (b) green manure will more effectively

granulate mine tailings than aged sludge, and (c) green manure in combination with

aged sludge will be at least as etfective as the same quantitiy green manure in the

granulation of acid-sulphate mine tailings.

ln the foregoing short-term study, it was seen that parts (a) and (b) of the

hypothesis were supported by the results. However this was not the case for part (c)

since the etfect of sewage sludge applied with green manure on water-stability of

tailings aggregates was substantially smaller than that of green manure alone.

The implications of these results for some current conventions for sludge

application to minespoils seem important, since its incorporation may decrease rather

than increase water infiltration and movement within the soil.

It is therefore concluded thât at least for such short-term studies, low C aerobically

aged sewage sludges added with green manures weaken the inherent ability of the

green manures to improve the physical condition of minespoils.



. Due to downward movements in soil materials of smatl colloids in .olrt13å, tfr"

application of such aged sludges as top-dressings may eventually cause similar

problems. However, if rich in weed, grass and other native floral seeds, the quick

growth in the sludge of such species after top-dressing could lead to an accelerated

increase in soil organic matter, root exudates and consequently, soil microorganisms. ¡f

applied on the other hand incrementally in thin layers, the time lag betvXeen each layer

of such sludges could increase the ratio of fresh organic matter (from new roots and new

growth) to older organic partícles in the soil. lt is therefore possible that a regime of

frequent additions of top-dressing in thin layers, rather than one of a single, thick layer

may be more etfective in the long term.

Since volatilization and very long aging periods lead to increased diminution of

organic particles in sludge, which increases dispersion, the sooner the application of

sewage sludge after completion of its stabilization the more effective a soil physical

ameliorant it may be. Thus it should be spread as quickly as possible after its

stabilization has been completed.
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CHAPTER 8

The effect of sewage sludge and green manure on the erodibility of two

mine tailings materials

8.1 . lntroduction

lnorganic particles in mine tailings tend to pack to a high bulk density, resulting in low

infiltration and low permeability, causing restricted plant root penetration (Mulligan and

Bell, 1992). A low infiltration rate results in a correspondingly high rate of runoff, and

on sloping tailings dumps, high volumes of runoff can cause severe erosion (Hannan,

1978). Further, soil particles in the <0.5mm diameter range are particularly prone to

movement by wind (Mullins et al., 1990), and atter the beneficiation process for mineral

extraction, the particle size distribution in mine tailings is almost wholly restricted to the

clay size (<0.002mm diameter) (Hore-Lacy, 1978).

The soil has to retain its structural integrity during rainfall episodes and resist

detachment under raindrop impact. One of the chief aims of minespoil rehabilitation

should therefore be to minimise the potential for water and wind erosion (Marshall,

1978). Soil erodibilty is a measure of soil susceptibility to detachment and transport by

the agents of erosion (Cerda, 1998). For a wide range of soil types Loch and Foley

(1994) concluded that ra¡ndrop impact reduces infiltration of the surface layer even for

soils of extremely high hydraulic conductivity. They observed that compaction of the

surface layer by raindrops is the major mechanism which causes surface sealing (i.e.,

not necessarily aggregate breakdown), thereby increasing waterlogging which reduces

aeration of the soil. However, organic additives can reduce erosion (Cerda 1998).

Loch et al. (1978) found that for one virgin soil and one direct drilled soil, the presence of

considerable partially decomposed organic material in the surface layer appeared to

greatly reduce compaction of the surface layer, even when the soil was bare of cover. lt

was seen previously that an aged sludge did not greatly improve aggregation in

minespoil tailings, but that aggrègate stability occurred in the following order for the

treatments: green manuring > green manuring+sludge > sludge (Chapter 7). Even

though MacRae and Mehuys (1987) found that soil aggregate water-stability may be



increased by green manure, the response of such newly-formed

minespoils to raindrop impact needs to be ascertained.

ll0
aggregates in

8.2. Aim

The aim of this study was to determine the effectiveness of simulated raindrop impacts

on the erosion of minespoils treated with young green manure and sewage sludge.

8.3 Materials and Methods

Materials used include an acid sulphate mine tailings, its dried leachate residue

folldwing neutralization of its acid drainage, an aerobically treated sewage sludge, and

Green manure. All of these materials were collected and processed according to the

methods outlined in Chapter 7 of this project.

The method applied in this study as indices of erodibility consisted of a variety of

aggregate stability measurements, since soil aggregate stability will quantify erodibility

indirectly (Cerda 1998). They include water drop impact, dispersion (Modified Emerson

Water Dispersion Test (MEWDT)), turbidity, and resistance to high intensity-low energy

simulated rainfall. Aggregates were tested from an air-dry condition, as this typified hot,

dry summer field soil conditions under a winter rainfall climate. Water drop impact tests

to simulate raindrops were carried out under laboratory conditions, since Morgan

(1986) concluded that measurements of erodibility must be done under controlled

conditions in order to avoid variations in rainfall intensity and volume which will

influence erosivity.

8.3.1 Resistance to counted number of simulated raindrops (CND)

lmeson and Vis (1984) found the breakdown of soil aggregates under the impact of

falling water to be an important process under field conditions which can be

conveniently simulated in the laboratory to give an index of structural stability. A

laboratory method developed by McCalla (1944) forassessing the etfects of símulated

raindrop impact on the soil was used. Although an aggregate size range of 4-5mm has

been used in several studies for'aggregates of soils under a Mediterranean climate

(Boix et al., 1995; Lavee et al., 1991; Lavee et al., 1996), the soils measured by those
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workers were within each study, similar in specific gravity. For the present experiment,

the range of specific gravities for soils is from 1.21o 3.2glcc, a 3-fold difference. Using

the'same sized aggregates under such circumstances of significant mass differences

would introduce a bias, so that air dried soil aggregates ranging 3-9mm for testing were

selected on the basis of mass (0.1 g) after McOalla (1944), and not size.

A reference soil was used. A highly aggregated soil (0-1Ocm) of the permanent

pasture (Red Brown Earth) RBE plot from the Waite Long Term trial, Waite Campus,

University of Adelaide was chosen. Several workers (Stefanson 1971; Qades et. al.,

1981; Oades 1984; Golchin et. a1.,1994) had found this soil to exhibit a high level of

stability and therefore it was expected to have strong resistance to raindrop impact

before physically disintegrating. During the experiment, drops of distilled water 4mm in

diameter were allowed to strike the aggregate. Drop size was measured when a

graduated cylinder was placed under a counted number of drops. For a sphere, V =

4ß nþ, where r is radius. Rearranging gave:

J-

f= 3 V. (1)
4n

(8.1)

The drop size was controlled by the diameter of the tap fitting. The drops were allowed

to fall through a rigid, clear plastic pipe (100mm diameter) from a burette nozzle system

with a constant head (after Cerda 1998). This time interual was kept uniform to preclude

variations in times of wetting which influences aggregate breakdown. For the same

reason, water drops struck aggregates placed on a 2mm screen metal sieve, to avoid

pools of water building up around the aggregate being tested. The time interval

between drops was 0.5 s.. A height of 50cm was selected rather than 100cm, because

preliminary observations in the present study showed that there is little difference

between 50 and 100cm height for the number of drops required to disintegrate an

aggregate. This phenomenon was also observed by McOalla (1944). He concluded

(contrary to common opinion which persistd even up to the present tíme) that it is not

merely the kinetic energy of the physical impact of raindrops on soil which causes



aggregate breakdown, but mainly the ionic interactions occurring in the ,o¡lt¡'n ,n"

milliseconds after the raindrop impact, resulting from the polar characteristics of water

causing its high dielectric constant. This view has been further strengthened by

Rengasamy (1994, pers. comm.), who found that whereas falling water drops destroyed

aggregates, drops of equal mass of non-polar liquids such as carbon tetrachloride

fallíng from the same heights did not destroy similar aggregates. According to Loch et

al. (1978), it is wetting rates, and not drop impact per se that have the major effect on

stable aggregates. However, in a previous study, these materials were fouhd to be

highly unstable (Chapter 7). Since the kinetic impact of water-drops may determine

erodibility for these materials, counting the number of drop impacts (CND) was adopted.

Ten individual determinations were made for each mine material. When an

aggregate was broken down to the point where the fragment remaining was less than

50% of the size of the original aggregate, the disintegration point (in no. of drops) was

recorded. The disintegration point was estimated by eye. The result was then compared

with the reference soil, which had previously been similarly air-dried.

8.3.2. Modified Emerson Water Dispersion Test (MEWDT)

The Emerson dispersion test (Emerson, 1967) was included as a measure of erodibility

because it had been concluded that the measurement of spontaneous dispersion in the

absence of any imposed external force will reflect the behaviour of surface soils during

the rainfall events when the surface is effectively protected by plant material

(Rengasamy et a|.,1984), whereas all the other tests in the present study simulate

impacts on bare soil. This dispersion testwas applied to 10 replicate samples for each

treatment. An aggregate was slowly and carefully immersed in 40ml of de-ionised

water. At intervals of 0, 2, 15, 360, and 720 min, the degree of aggregate dispersion on

a scale of 0 to 4 was determined as follows (modified after Cerda, 1998).

0, No dispersion. Aggregate completely intact

1, Dispersion of some particles. Cloudiness or grains close to the aggregate

3, Considerable dispersion; >half of the aggregate has been dispersed

4, Total dispersion of all particles. The'aggregate ceases to exist.



8.3;3. Simulated rainfall I 13

The above water-drop technique simulates the effect of large (and therefore hlgh

energy) but low intensity raindrops. To show more appropriately the effects of natural

low energy mid-latitude rainfall on exposed soil, a portable laboratory rainfall simulator

capable of simulating rainfall for a range of intensities, was used. Since it has.been

obserued that infiltration parameters derived from rainfall simulation çtudies gave a

good prediction of obserued runoff hydrographs from field catchments (Connolly et

a1.,1991), it is assumed here that infiltration of simulated rainfall is consistent with that of

natural rain of similar intensities and kinetic energies. Hence run-off resulting from

simulated rain should likewise represent field catchment conditions. Containers of air

dry soif of surface area 1m2 and 150mm deep were placed on a coarse 0.5m thick

sandbed. The sandbed was underlaid by a 5cm thick quafiz gravel (1 cm diameter) bed

placed on a wire mesh. The simulator, using rainwater, was used to generate rainfall

with an intensity range of 50-100mm h -1 , and a kinetic energy of 15-29 J m -2 mm -1

rain.

8.3.3.1. Duration of exposure to rain

The soils were exposed to low energy simutated rainfall at 100 mm h -1 for about 20

minutes and the run-otf collected every 5 minutes after the initiation of run-off. The total

run-otf and sediment lost were then measured. The total infiltration was calculated from

total run-otf subtracted from total rainfall. Atter simulated rainfall had been applied to

the soils, samples were taken from the 0-5mm depth and put into sealed plastic dishes.

The proportion of waterstable aggregates were then measured.

8.3.3.2. Turbidity after raín

After a pre-determined time from the onset of runoff, an aliquot was taken for

measurement of clay content using a Hach Ratio turbidimeter which had been

calibrated for each soit.
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8.3.3.3. Measurement of water-stability after raín

After the soils were subjected to rainfall, samples were taken from 0-5mm depth, and put

in sealed plastic bags. The propoftion of water-stable macro-aggregates was measured

by wet-sieving (while aggregates were still saturated).

8.4. Results

8.4.1. Water-drop impact tests (CND)

Stability for aggregates under water-drop impact was done at air-dry for all aggregates.

The results of the counted number of drops (CND) test show treatments causing various

levels of aggregate stability under water drops. Green manure is the only treatment that

to some extent stabilised every material (Table 8.1). The stability of all the materials was

increased by at least one treatment, but for green manure treated sludge or sludge the

mine tailings (MT) had the smallest increases in stability, where neither treatment

significantly changed the poor structure of mine tailings (Table 8.1).

For the mine tailings material, the effectiveness of the treatments was in the order

(descending) GM > SS = SSGM = control. Though for leachate residue material (LR),

the êtfectiveness of the treatments was in the order (descending) GM = SSGM > SS, it

is seen that its control actually resisted the CND to a far greater degree than any

treatment. This does not indicate that the treatments were inimical to structural stability.

The unexpectedly high CND of 150 for the leachate residue control compared to an

average oÍ 24 for the other treatments may have been due to age-hardening during

storage, and is discussed later. For sludge (as a treated soil), the green manure and

green manure treated sludge treatments yielded the stablest aggregates, since the

resulting CND was always at least 25% higher than that of any other sample except the

leachate residue control (Table 8.1). For no material was stability against CND

therefore significantly increased by sludge. However, after incubation with green

manure, sludge withstood 50% more drops than green manure-treated mine tailings or

leachate residue (Table 8.1).

ln contrast is the mine tailings, its control showing a CND of just 6, indicating the

opposite condition of an inherently very weak structure having been strengthened by the
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Table 8.1. Mean number of drop impacts necessary to break down an aggregate

distinguished by different prior treatments: * Reference soil CND = 1S0 drops

Aggregates Treatments

GM SS CONTROLS

6

7

6a

SSGM

27c

8a

40d

5a

LR

MT

SS (aggregates)

LSD 0.05

(within treatments)

1028c

30c

16b

nla44d

1 50e

10a

Values with ditferent letters significantly different (P < .05) as determined by Tukeys HSD test.

KEY : LR = leachate residue, MT = mine tailings, SS = sludge, GM = green manure, SSGM = grêêrì manured

SS. tns = not statistically ditferent at the 0.05 level. " nla=not applicabe

The reference soil, (obtained from an undisturbed soil under grass for >10 years)

required a CND of 150, indicating what should arguably be the ideal approx¡mate CND

result for a highly stable soil. Even though 2- to S-fold stability increases were obserued,

it is clear that any stability increases against CND (except for the leachate residue) were

far below the CND of the reference so¡|. These results show that though some

treatments have decreased the erodibility of the soils in this study, the samples are still

very unstable compared to a soil exhibiting an ideal condition.
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8.4.2. Modified Emerson Water Dispersion Test (MEWDT)

The results of the (MEWDT) test show that all the soils were improved by one or more of

the treatments. Approximately half of the number of samples showed only a very small

amount of stability, resulting in considerable dispersion after 2 minutes ( i.e. >S0% loss

of the aggregate) (Table 8.2). Averaged for all materials, the index of dispersion

increased from 1.6 at 0 min (immediate dispersion) to 2.3, 2.5,2.9 and 3.6 after 2, S, g60

and 720 min respectively. The most effective treatment ingredient against erodibility

was the green manure, with the index of dispersion (average combined values)

increasing at 0.2, 1.2, 1.8,2.4, and 3.3 for 0, 2, 5, 360 and 720 min respectively (Table

8.2). The most ineffective treatment ingredient against erodibility was the sewage

sludge, causing an index of dispersion (average combined values) increasing at 2.3,

2.8, 3.1, 3.5, and 4.6 for 0, 2, 5, 360 and 72O min respectively. As a treatment, green

manure combined with sludge caused least dispersion over time, since the dispersion

indéx increases were at 0.0, 0.6, 1 .3,2.0,3.6 for O, 2, 5,360 and 720 min respectively.

Averaged over all, the dispersion indices for sludge, and green manure were 3.26 and

1.5 respectively (Table 8.2). This shows that the sludge as a soil amendment would

have caused twice the amount of soil breakdown as a green manure amendment under

a natural ground cover.

The decrease in erodibility caused by green manure for the mine tailings was

dramatic in comparíson, in that green manure decreased the MEWDT index of the

MTGM by 100% (Table 8.2). However, according to this test, untreated mine tailings

(MT) were much more erodible than untreated mine leachate residue (LR) (Tabte 8.2).

!n other words, the untreated leachate residue would be much more stable than the

untreated mine tailings against breakdown under the cover of plant material such as

leaves, branches, mulches. The most erodible soil materials in order of decreasing

erodibility were thus MT = MTSS = SS>LRSS>LR (Table 8.2). The most stable soil

was the reference soil, with aggregates that suruived the immersion throughout the test

period without any dispersion, and on further observation (after the experiment proper)

were seen to have maintained this status for more than 100 hours (data not shown

here). lt must be borne in mind tnàt tn¡s reference soil had been under grass for several



years prior to its removal from the ground for this study, whereas all the otl'rl ,o¡l

materials had been taken from sub-aerially exposed bare ground.

Table 8.2. Mean values for the index of the Modified Emerson Water Dispersion

Test (MEWDT).

Timê (min) 20 15 360 720

Soil & Treatment*

Reference soil

LR

LRGM

LRGMS

LRSS

MT

MTGM

MTGMS

MTSS

SS

SSG M

0

4

4

2

4

4

2

2

4

4

2

0

3

3

2

4

4

2

1

4

4

1

0

3

3

1

4

4

2

1

4

4

0

0

1

1

0

4

4

1

0

4

4

0

LSD 0.05

(within treatment)

0 nst

5ns
5ns
3ns
4ns
5ns
3ns
3ns
5ns
5ns
2ns

Key: 0, no dispersion. 1, Dispersion of some particles.2, Aggregate partly dispersed. 3, Considerable

dispersion. 4, Total dispersion. * For treatment codes see Table 8.1. tnot statistically ditferent (0.05 level).

8.4.3. Rainfall, runoff, sediment removal, and turbidity

8.4.3.1. Rainfallsimulation

Low energy-high intensity (LEHI) rainfall produced results different to the water-drop

test, where the drops were bigger and heavier,' but of lower frequency. The treatments

that withstood the CND test best (such as green manure treated sludge and green



manured mine tailings) released the smallest amount of sediment for the LEHI tf1åla.zl.

Those treatments which scored well on the LEHI test did not necessarily withstand the

greater kinetic energy of the CND. Thus the sludge-treated mine tailings (MTSS) coutd

not resist the CND test and broke down after being impacted by only 5 water drops

(Table 8.1), yet relative to its control, had reduced sediment loss under low energy high

intensity rain (Fig 8.2). Again, of all treatments, the green manure treated sludge, which

withstood the highest number of CND drops (44 and 40), held virtually all its sediments

against removal by erosion under LEHI (Table 8.1, Fig. 8.2).

8.4.3.2. Aggregate stability after rain (LEHI)

Visual obseruation of the aggregates showed that greater aggregation of the green

manure treated minesoils and green manure treated sludge (compared to the controls)

couid be detected after LEHI. They were persistently well-defined aggregates, as

opposed to the slaked, congealed mounds of all the controls except those of the

leachate residue. The results of waterstable tests after rain showed that the application

of green manure to the,sewage sludge led to a 60ï" increase in stable aggregates

>2mm compared to the control (Table 8.3).

(a) green manured (b) controls: not grêen lnanured

Figure 8.1. Visual impression of treated minesoils and sludge after LEHI .
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Table 8.3. Effect of green manure plant species and soil type on waterstability of

aggregates after simulated rain.

Manure (Percent of soil retained on 2mm sieve)

Leachate residue (LR) Mine tailings (MT) Sludge (SS) LSD 0.05

legume

non-legume

sludge

control

67.O

64.5

0.0

90.0

15.0

15.0

0.0

0.0

60.0

50.0

0.0

0.0

3.0

4.5

nst

NS

* key, see Table 8.1. tnot statistically significant

This means that these aggregates were not broken into smaller sizes even by low

energy (15 J m -2 mm -1) high intensity (100 mm nr -1) rainfall even oÍ 25 minutes

duration. This result is similar to that of a previous study in which green manure created

aggregates >2 mm which withstood wet s¡ev¡ng, but without the soil having been

previously subjected to simulated rainfall (chapter 7). lt showed then that green manure

treatment of sludge led to the creation of aggregates which were stable against the

action of water for 5 minutes.

The application of green manure to the mine tailings also stabilised aggregates

>2mm against rainfall, but to a lesser degree than for sludge (Table 8.3). This

stabilization for the mine tailings occurred in the same proportion as its stabilization in a

previous study (Chapter 7), thereby again indicating some effectiveness of the green

manure-created bonds linking the mine tailings mineral particles.

Conversely, the stability of the green manured leachate residue, after it was

subjected to simulated rainfall, was greater than the results for an earlier study (chapter

7, 15"/" stable > 2mm), when the aggregates were wet sieved at air dry without them first

having been rained on at low intensity. In the present study, the stability increased to



66o/., for aggregates >2mm, a >3-fold increase (Table 8.3) This suggests tnljt3*et-

sieving of 5 minutes duration at air-dry was more disruptive to the green manured

leachate residue soil than was wet-sieving immediately after 25 minutes of rain at air-

dry. Further, the leachate residue controls, after having been rained on, Iikewise proved

highly stable against wet sieving, ¡.e. 90% stable >2mm), compared to the controls of the

earlier study, where stable aggregates >2mm were non-existent. Since the only

differences between the two studies are (1) the wetting rate prior to wet sieving, and (2)

storage time, the difference may be due to (a) slower wetting which occurred during the

rainfall simulation exercise and/or (b) age-hardening (thixotropic effects). All other

controls were subjected to the same procedure, yet in no ínstance did any aggregate

>2mm from those controls survive the wet sieving in any study of this project, including

after rain. Further, it was noted earlier in this study, that for the water drop test, the

leachate residue control aggregates at air-dry also withstood a CND >5 times that of the

green manure treated leachate residue, and simílar (150 water drops) to that of a highly

stable reference soil. The leachate residue used in this study had been stored for a

longer period than for that used in an earlier study (Chapter 7). Owing to chemical

reactions followíng Ca(OH)Z treatment of the acid sulphate drainage leachate, its

residue (the LR) had previously become impregnated with CaSO4. This could have

helped to increase induration of the mineraf particles in the leachate residue during

storage. No such prior treatment had produced the mine tailings. Therefore the only

likely explanation would seem to be that of the long storage period of the samples prior

to and after the commencement of this study.

Sewage sludge treated tailings materials did not withstand the wet sieving

following simulated rain. Except for the leachate residue, there are no significant

differences between the stability of aggregates from mine materials treated with sewage

sludge on the one hand, and that of their controls. No sewage sludge samples

contained any >2mm aggregates which survived this test (Table 8.3).

8.4.3.3. Runoff

The effects of green manure and SS on water run-off, sedimentation, and turbidity after

simulated low energy-high intensity rain on soils are presented in Figs 8.1-8.3. The



results show that there are significant differences between green manure treatå2Oaso¡ts

(including sewage sludge) and controls from all treatments. Green manure decreased

runoff, sedimentaton, and turbidity for all soils (Figs.8.1-8.3). Without any amendment,

the runoff for the untreated mine tailings was highest (compared to all other samples) at

66mm in the 2O-251h minute time period, followed by 45mm for the untreated sludge and

36mm for untreated leachate residue for the same time period (Fig.8.1). For the

untreated soil materials, total runoff for the 25 minute duration of rainfall in descending

order occurred in the sequence of MT > SS > LR. Thus the inherent infiltration capacity

of the sludge under rain was higher than that of the mine tailings. This shows that of all

the materials, mine tailings is the most prone to surface sealing, and therefore most

susceptible to erosion by rainfall. This result is in accordance with an earlier study

(Chapter 7) which showed the hydraulíc conductivity of the mine tailings to be 0 cm hr -1,

in contrast to all other materials including the leachate residue.

Relative to their controls, green manure decreased runoff by 42% on mine

tailings, 41"/" on leachate residue, and 16o/" on the sludge (Fig.8.1). This could be due

to increased hydrophobicity of the sludge following the green manure treatment, since

the sludge would have had by far the highest intrinsic amount of organic matter. The

total runoff reduced by sludge in the leachate residue was greater than that reduced by

the sludge in the mine tailings, since the sludge reduced their runoff by 38% and 15%

respectively (Fig. 8.1). lt is thus seen from these figures that for runoff, each mine

material has had similar responses toward green manure, but dissimilar responses

towards sludge. Fòr the leachate residue (LR), runoff was greatly decreased by both

green manure and sludge, while for the mine tailings it was improved substantially by

only the green manure.

8.4.3.4. Sedíment loss (erosion)

The application of green manure in the mine tailings and leachate residue decreased

sediment erosion significantly, compared to their respective controls. Green manure

decreased erosion by about 8007o on the mine tailings and 25o/" on the leachate

residue, relative to their respective controls (Fig. 8.2). The effect of green manure on

sludge was most dramatic, since green manure stopped its erosion completely (Fig. 8.2).



Though onty a relatively small amount of sediment was removed from the ,,ll]"t.o
sludge, no sediment was released from green manure treated sludge during a 25

minute period under high intensity-low energy simulated rainfall (Fig. 8.2).

For the leachate residue material, the total sediment loss for green manured

samples was similar to that of sludge-treated leachate residue samples. Sediment

losses were approximately 60% in each case. When compared to its controls, sediment

loss from the mine tailings was reduced substantially by the sludge (S-fold), but more

greatly by the green manure (1O-fold) (Fig. 8.2). Seemingly, sediment erosion on the

mine tailings was more greatly reduced than that on the leachate residue by both green

manure and sludge. This however was the case only when compared to their respective

controls. ln absolute terms, there was much more sediment lossed from all treated mine

tailings samples compared to their treated leachate residue counterparts (Fig. 8.2).

On both the leachate residue and mine tailings, the green manure was more

effective at reducing sediment erosion than was the sludge (Fig. 8.2). Relative to their

respective controls, green manure was more effective on the mine tailings than on the

leachate residue in reducing sediment erosion (Fig. 8.2). Of all the controls, the sludge

lost by far the smallest amount of sediment under low energy high intensity rain, but

when incubated with green manure, sediment losses from the sludge were most

drastically decreased, and became negligible (Fig. 8.2). For the reduction of sediment

loss under rain, the green manure treated sludge samples therefore proved vastly

superior to all others in this study.

8.4.3.5. Turbidity after raín

Green manure and sludge both signíficantly reduced the amount of suspended particles

after rain in the leachate residue and mine tailings (Fig. 8.3). However, amounts of

dislodged matter from green manure-treated materials were much lower in the leachate

residue than in the mine tailings. This is probably partly because the leachate residue

has a lower native clay contenl (25% lower) than the mine tailings. The turbidity of the

sludge was inherently low, which is probably the reason green manure did not further

decrease its turbidíty under rain (Fig. 8.3). lt was observed that the green manure-

treated sludge samples acquired a greenish-brown colouration. This colour change may



have caused false turbidity readings. Thus for the green manure treated .lrOL?l uny

reduction in turbidity was being masked by the colour change from chemical interaction

with its green manure component.

Turbidity was highest for the untreated mine tailings control samples, being

approximately 20% higher than that found in the leachate residue controls. However, as

in the case of sediment loss, the treatments were more effective for the mine tailings

when compared with their respective controls. Thus, despite treatments, total turbidity

from the mine tailings was greater than from the treated leachate residue (Fig. 8.3).

Though the sludge control and its treatments exhibited least turbidity of all samples.

This suggests that the sludge microstructure was the most stable (Fig. 8.3).

When averaged over 25 minutes, turbidity differences between the sludge and

green manure treatments for the leachate residue are not great (Fig. 8.3). However, it

is seen that in the first 5 minutes of observation under rain, the turbidity of the sludge-

treated leachate residue and mine tailings samples was double that of the green

manure treated leachate residue and mine tailings samples (Fig. 8.3). lt is in this

period, when soils are at air-dry that they are most fragile, and susceptible to high

wetting rates leading to erosion (Cernuda et al., 1954). Further, if the organic matter

particles in the sludge were smaller than clay particles in those samples treated by the

sludge, and adjacent to them, mutual repellance would have caused easier dislocation

of particles (chapter 7). For the mine tailings, the superiority of green manure to

suppress the disintegration of aggregates when they are most fragile is therefore

indicated. Green manure was much more effective at reducing turbidity than was sludge

(Fig. 8.3). ln general, green manure has proven more effective than sludge as'an

incorporated treatment for decreasing erosion of the mine tailings materials.

8.5. Discussion

As already stated, no sludge treated sample contained any >2mm aggregates or parts

thereof, which survived the CND procedure (Table 8.3). This shows that the aerobically

aged sewage sludge incubated in this study is not an effective amendment to decrease

minesoil aggregate breakdown by heavy rain. The sludge used in this study had been

aged sub-aerially for 2 years, and hence its organic matter particles would have been
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Figure 8.4. Scanning electronmicograph cross-section of sludge aggregate (a) before

and (b) after green manure treatment.



relatively small in size. Durgin and Chaney (198a) found that mutual repellanc"tjju."O

sonie dislocation of particles if the organic particles in soil material were smaller than the

clay particles. Scanning electron-micrographs (SEM) of the internâl structure of sludge

aggregates (control, and green manure-treated entities) suggest that such repeltance

could have occurred in this study. Bergstrom and Stenstrom (1998), assess the size of

clay particles as being <20pm. Several bits of organic-looking material averaging at

least 20pm in length can be seen linking and binding soil particles in green manure

treated sewage sludge (Fig. 8.ab). On the other hand, for the sludge control; it is clear

that the particles shown in Figure 8.4a are much smaller than 20pm, and mainly of

approximately the same size. Since the sludge control contained 40o/" clay and 1.5%

organic C, it is reasonable to suggest that at least 4O"/" of the partÍcles shown in Figure

8.4a (sludge control) are individual clay particles. Further, in the sewage sludge control

(F¡g. 8.4a), no organic-looking particle is large enough to be visible against a

background of visible individual clay particles. The fact that several non-organic-

looking particles shown in the green manure-treated sludge SEM are >20pm in length

strongly suggests that individual clay particles in the sludge were coalesced when

treated with green manure. This again seems to confirm the inability of old aerobic

sludge to bind added soil particles strongly, and the superiority of green manure in this

respect; the former largely consisting of old resistant organic material, while the latter,

being a source of rapidly decomposable material for ongoing, active microbial

production of effective soil binding cements.

The high level of turbidity after low energy rain in this study confírms the ease

with which the clay-sized fraction of the mine tailings is dislocated. Therefore the

turb.idity measurements of this study seem to implicate clay dispersion as the main

cause of an inherently low hydraulic conductivity for the mine tailings seen previously

(chapter 7), when the saturated hydraulic conductivity (HC) of the untreated mine tailings

was measured at 0 cclhr (chapter 7). According to Loch et al. (1978), studies have

shown that it is not aggregate breakdown, but clay dispersion that causes surface

sealing. Surface sealing has been linked with dramatic decreases in infiltration after

rain (Mullins et at., 1990), which teads to increased run-off. For the mine tailings, the

superiority of green manure to suppress the dislocation of particles when they are most
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turbidity than was sludge. ln general, green manure has proven more effective than

sludge as an incorporated treatment for the erosion of the mine tailings materials.

ln this study, the addition of sludge as dry matter at 50% (w/w) meant that 0.75 %

(w/w) of organic C was added to either minespoil material by sludge. Since the

leachate resídue and mine tailings had 0.1"/" and 0.3% of native C respectively, this

meant that a 7.S-fold and 2.S-fold increase in organic C respectively, occurred for these

materials. Yet the addition of sludge was not very effective at reducing several aspects

of the over-all erodibílity of the minesoils. This is in apparent disagreement with several

studies positively correlating increased organic C with soil stability (Epstein et al., 1976;

Oades 1988; Ekwue 1991; Evans 1996). However, the last above-mentioned study also

suggests that water erosion of soils in temperate climates is accelerated when soil

organic matter falls below a 2"/" threshold. ln addition, MacRae and Mehuys (1985)

found that soil organic matter must comprise at least 1O% ol the clay content w/w, for

effective aggregation to occur in the soil. Since the clay content of the mine tailings,

and leachate residue were 16 and 12"/" respectively, this meant that the above-

mentioned percentage of organic matter was inadequate. Further, in general, the

addition of green manure decreased the erodibilty of all minespoil materials against

water more effectively than did sewage sludge. This is in agreement with Cerda (1998),

who explained this positive effect in terms of the cementíng agents of decomposable

organic matter in litter and exudates, citing the formation of macroaggregates around

plant roots. There is further concurrence with several studies (chapter 4), which have

shown that ¡t is the ongoing processes oI in situ decomposition in soils that cement and

stabilise soil particles causing aggregation, as opposed to effects of old, previously

degraded organic materials (as that in aged sludge). These findings mean that the

quantities of organic matter found in the sludge used for stabilisation in this study were

insufficient in quantity and quality.

ln the light of the above-mentioned statements, it may seem surprising that the

organically depleted sludge samples exhibited the least turbidity (Fig. 8.3). However

the high quantities of soluble CaCO3 used in the treatment of the sludge before this

study, giving rise to Ca2t, along with its small-sized negatively charged organic fraction
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breakdown which leads to turbidity.

Given that the mine tailings required just 6 water drops to disintegrate its

untreated aggregates compared to 150 water drops for the leachate residue, and that its

dispersion in water was also quicker, it is intrinsically more erodible than the leachate

residue. Muneer & Oades (1989) confirmed that the presence ol Ca2+ decreased the

amount of dispersible clay, and during treatment of the leachate (from whence came the

leachate residue), Ca(OH)2 was the active reactant used in the acid neutralisation plant.

Nonetheless, the MEWDT showed that even though leachate residue untreated

aggregates were less dispersive than mine tailings untreated aggregates, the MTGM

combination throughout the test period was always at least 50% less dispersive than the

LRGM combination. The answer to this problem may lie in the differing aggregate sizes

used. As stated earlier, for treated and control samples, the size of the leachate residue

entities used for the MEWDT test was 6mm in diameter, as opposed to 2.5-3mm

diameter for the mine tailings, since the intrinsic specific gravity of the leachate residue

was 0.4 that of the mine tailings. Thus for each finite number of small aggregates in any

mine tailings sample, there were the same number in a corresponding leachate residue

sample, though each individual leachate residue aggregate was >twice as large.

According to Dexter (1988) aggregation occurs hierarchically, wherein large aggregates

are composítes of progressively smaller ones, and that during the drying process,

dessication cracks produce aggregates. Further, Semmel et al. (1990) found that the

wetting and drying processes within the soil can influence the distribution of nutrients

and clay colloids, such that clay concentrations tend to increase on and near an

aggregate exterior. They found that the outer skín of macroaggregates possessed a

greater amount of ctay particles than their interior, having been transported there as the

soil dried. Since the outer area of each leachate residue aggregate would have been

at least twice as large as an mine tailings aggregate, more clay would have been

expected to have accummulated in each leachate residue aggregate. Thus the large

leachate residue aggregates would have been inherently more dispersive than small

aggregates. The dispersiveness of the large leachate residue (6mm) aggregates was



high in this study, and in a previous study with the same treatments (chapter zf,'it *",
seen that leachate residue stability was largest for the <2mm aggregates.

The leachate residue retained a high level of aggregate stability following the

LEHI test, but the cementation of clay by Ca in its smaller aggregates may have been

stronger than organic cementation for larger aggregates. lt is therefore possible that had

smaller leachate residue aggregates been used in this study, the leachate residue

would have exhibited a lower level of dispersion than observed for the mine tailings

samples. Warkentin (1982) pointed out that aggregation is "flocculation plus", i.e. no

amount ol Ca2+ can prevent aggregate breakdown where there is no (organic)

cementation of floccules. Therefore, if they were true aggregates, the untreated (control)

leachate residue entities should not have resisted breakdown under so many of the

above tests applied. lt is therefore likely that the leachate residue control samples were

comprised of thixotropically affected entities. A similar kind of cementation was

previously suggested ín a study of an alfisol (chapter 6), where reference was made to

Coughlan et al. (1973) who cited "fortuitious agglomerates", as not being true

aggregates. This condition may have partly caused the high level of resisitance to wet-

sieving amongst the LRGM aggregates following exposure to rainfall.

8.6. Conclusion

Though there were large improvements in the resistance to erosion, the cementation

bonds caused by the green manure in both leachate residue and tailings, but

particularly in the tailings leachate residue, were obviously much weaker than those of

the reference soil. Sewage sludge at the rate of 50% (w/w dry matter) as used in the

present study did reduce the erodibility of acid sulfate minespoil materials, but green

manure at the rate of 2.5% dry matter was more effective, especially under high energy

waterdrops and decreased the erodibility not only of the above-mentioned materíals, but

of the sewage sludge itself.

ln minespoils sites, leachate residue (LR) from acid neutralising plants is

commonly stored in dams on flat ground, whereas the less cohesive mine tailings is

often found on sloping ground. Hence the effect on mine tailings of exposure to erosive

forces are greater, thereby increasin! tne threat to the quality of ground water and



streams in the catchment area of concern, and soil contamination. Given tne tarjS?noex

of erodibility for the untreated mine tailings, there is therefore greater urgency

regarding its rehabilitation compared with the leachate residue.

The main physical disadvantage of aerobically aged sludge as a top-dressing

especially in sloping topography is its subsequent removal by water and wind erosion

prior to colonisation by native flora. Sludge is normally added at high rates to soils, but

the sludge itself may be weakly structured (Plate 8) and therefore easily removed by the

agents of erosion. As seen previously (chapter 7), the above-mentioned results show

readily decomposable green manure to be a promising physical treatment for sludge

prior to sludge addition to weakly structured minespoils. Thus, in combination wíth mine

tailings in this study, improvements by sludge were not as great as those caused by

green manure. ln the present study it has been shown that green manure impregnated

sludge resists erosion to a far greater degree than the sludge to which green manure

had not been applied.

Therefore, where aged sludge is to be applied as a top-dressing on steep

slopes, as it presently is in the case of Brukunga, the greatly increased stability observed

in this study when aged sludge is incubated with green manure should be exploited. lf

the sludge is incubated in such a manner prior to spreading, such an application

promises a more long-lasting effect against detachment from raindrop impacts,

downslope slippage and erosion.

There are also advantages for "flat ground" application of green manure treated

aged sludges. Since sludge has an inherently high WHC, waterlogged conditions

would prevail in the wet season thereby leading to restricted root extension and stunted

plant growth. The prior improvement in granulation of the sludge would increase

permeability, water movement and oxygen availability in the root zone. Thus for flat

areas, the pre-treatment of sludges with green manure also promises improvements for

the rehabilitation of acid-sulphate minespoils.
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PART II

THE IMPROVEMENT OF WATER QUALITY

"........the strongest argument of the detractors is that the fields are devastated by

mining operations........the woods and groves are cut down, for there is need of an

endless amount of wood for timber, machines and the smelting of metals. And when

the woods and groves are felled, then are exterminated the beasts and birds, very many

of which furnish a pleasant and agreeable food for man. Further, when the ores are

washed, the water which has been used poisons the brooks and streams, and either

destroys tne fish or drives them away........Thus it is said, it is clear to all that there is

greater detriment from míning than the value of the metals which the mining produces"

[Agiicola: on 1Sth century mining in Germany, quoted in Down and Stocks (1977)].

a

CHAPTER 9

Bacterial Mitigation of Acid Mine Drainage Using Decomposable

Plant Material and Sludge

CHAPTER 10

Bioremediation of acid mine drainage using decomposable

plant material and soil in a constant flow bioreactor

a
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CHAPTER 9

Bacterial Mitigation of Acid Mine Drainage Using Decomposable

Plant Material and Sludge

9.1. lntroduction

Effects of minewastes containing iron pyrites are of continuing concern at abandoned

and present minesites (Bell et al., 1989). When sulphide minerals undergci chemical

and biological oxidation processes, the environment can become contaminated with

acid drainage characterised by low pH and high levels of sulphate and metal ions.

Despite several attempts to curtail drainage from old, abandoned coal and metalliferous

minesites, acid drainage (AD), a serious problem several decades ago, is no less critical

today at minesites throughout the world (Hard et a1.,1997). This is because AD

generation can continue for decades or hundreds of years after a mine closure (Elliott et

a|.,1998) exposing more sulphide-rich minewastes to oxidation by airand to leaching by

percolating rainwater. Exposed to the air, such substances react with oxygen and

release sulphuric acid, thereby increasing acidity and reducing pH values to as low as

2.5, and producing high levels of dissolved SO4, Fe, Al and heavy metal ions, (Herlihy

and Mills, 1985).

For removal of heavy metals from polluted water, present treatment methods

include mainly their precipitation by NAOH, CaCO3, or NaZCO3 (Kalin et al., 1993) and

Ca(OH)Z (Elliott et a1.,1998). However, with respect to a time scale measured in

decades such as that for persistent AD, such materials could incur high cumulative

costs. Further, Larsen and Schierup (1981) highlighted the inadequacy of such

methods because they do not remove the metals quantitatively. ln other words such

methods do not guarantee against re-hydroxidation and resolubilisation, when wetter,

more acidic conditions prevail (Elliott et å1.,1998) leading once more to the pollution of

ground water supplies.

With an added energy source, sulphate-reducing bacteria (SRB) can cause a

reduction of deleterious effects of AD, by raising its pH and removing metal ions with the

toxic metals being tocked into metal sulphides (Bechard et al., 1994). Sulphate
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reducing bacteria (SRB), in the course of metabolic activities participate in the mitigation

of AD by consuming H+ during reduction of sulphate to hydrogen sulphide, and

precipitate metals as metal sulphides (Bechard et al., 1993), while utilising electron

donors (Voordouw, 1995). SRB must therefore tolerate high proton and metal

concentrations (Hard et al., 1997). During the reduction of sulphate by means of

organic compounds the water is neutralized (Hard et al., 1997)

According to Herlihy and Mills (1985), the precipitation of metals provides two

important functions critical to AD induced mitigation of the pollution: elimination'of metals

from the water, and provision of a sink for sulphide to prevent re-oxidation and

consumption of the generated acidity.

Where sources of lime are not readily available, improvements in the qualíty of

AD can occur after treatment with organic wastes (Hard et al., 1997). Charles (1998)

for instance, investigated the effects of dumping raw sewage for several years into an

acid-sulphate lake. His reported changes included an increase in pH values towards

neutrality, lower levels of suspended colloids, and the return of several major aquatic

animal species. He attributed these ameliorative results to the phosphates in the

eutrophic water containing raw sewage, which bind to the iron oxide in the acid-sulphate

water. These then form compounds that fall to the bottom of the lake as sediment,

chemically locking away these reactants (it is iron oxide that causes the characteristic

reddish-brown coloration in acid drainage). This confirms an observation of Gillman

(1985) that the variable charge surfaces of oxides are capable of adsorbing a range of

polyanions such as phosphates in competition with other organic polyanions. The fact

that Gillman (1985) also found that as organic matter content decreased with depth in

soils the phosphate sorption capacity increased, suggests that phosphates may be

highly competitive against other organic polyanions for spaces on oxide surfaces.

Microbial alteration has also been studied by several workers (Tuttle et al., 1969;

Schindler et al., 1980; Mills, 1985), who showed that sulphate reduction (SR) to

sulphide in anoxic zones of acquatic environments may increase because of the action

of sulphate reducing bacteria (SRB). Other research found that SR in water overlying

freshwater lake sediments would increase alkalinity and precipitate metallic sulphides

(Berner et al., 1970; Ben-yaakow 1973). However, according to Havas (1990) and
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Bechard et al. (1994), AD having a pH below 3 are not uncommon; yet SRB cannot

normally survive in acidic environments of pH <5.5 (Alexander, 1977). Since SRB

operate within a much higher pH range of 5-9 (Alexander, 1977) than commonly exists

in AD (often with pH < 4), and commonly have their optimim pH around neutral to slightly

alkaline (Alexander,1977), there have been few successful attempts at AD remediation

using SRB. For example, when Lyew et al. (1994) introduced new AD of pH3.5 into a

continuous flow reactor (with a prior AD pH of 4.8 containing actively operating SRB

colonies), SRB activity ceased. Gyure et al. (1990) found that organic acids can be

very potent against SRB, and SRB activity also stopped when they introduced organic

acids of pH 3.8 into anoxic sediments. Hard et al. (1997) found that of all their isolates,

only one strain of Desulfovibrio salexigens grew in a Postgate medium at a pH as low

as 4.0. Further, Connell and Patrick (1968) point out that conditions of low oxidation-

reduction potential (ORP), which are necessary for enhancing the activities of SRB

(Alexander, 1977; Lyew et al., 1994), are usually limited to a range of pH values of 6.0

or above.

It is also known that to supply energy for the metabolic processes of SRB

microorganisms, a decomposable substrate is needed (Bechard et al., 1993). Sewage

sludge is the by-product of the waste water treatment and its nutrients include nitrates,

phosphates, and organic matter. However, due to public resistance in many

municipalities, untreated sewage is legally unavailable for such purposes. Aerobically

treated sewage sludge is more resistant to decomposition than is raw sewage because

in the activated sludge process, air is mechanically mixed in with liquid sludge to

increase bacterial oxidation (Boyle, 1990), eventually leaving a higher proportion of

resistant residues. Therefore in areas affected by AD, use of the oxidised form may not

be as effective a mitigative alternative as the raw form, where raw sewage is

unacceptable. Yet even though oxidised sludge may contain substantial proportions

of resistant fractions such as lignins and polyphenols which are undegradable by

anaerobes, anaerobic decomposition of such materials seem to occur in submerged

conditions. Various studies have shown that even under anoxic conditions, anaerobes

can degrade plant derived materials such as straw (Larsen and Schierup, 1981) wood

debris (Tuttle et al., 1969), and hay (Stark et al., 1988). Nevertheless the exclusive
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applicat¡on of such hard to degrade substrates under submerged conditions does not

lead to complete, or satisfactory mitigation of AD. At 3.5, 7, and 35 day retention times,

Bechard et al., (1994) found that none of several such added decomposable substrates

(alfalfa hay, straw, timothy hay, applied singly or in combination) significantly decreased

the Fe concentration in a simulated AD. Further, for even some nitrogenous treatment

combinations (urea flowing through straw, urea flowing through timothy hay) they

reported that no change in pH, Fe, Al, and SO42- was observed. One implication of

that study on the biological mitigation of Fe-rich AD waters is the need for further work

with different forms of those and other organic additives.

Given time for adaptation to acidity, and a suitable energy source, SRB have

been re-activated in AD at pH<4. With added lactate (readily assimilated) as the

erìergy source, Elliott and others (1998) reactivated SRB in an influent having a pH of

3.2, thereby removing 38.0% of influent sulphate from solution, and increasing effluent

pH to 5.8 units. They found, however, that longer periods of adaptation for the SRB

were required for increasingly lower influent pH values. Thus at pH3.5, 5 days elapsed

before significant SRB activity resumed, compared to 2 days for pH4.8. Since the AD

from the decommissioned Nairne Pyrites Mine in South Australia is even more acidic

(<pH2.3) than the above-mentioned examples, a substantially longer adaptation time for

SRB activation would be anticipitated, Moreover, little research has been done as to

whether or not SRB can be activated from a dormant state, in such highly acidic liquíds

(that is <pH2.5). However, should microenvironments of lower acidity levels be

created within the physical interstices of an incorporated sediment medium having a

suitable energy source, it may be possible that changes in SRB activity within these

pore spaces may then modify the chemícal characteristics of the overlying AD water

layer.

Though raw untreated sludge contains more nitrates and phosphates than

contained in old sludge (Boyle, 1990), raw sludge lacks soil derived additives of

substantial proportions used in its treatment including lime (Horvath and Koshut, 1981),

or clay (Grindley, 1998, pers. comm.). lt is reasonable to postulate that these additives

can cause changes in the physical and chemical behaviour of the sludge itself (hence

their application in the first instance). For example, in a study involving kaolinites,
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bentonites, and illites submerged in acid solutions (0.1M and 0.5M), Yeoh and Oades

(1981) found that phosphoric acid reacted with clay minerals, releasing aluminium

which precipitated with phosphate to form insoluble aluminium phosphate, and that the

quantities of released Al were similar regardless of the kind of clay. Therefore, such

treated sludges may also modify the chemical characteristics of the AD into which they

may be placed. ln contrast to reactions involving organic acids, mineral acids (such

as HZSO4 in AD) reacting with clays may not result in the complexing of released Al

and itsremoval fromsolution. Thus YeohandOades(1981) foundthatafteianinitial

rapid acid dissolution (by not only phosphoric, but also nitric acid) of aluminium (within

thefirst3to5 days) from both 2:1 and 1:1 clays had occurred, the Al releases persisted

for up to 40 days. Gillman (1985) found that polycarboxylic materials are specifically

adsorbed on a range of amphoterically charged oxide surfaces, so it is also possible

that clays such as kaolinite, having relatively weak negative charges may likewise act

as adsorption sites for organic material concurrently added to the AD. Ahmad and Tan

(1985) found that under highly acidic, waterlogged conditions (similar to those proposed

in the present study), solubilised aluminium combined with functional carboxylic groups,

and hypothesized that small unidentified Al species can interact electrostatically with the

functional groups, thereby complexing Al ions out of solution. Al released from clays by

AD would be similarly complexed by organic additives, thereby mitigating the effects of

metals inherent in the AD, along with those metals released from any added inorganic

ameliorants.

Acid neutralisation reactions can be regarded as buffering reactions (Bruggenwert

et al., 1991), and the incorporation of material containing a substantial amount of clay

particles into an acidic medium may delay equilibration of that acidity (Norton et al.,

1990). lt is therefore conceivable that when added to AD, sludges containing

particular additives from soil environments (such as secondary clay minerals and/or

lime) may resist acidification. As reported by Herhily and Mills (1985), such condítions

can initiate SRB activation, by raising pH to a critical level. This might have been the

case when Lyew et al. (1994) established a population of SRB in a 15.24 cm deep

limestone-gravel bed impregnated with a mixed carbon-nitrogen source at the bottom of

a bio-reactor. Ì
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Finally, some sediments have been shown to be an important medium for activating

SRB, not only as a physical support system but as an aid for reducing acidity, possibly

by physical means. The AD water, being denser, tends to remain on top of the floor

sediments and mixing with the overlying water is restricted, but since one of the effects

of floor sediments in such environments is to restrict water circulation within the

sediment body, the acidifying effects of mixing within the sediment interstices may be

restricted. For instance, Herhily and Mills (1985) reported that SRB activity in an AD

lake was caused by higher pH environments in microniches that were physically

protected by sediment particles. Since a physical support and attachment system is

required for SRB activity, Elliott et al. (1998) utilised beds of acid-washed sand as a

physical support for SRB colonies which mitigated AD.

It is postulated here that SRB can survive and become active in minute pores

within pH buffering sediments, if supplied with an energy source. Several workers have

found that biodegradation of resistant carbon in soils low in soluble carbon have been

initiated by priming with small amounts of soluble carbon such as glucose (Hayes, 1980;

Swift, 1992; Baldock et al., 1994). Aerobically digested sludges high in resistant carbon

may probably be similarly activated, since compared to those having low C:N ratios,

readily available substrates with high C:N ratios have been shown to be more effective

in improving the capability of resistant organics to mitigate AD. For instance, in a reactor

containing urea-amendedstraw as a substrate, Bechard et al. (1994) found that no

change occurred in pH, Fe, Al, and SO¿ concentrations, yet with sucrose as the only

additive, the pH increased significantly and large amounts of Al were removed. The

addition of soluble C in the form of sodium lactate as an energy source, achieved

substantial increases for SRB amelioration of an AD (Elliott et al., 1998). Therefore in

combination with a suitable, readily decomposable organic substrate to supply some

nutrients lost in prior sludge treatment, it is probable that SRB mitigation of AD may be

accelerated by a clay-lime impregnated aerobically digested sewage sludge.

Nevertheless, for most studies involving AD of pH < 4, (that is, where pH and removal of

all toxic metals occur concurrently) complete mitigation of AD had not occurred (Tuttle et

al., 1969; Gyure et al., 1990; Bechard et al., 1994; Lyew et al., 1994; Elliott et al.,

1 ss8).
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plant material on the etfectiveness of aerobically.treated sewage sludge to mltlgate an

Fe - ¡ch leachate from an acid sulphate mine tailings heap. lt is hypothesized that

given a readily decomposable cellulose substrate in combination with a highly

inorganically butfered sewage sludge, and enough adaptation time, dormant SRB will

be activated to mitigate an AD having a pH of <2.5. lt is also hypothesizqd that after the

establishment of active SRB colonies in such a medium, more efficient decreases in the

levels of toxic metals and more substantial reductions of acidity would occur. The results

of this experiment were used to help define the ideal proportions of additives, and to

reduce the hydraulic retention time (HRT) in an SRB driven constant flow AD

bioreactor.

9.2. Materials and Methods

9.2.1. Acid drainage

Acid drainage from the decommissioned Nairne Pyrites Mine, South Australia was

collected from a stagnant pool at the site. The chemical characteristics of the Nairne

Pyrites Mine drainage water as determined by inductively coupled plasma atomic

emission spectroscopy (ICPAES) are shown in Table 9.1. The pH was measured as 2.3,

and EC as 7.5 dS m -1. ln comparison to the AD, some water quality criteria for

Australia are shown in Table 9.2. The amount of acidity in the AD was measured

(Narwal et al, 1983) by adding powdered limestone (crushed to pass through a 1 mm

sieve), as the amount needed to bring the AD to a neutral pH of 7.0.

9.2.2. Sludge

Dehydrated aerobically digested sludge was obtained from the Murray Bridge Treatment

Plant in South Australia. Some relevant chemical and physical properties are shown in

Table 9.3.
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Table 9.1 Concentration of cations in solution in an AD:

Nairne Pyrite Mine AD, South Australia

Component Concentration (mg/L)

Aluminium

Arsenic

Boron

Calcium

Cadmium

Cobalt

Chromium

Copper

lron

Potassium

Magnesium

Manganese

Molybdenum

Sodium

Nickel

Phosphorus

Sulfur

Selenium

Zinc

Acidity as CaCO3

46

0.2

<0.1

500

<0.1

0.1

<0.1

0.1

2100

<1

290

110

< 0.1

220

0.3

<1

2700

<0.1

5.7

2006-2602
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Table 9.2 Some water quality criteria for the Australia and N.Z.

Environment and Conseruation Council (ANZECC)

Metals Guideline (mg/L)

Aluminium (Al)

Arsenic (As)

Cadmium (Cd)

Chromium (Cr)

Copper (Cu)

lron (Fe)

Lead (Pb)

Magnesium (Mg)

Manganese (Mn)

Mercury (Hg)

Nickel (Ni)

Selenium (Se)

Zinc (Zn)

Nutrients:

Total N

Lakes

Rivers

Total P

Lakes

Rivers

<0.005 (if pH .6.5)

0.100 (if pH t6.5)

0.050

0.002 - .002 (dep. on hardness)

0.002

0.002 - .005 (dep.on hardness)

1.000

0.001 -.005

No data

No data

0.001

0.015 -.150 (dep.on hardness)

0.005

0.005 - .050 (dep.on hardness)

0.100 - 0.300

0.150 - 0.500

0.010 - 0.020

0.040 - 0.060

(After Manning, 1992)
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Table 9.3. Some chemical and physical characteristics of Murray

Bridge Sludge

Sludge Property Value

Organic matter (% by weight)

pH (1: 5 sludge: water ratio)

Electrical conductivity

(1: 5 sludge: water extract; (dS m-1¡

Organic C (%)

Total C (%)

Total N (%)

CaOog (%)

ExchangeableCations [cmol(+)/kg]:

Ca

Mg

Na

K

Total

Clay (%)

Quanz sand (%)

s¡lt (%)

1.5

6.5

0.2

1

1.24

1.8

2.5

11.6

5.4

0.43

0.95

18.4

40.0

20.0

12.8

Sludge containing passive SRB colonies was utilised. The sludge had

previously been aerobically digested and air dried. This sludge had been selected

against 3 other sludges, on the kiasis of the following attributes: (1) the substantial

amount of kaolinitic clay (4O%) and lime (2.5%) which had been added during treatment,

and (2) having been derived from a residentíal area, its anticipated low levels of toxic



heavy metals, and (3) its significant proportion of quartz sand (20 %) since 
toJ*u"rul

workers (Elliott et al., 1998; Herhily and Mills 1985) have found sand to be an effective

physical means of attachment for SRB populations. ln addition, since below a pH of

4.2, aluminium is a major buffering soil material, and Robertson et al. (1982) found that

the amount of extractable heavy metals from sludges increased with the acidity of the

liquid medium in which it was placed, the added advantages of applying a sludge

buffered with clay prior to its use as an ameliorant for a low pH AD is apparent. A

further reason kaolinitic sludge was chosen rather than a 2:1 clay-impregnatÞd sludge

was because of the need for positive sites on the clay mineral surfaces to adsorb SO42-,

and negatively charged humic molecules. This is because several workers found that

the alumino-silicate kaolinite readily adsorbed humic acid molecules because of its

positive edge charges (Greenland, 1965; Kobo and Fujisawa, 1963; Schnitzer and

Skinner, 1964), and therefore may also adsorb SO42- from the AD. On the other hand,

not only are there fewer exposed positive sites on 2:1 clay particles like montmorillonite,

but according to Greenland (1965), X-ray evidence indicates that humic acid does not

penetrate the inter-lamellar regions ol 2:1 silicates either.

Quantities of each heavy metal in the sewage sludge were determined (Table

9.3b) by HNO3 extraction (after Pierce et al., 1982). Two grammes of sludge were

thoroughly mixed with 20mls of 4 M HNO3 and heated al TO oC for 24 hours. After

dilution to 35ml with additional 4 M HNOS, the mixture was shaken for 30 minutes and

filtered with Whatman no. 43 paper to obtain the extract.

This extraction process was repeated four times in the same manner. Toxic

metals in extracts (Al, B, Cu, Fe, Mn, Mg, Zn) were determined by ICPAES (lnductively

coupled plasma atomic emission spectroscopy analysis), The above-mentioned metals

(plus Cd, Co, Ni, and Pb) were also separately extracted less aggressively (Table 9.3b)

with 0.01 M HCI (Hinesly et al., 1977).

The pH of samples was measured by a Watson-Victor glass pH electrode model

5003. Cation exchange capacity (CEC) was determined after extraction of the bases

with neutral ammonium acetate (CH3COONHa). To clear the sludge of free salts, the

samples were first leached with an ethanol and deionized water solution until free of

salt.
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One aim of this experiment was to establísh an initiatign and adaptation time

needed for SRB activation from dormancy in an AD of pH<2.5. Therefore, in this study,

it was decided to use inactive rather than already actively operating SRB populations as

an innoculant. Since SRB is widespread in wide-ranging soil enviroments (Lyew et al.,

1994), a "natural" innoculation of the sludge was adopted. Because SRB thrive under

anaerobic conditions, the wet season (winter) was chosen for this proposed natural

innoculation of the sludge. Thus for 6 months before its addition to the AD for this study,

the sludge was placed on a flat soil surface (of pH>6) at the Brukunga iron pyrites

minespoil site. To maintain a high soil-water content at the sludge/soil ínterface the

sludge was not spread, but left in a 60cm high pile. This process allowed the natural

innoculation of SRB upwards into the sludge from the relatively wet, anoxic soil surface.

The dried sludge was then ground to pass a 1mm sieve and thoroughly hand-mixed.

9.2.3. Plant matter

Fresh ryegrass was harvested and chopped to <1mm in a portable food processing

machine operated at 1000 rpm because of the increased decomposition rate of finely

divided material reported by several authors (Kroth and Page 1946; Alexander 1980;

Singh et al., 1992). For example, Amato (1983), after measuring the decomposition of

different parts of the medic plant found that the rate of decomposition in the field

occurred in the following order: leaves > stems > roots > pods, but that ground pods

were decomposed as easily as unground stems. Owing to the difficulty in differentiating

grass stems from the more easily decomposable leaves, all parts of the ryegrass except

roots were applied. To compensate for the proportion of less readily decomposed stem

fraction (aproximately 50% w/w) the rate of application of the ryegrass in this experiment

was substantially higher than normally applied under a leaves-only green manure

regime.

The chopped material was then immediately placed into sealed polythene bags

and refrigerated at 5-10 oC before incorporation into the AD 24 hours later.

9.2.4. lncubation procedure

The incubation was conducted under stagnant conditions because Lyew et



a]' (1994) found that the AD treatment process is governed by a relationsnip olatÍveen
the influent flow rate and the acidity of the water, and that after the introduction of lower
pH water, SRB culture was able to recover quickest upon cessation of flow. Further,
under stagnant conditions, they found that SRB culture was always able to recover from
perturbances.

To observe the visual changes that indicated the action of sRB, transparent
cylindrical polyacrylate cylinders of 2ocm high and 8cm inner diameter were used as AD
treatment vessels. Aerobically digested and air-dried sewage sludge waè ground,
passed through a 1mm sieve and added to the polyacrylate cylinders. The following
three treatment regimes were to determine what combinatíons and proportions of
sludge/ryegrass caused the greatest amelioration to the AD. Treatment regime (1)
consisted of aerobically digested sludge at rates of 2s,50, and 7sg (referred to
hereafter as "CS1, cS2, cS3" respectively), placed into cylinders containing 300 ml
each of AD' Treatment regime (2) consisted of 20g aliquots of ground ryegrass added to
the above-mentioned sludge portions (referred to here as ,,cs1/Ry, cs2/Ry, cs3/Ry"
respectively). ln this regime, the sludge : ryegrass ratio is varied. To determine the
most ideal ryegrass rate when it is used exctusively, regime (3) consisted of just

ryegrass added to the AD at rates of 10, 20, and3Og per container (referred to here as
"RY1,RY2,RYg"). The controls (4) consisted of 300 ml of AD.

All the organic additives (CS, and RY) were placed between g and l2cmbelow
the water surface in the cylinders. Each jar was seated tighily with 0.1mm thick
polythene sheeting. Air spaces were left above the water surface. The jars were
shaken every tenth day to ensure thorough mixing of AD with substrate. However, it
was difficult to keep the plant material submerged and some of the ryegrass floated.
The samples were incubated at a temperature range of 15-20 oc.

9.2.5. Sampling and analysis

On every 1oth day tor 40 days, 2)ml water samples of the treated AD water were taken
from the top 2cm. These samptes were then filtered through a whatman no. 43 filter
paper before further anatysis. The qH of samples was measured by the previously
stated method. The quantities of all 'elements in solution for the samples taken were



determined by ICpAES analysis.

for 100 days.

Measurements of pollutants occurred every rftl o"v

9.2.5.1. Electrophoreticmobility

Since the measurement of particle charge and their mobility reveals the effect of the

treatments on cations in solution, the zeta potential (electronegativity) was measured

(using a Malvern Zetamaster particle electrophoresis analyser). According,to pashley

(1985), the zeta potential in mV, represents a surface charge effect which is directly

related to electrophoretic mobility such that the zeta potential is 12.A5 mV per mobility

unit. Organo-mineral complexing neutralises negative charges on soil colloids, thereby

lowering the electrophoretic mobility of particles. All potential measurements were

done at a constant temperature (20 oC) and with a constant field strength of 80 V cm-1.

Measurements were carried out according to the standard procedure, i.e. over a 30

second run time and the final values used were the averages of 10 runs.

9.3. Results

For every AD parameter examined, it is seen that (a) fresh finely chopped ryegrass

substantially increased the capacity of aerobic sludge to mitigate AD, and (b) the effects

varied directly with the treatment rates (Figs. 9.1-9.11).

9.3.1. lnitial colour changes

A reddish-brown transparent coloration of the AD controls, indicating the presence of Fe

oxides, was observed throughout the incubation. Although all samptes treated with RY

also retained this coloration, after 5 days they lost a significant amount of transparency,

and thereafter remained unchanged throughout incubation. For combined sludge-

ryegrass treatments there was a dramatic color change, with complete clarity and lack of

color observed in all of these treatments after just 12 days, indicating a lowered

concentration of Fe in the treated AD. The liquid attained a clear, colorless appearance,

first (at day 6) in the CS3/RY, at day 10 in the CS2/RY, and at day 12in the CS1/RY

samples, with all changes persisiting for the remaining period of the study (i.e. 100

days). For the CS treatment regimei the sequence of color loss was similar and
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var¡ed directly with the rates, with the CS3 being the first to change the AD water to a

lightyellow after 10 days, gradually clearing until becoming colorless at day 20. This

was followed in like manner by the CS2 and then CS1.

9.3.2. Changes in acidity

The following changes in the pH of the samples are shown in Figure 9.1. The pH

increased substantially only for two treatments, both of which involved a combination of

ryegrass and sludge (CS3/RY and CS2/RY). lt is seen that after 100 days'incubation

pH increases were in the order: CS3/RY>C52/RY>CS3>CS1/RY>CS2 =

CS1>RY3>RY2 = RY1 (Table 9.4a). Though at the highest rate (CS3) within the

sludge-only treatment regime, pH increased significantly from 2.3 to 3.0 (Fig. 9.1),

there were no other substantial increases within the CS treatment regime. Further, for

the RY treatment regime, AD pH actually decreased over time below that of the controls

as incubation proceeded after day 10. On the other hand, at no time during this study

did any of the pH decreases involving sludge singly, (or in any combination with

ryegrass), show a decrease to levels below that of the controls. Thus, sludge-only as a

component had a greater positive effect on pH than ryegrass-only did.

ln the early stages of incubation (day 0-10), pH increases were detected for all

treatments. This increasing trend though not large, was most substantial amongst the

ryegrass/sludge treatments, particularly for the CS3/RY treatment at day 10, at 0.25 unit

above that of the controls. Apart from a small transient decrease between days 50 and

70 for the CS/RY treatment regime, pH continued to increase until at least day 100,

when CS1/RY and CS?RY showed pH drops of 0.36 and 0.28 respectively. For the

CS3/RY which as already stated had the largest pH increases, such increases occurred

in two phases: (1) day 0-50, (2) day 60-100, the latter increase being sudden and more

substantial (Fig. 9.1). More will be said on this later.

The pH changes caused by the sludge-only treatment regime (CS) are

qualitatively comparable with those for the sludge-ryegrass treatment regime, since like

the CS/RY, its highest rate caused the largest pH increases.

At various periods between days 50 and 80, a trend of lowered pH values was

recorded for all treatments. For RY treatments, this trend which began earlier at day 20



was ma¡ntained forthe remainder of the incubation, culminating in pH values'u!r'r.r,r,

1 .81 , and 2.06 at day 1 10 for RY1 , RY2, RY3, respectively. The RY3 pH value, though

dropping several times below that of the AD control (after day 20), was at all times

higherthanthe RY1 and RY2 pH values (Fig.9.1). Transient pH decreases occurring

between days 60 and 80 for the CS/RY treatment regime were recorded onty for the

CSZRY (day 80: decrease = 0.35 units) and the CS3/RY (day 60: decrease - O.2g),

each lasting briefly (for less than 10 days), in contrasttothose decreases for the other

treatment regimes (which lasted for at least 40 days). Therefore, whereas a sharp

recovery of pH values was recorded for the sludge-ryegrass treatments, the recoveries

for the other treatment regimes were either slower or non-existent (Fig. g.1). Being o

relatively etficient butfer, CS3/RY showed a constant increase in pH values until day

120, after which values began to decrease (1o7.20 at day 130, and 6.g9 at day 140).

The above-mentioned recoveries of pH values were contemporaneous with the

commencement of the signs of SRB activity in the CS3/RY samples. At the Ssth day, a

deep brown coloration appeared in the CS3/RY, and was to be the precursor for sharp

pH increases. At day 58, the brown zonation appeared darker from the bottom,

moving upwards to 2cm below the water surface of CS3/RYand permeating all of the

treatment material in the container by day 62. The pH value for this treatment had by

this time climbed from 2.49 at day 60 to 3.8 at day 65. This darkened zone gradually

took on the appearance of a black precipitate at day 65, sharply defined from the

distinctly colorless but dwindling liquid phase (due to the continual prior extraction of

20 ml aliquots) above it. At day 70 the solid phase in the CS3/RY samples appeared

totally blackened and had the characteristic rotten egg odour of H2S gas. ln these

samples, pH values increased from 3.8 at day 65 to 4.15 at day 70,6.6 at day 90, and

> 7 at day 100. For the CS2/RY, a símilar colouration pattern (culmínating also in a

black precipitate) began at day 70. However, whereas for the CS3/RY samples, only

15 days had been required before the black coloration advanced up to the top surface

of the solid material,2T days (until day 97) elapsed for CSZRY. Further, for CSZR|,

it was found (day 70 - 97) that pH values did not concurrently increase with cotouration

changes as they did for the CS3/RY coloration phase. Thus for CS2/Ry, its biggest pH

increase did not occur before day 1 l0 (from pH 2.54 to pH 5.6), that is, 13 days after the



blackening of the substrate solids had been compteted, compared to 
" .o,133rr"n,

incrèase for the CSg/Ry during its coloration phase.

For the other treatment regimes of the experiment excepting CSB, CS2Ry and
CS3/RY, pH was throughout the incubation held to a value of <g. For GS3, pH was
held at its highest value of 3.08 from day 90 until the end of incubation, this value
being sustained for the remaning 30 days of incubation. For the CSg, a 3ml narrow
blackened zone was obserued at the bottom of the solid phase at day g5, thereby

suggesting the beginnings of an active SRB population. However in contrabt to that of
the CS/RY samples, the btackened zone did not grow or extend upwards for the
ensuing 30 days of the incubation, but remained static.

9.3.3. Sulphur (as sulphate)

Figure 9.2 shows changes in sulfate concentration for all trials. Sulphate decreased in
all samples except those of the controts. The smallest sulphate decreases occurred for
the RY treatments.

At day 10 the most substantial decreases occurred in the combined sludge-

ryegrass (CS/RY) samples (Fig. 9.2c), followed by those of the CS treatments. After a
large average ínitial decrease in concentration trom 27oo to at least 17oo mg/L in the
first 10 days (average 100 mg/L per day), sulphate concentration continued to fall at an
approximate rate of 17 mg/L per day for the ensuing days of the incubation for the
CS/RY treatments. A similar pattern of decrease prevaited for CS treatment regime,

where the above-mentioned decrease for the first 10 day period of 650 mg/L, was
followed by 1B mg/L for the ensuing B0 days.

. However, differences within the treatment suites for CS were greater than those

of CS/RY. The substrate masses at the beginning of the treatments, approximately in
the above order and corresponding to the drop in sulphate concentration are shown in
Tables 9.5a, 9.5b, 9.5c. lt is seen that for sulfate removed within the CS/Ry treatment

suite up to day 10 (Table 9.5a), there is little difference amongt the cs1/Ry, cszRy and
CS3/RY treatments. Within CS/RY regime for the ensuing 30 days, CS1/Ry and
CS2/RY maintained the same rate of decrease (approximately 100 mg/L) as that of
CS3/RY (Table 9.5b). On the other hand, during the same period of time (30 days),
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though the cs3 had removed just as much sulfate as the csg/RY had, this amount

(110 mg/L per day) was significantly more sulfate than the cs1 (60 mg/L per day) or

the cs2 (g0 mg/L per day) had removed (Tabre 9.5b). up to this point in time, it is seen

that within the cs/Ry regime, each treatment removed a total of 1400 - 1500 mg/L of

sulphate, while within the cs regime the respective range was g0o - 1400 mg/L (Table

e.5b).

Table 9.4. Some metals extracted by 0.1 M HCI and 4 M HNOS from

MurraY Bridge sludge

Gations o.fMHclextracted(mg/L)4MHNo3extracted(mg/L)

AI

cd

Co

Cu

Fe

Mn

Ni

Pb

Zn

4.4

<0.1

0.4

0.3

<o.2

19.3

0.3

0.1

0.6

1224

no data

no data

4.2

1164

12

no data

no data

4.9

yet, the only difference between both treatment regimes (CS and CS/RY) was added

ryegrass (the same mass of ryegrass was used for each CS/RY treatment)' since the

same sludge rates (35g, 50g and 75g) were applied' For CS' the mass of sulphate

removed from solution generally varied directly with the mass of ameliorant' but not for
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the CS/RY regime. The order of effectiveness at day 40 for the treatments regimes

were: CSRY>CS>RY (Fig. 9.2).

Further, this suggests that the role of the ryegrass could be crudely comparable

to that of a catalysl, since at the lowest CS rate, no further decreases in sulfate occurred

after day 10, whereas for the lowest rate of the combined treatment, decreases in

sulphate concentration continued after day 10.

Table 9. 5 Changes in pH of Nairne Pyrite Mine AD after 140 days incubation

Treatment Average pH change (units) LSD 0.05

CS3/RY

CS2/RY

CS1/RY

cs3

cs2

cs1

RY3

RY2

RY1

AD control

+ 4.95

+ 2.98

+ 0.3

+ 0.66

- 0.1

- 0.13

- 0.22

- 0.5

- 0.5

- 0.1

0.5

o.2

NS

0.07

NS

NS

- 0.06

- 0.04

- 0.03

NS

During the middle phase of the incubation (days 40 - 60), very little change in sulphate

concentration was caused by the treatments. However by the end of incubation (day

100), sulphate concentration had been decreased much more greatly by the CS/RY

regime, compared with the CS regime (Fig. 9.2, Table 9.5c). This stage was

immediately preceded by detectable signs of SRB activity. After day 60, sulphate



concentration for the CS treatments fluctuated and increased .rU.t"nt¡"l¡i] but

fluctuations were not as extreme for the CS/RY (Fig. 9.2).

Table 9.5a Sulphate removed from Nairne Pyrite Mine AD by

treatments in the first 10 days incubation

Weight of substrate Amount of sulphate removed (mg/L) LSD 0.05

s5 g (CS3/RY)

75s (CS2YRY)

50s (CS1RY)

70s (CS3)

sos (CS2)

3sg(CS1)

1 100

1000

1 000

700

700

500

70.0

20.0

35.0

38.0

29.0

45.0

Table 9.5b. Sulphate removed by treatments in the Nairne Pyrite

Mine AD after 40 days

Weight of substrate Amount of sulphate removed (mg/L) LSD 0.05

es s (CS3/RY)

75s (CS2/RY)

50s (CS1RY)

70s (CS3)

50s (CS2)

35s(CS1)

1 500

1 500

1400

1 400

1100

800

40

30

20

25

30

10
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Table 9.5c. Sulphate removed from Nairne Pyrite Mine AD by sludge-based

treatments in the first 100 days

Weight of substrate Amount of sulphate removed (mg/L)

es s (CS3/RY)

75s (CS2/RY)

sos (CS1RY)

70s (CS3)

sog (CS2)

359(CS1)

2700

1 600

1430

1 530

1130

1 030

Table 9. 5d. Proportion of sulphate removed from the Pyrite Mine AD during 100 day

incubation with sludge, sludge plus ryegrass, and ryegrass treatment

Treatment sulphate removed (mg/L) % of AD sulphate LSD 0.05

CS3/RY

CS2/RY

CS1/RY

cs2

cs3

cs1

RY1

RY2

RY3

2247

1 530

1 350

1 060

1 000

960

710

700

590

85

58

51

40

38

37

27

27

22

4

3

1

2

2

3

1

2

1
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Table 9.5e. Sulphate removed from Nairne Pyrite Mine AD by sludge-based treatments

as a proportion of concentration at (a) day 40, (b) day 100

Treatment % SO4'2 removed

(0-40days)

"/oSO4'2 removed

(60-l 00days) LSD 0.05

CS3/RY

CS2yRY

CS1 RY

cs3

cs2

cs1

55

55

52

52

41

30

72

8

0

0

11

2

5

2

3

2

2

1

The most dramatic decreases in sulphate concentrat¡on of this study was caused by the

CS3/RY after day 70 (Fig. 9.2, Table 9.5c). At the end of incubation the amount of

sulphate removed by CS3/RY was double that of the best sludge-only treatment (CS3)

and treble that of the best RY (RY1, RY2) (Table 9.5d). Table 9.5e shows a

comparison between the periods 0-40d and 60-100d, of the proportion of sulphate

removed from the AD. To show mainly the effect of SRB on SO4-2 removal, the period

60-100d was chosen (as opposed to 41-100d) because activation of SRB occurred

between day 60 and day 100 of this incubation. lt is seen that by far the greatest

reduction in SO42- concentration was caused by the CS3/RY (72%) during days 60-

100, Though the RY treatments caused an average decrease of 500 mg/L for the first 1 0

day period, no fufther decreases occurred during the incubation, since for no treatment

of the RY suite did sulphur levels after day 10 fall below 2100 mg/L (Fig. 9.2).
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Table 9.6. Concentration (mg/L) of ions in Nairne Pyrite Mine AD

after 120 days incubation.

Treatment AI Co Cu Fe Mn N¡ s Zn

CS3/RY

CS2/RY

CS1/RY

cs3

cs2

cs1

RY3

RY2

RY1

AMD control

0.1

<0.1

32

67

156

155

48

47

45

58

0.0

0.1

0.4

0.6

o.4

0.4

0.1

0.1

0.1

o.2

<0.1

0.1

0.1

0.5

1.2

1.0

0.2

0.2

<0.1

0.4

0.6

95

86

3.5

126

321

678

567

730

2160

<0.

84

110

123

130

128

117

116

112

127

0.1

0.3

0.6

1.0

0.6

0.6

0.3

0.3

0.3

o.4

649

1380

1423

1446

1650

1760

2164

2109

2143

3055

<0.1

<0.1

1.2

3.9

6.0

5.5

6.4

6.9

7.0

6.1

9.3.4. lron

Figure 9.3 shows the changes in Fe concentration. Since the ICP measures only total

cations and not the species, the particular species present were not ascerta¡ned.

However, based on the low AD pH at this stage, it is assumed that >90% of the Fe in

solution would be Fe3+. After day 60, pH increases over a value of 4.0 would reduce

the Fe3+ species in solution. However, as pH increased above 4.0, the Fe species

brought into solution would have been Fe(OH¡2+, Fe(OH)3+, and polymeric species.

The decrease in Fe occurred from >2000m9/L to 100 mg/L after just 10 days. The

descending order of treatmeht effectiveness was CS3/RY>CS2/RY>CS1/RY

>CS3>CSãCS1 >RY3>RYbRYI (Figure 9.3).
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Table 9.7 Zeta potential and mobility of sub-micron particles in AD after 120 days

incubation.

Treatment Zeta potential

(mv)

Particle mobility

(mm s-1 v-l cm-1)

CS3/RY

CS2/RY

CS1/RY

cs3

cs2

cs1

RY3

RY2

RY1

A.D. (acid drainage)

-12.3

-14.1

-1.0

-0.8

no data

-3.9

+3.8

+2.2

+2.O

+1.2

-0.924

-1.062

-1.077

-0.062

no data

-o.287

+O.279

+0.166

+0.151

+1.2

ln all treatments, Fe concentration decreased wíth time. ln the combined

treatments (CS/RY samples) this consistent decrease was most significant particularly at

the highest rate (CS3/RY) where Fe concentrations dropped spectacularly from 21OO

mg/L at day 1 to 300 mg/l at day 10 for an average decrease in concentration of 180

mg/L per day for the t¡rsrt tO days (Fig. 9.3). The average rate of decrease for the pre

SRB stage of the incubation was 6 mg/L per day, at an average percentage per day

decreaseof 9.5%(firstlOdays) and2To(ensuing40days). At thehighest CSrate,

the average decrease was 137 mg/L per day for the first 10 days, and22 mg/L for the

ensuing 40 days (average), representing a daily'percentage decrease of 6.5% and

3.4y", respectively. For the CS/RY and CS treatment regimes, the decreases in Fe2+

concentration were, in general, greater the higher the rate of treatment.



(a)

.J)

Þ

pH

(ryegrass)

t58

8

Figure 9.1: pH of the AD during incubation with organic materials.
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Figure 9.2: Concentration of sulphate in the AD during incubation with organic

materials
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Figure 9.3. Concentration of iron in the AD during incubation

materials'
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Figure 9.5. Concentration of phosphate in AD during incubation with organic materials'
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Figure 9.6. Concentration of cobalt in the AD during incubation with organic materials'
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ure 9.7. Concentration of copper in the AD during incubation with organic materials.
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Figure 9.8: concentration of manganese in the AD during incubation

with organic materials.
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Figure 9.10: Concentration of zinc in the AD

materials'
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The least effectíve treatment regime was the RY, because though its average Fe3+

decrease was 90 mg/L per day for the first 10 days, this was followed by 6 mg/L per day

for the ensuing 40 days. Before and after the SRB stage, the average daily percentage

decreases were 4.2% and 0.6%, respectively (as already stated the RY did not activate

SRB). For identical masses of ameliorant (for example RY2 = 259 = CS4), the RY

treatment was always less efficient in this experiment, compared with other treatment

regimes, especially the combined sludge-ryegrass treatments. Thus, as the incubation

proceeded, the RY decreased Fe3+ concentration more slowly than either tÀe CS or

CS/RY treatments did.

It is also seen that at any time during incubation, much more Fe than sulphate is

removed. For example, for the most effective treatment (CS3/RY), the percentage of Fe

removed at days 20 and 100 was 95 and 99V", compared with 48 and 36% of sulphate

removed by the CS3/RY. Thus, whereas at day 100, CS3/RY removed all detectable

Fe, its sulphate concentration was at 383 mg/L. lt is therefore seen that sulphate

removal lagged behind that of Fe during incubation.

However, the second large decrease in Fe and sulphate is seen to be greater

than the first (Figs. 9.2, 9.3). This fall also coincides with the onset of SRB activities

(day 60-80) and the most substantial rise in pH (up to 7 units, in the case of CS3/RY).

Also, the largest decreases of both Fe and sulfate occurred concurrently with the

activation of the SRB in the CS3/RY samples. SRB seems further implicated, since

Zehnder and Stumm (1988) found that when both sulphate and Fe are available to SRB

under reduction by microbial action facilitated by a nutrient source, Fe will be used up

first.

The incubation was terminated at day 120 because fluctuations in heavy metal

concentration which began at day 90, continued (however, the last pH readings were

taken at day 140). Some resolubilisation of metals due to the depleting SRB carbon

nutrient source may have caused the above-mentioned fluctuations.

9.3.5. Aluminium

Figure 9.4 shows the following changes in Al concentration caused by the treatments.

Like Fe, >gO"/" of the the Al present in solution at pH <3 would be Al3+. Aluminium
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inherent in the AD control remained al44 mg/L throughout 100 days of incubation (Fig.

9.4). However, the CS and CS/RY treatments each increased aluminium concentrations

by >50% within the first 10 days, but as the incubation proceeded, differences

between the CS and CS/RY in Al concentration- increased greatly. Thus, CS

increased Al concentration from 44 mg/L at control levels to an average of >130 mg/L at

day 100, (a 275% increase over the controls) at the end of incubation. Also, Al in the

AD rose at average rates of 1173% for the CS but only 1% forthe CS/RY treatment

suite. Further, at the lower CS rates (CS1 and CS2), the level of Al concentration in the

samples remained at at least 68 mg/L throughout the incubation, but mostly much

higÈer (Figure 9.4b), and climbed to 156 mg/L at day 120 (Table 9.6). This represented

more than a 3-fold average increase (339%) over the controls. On the other hand, at

the highest CS rate (CS3), the Al concentration was not as high, and at day 100 this

had dropped to just 46 "/" above the controls (that is 67 mg/L). Thus, increased

quantities of sludge led to decreased Al concentration in the AD. For the RY treatment

suite, a decreasing trend averaging 8"/" tor the first 1O-day period of incubation was

recorded, with no further increases or decreases after day 10. Since Al is generally

toxic to most plants and therefore not normally taken up by most root systems in neutral

to mildly acidic soils, the lack of any Al coming directly from decomposing ryegrass

previously grown in a neutral soil was not unexpected in this study.

Of all the treatments, only the CS3/RY caused a large decrease in Al following

initial increases. Thus, at day 40, the total Al concentration in the CS3/RY treated AD

was only 12 mg/L, representing an 11-fold decrease for the concentration of Al

compared with the control. However, for the other 2 treatments of the CS/RY suite

(CS1/RY and CS2/RY), the increases recorded at day 10 were followed by just a slight

decreasing trend overthe ensuing 30 days (Fig.9.a). Thus, for3 consecutive 10-day

periods after the lOth day, the average decreases in Al concentration were 0.1"/o,4"/o,

4"/"; and 8"/o, O"/o,7.5"/o, for CS1/RY and CS2/RY respectively, yet thís still represented

a net increase in Al over control concentrations. The effectiveness of the treatments up

to that point were therefore in the order CS3/RY>RY1 = RY2 = RY3>CS2/RY>CS1/RY>

CS3>CS2>CS1. As in the case of SO42+ and Fe3+ for both the CS and CS/RY

treatment regimes, it was the highest treatment rates that were most effective.
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Just before the first appearance of the signs of SRB activity (black coloration,

H2S odor) in the CS3/RY samples, dissolved Al had dropped suddenly from 56 mg/L at

day 30 to 14 mg/L at day 40. By day 80, the CS1/RY, and CS2/RY had also decreased

Al concentration from 70 mg/l and 57 mglL at day 60, to 37 mg/L and 14 mglL,

respectively. The CS/RY was therefore the only treatment regime in which net

decreases in Al concentration were eventually detected. Between days 50 and 60 (pH

3.5 - 4.0), the Al(OH¡2+ and Al(OH)3+ species would be brought into solution. This

would occur for only the CS3/RY samples. Thus at day 100, concentration of 'Al for the

CS3/RY was almost negligable (<0.1 mg/L), being more than a hundred times less than

that of the controls and now within the ANZECC water quality guideline concentration

(Table 9.1).

The RY treatment regíme exerted no significant effect on the Al concentration of

the AD in this study, indicating its ineffectiveness when uncombined with sludge, to

remove Al from AD solution. Decomposable ryegrass therefore was effective in

reducing Al concentration only when it was combined with sludge.

9.3.6. Phosphate

Phosphate levels are important in this study because as mentioned earlier,

phosphates in sludge can complex and form insoluble precipitates with Fe and Al.

Figure 9,5 illustrates the following treatment effects on phosphate concentration,

Throughout the incubation the P concentrations in the controls were <1 mg/L. The

results of treatments indicate that the combined treatment suite (CS/RY) was the most

efficient at returning P back to levels seen in the controls after an initial increase. Most

of the P in this study came from the decomposing ryegrass, and after 10 days, RY3,

RY2, and RY1 increased P concentrations up to 19, 22 and 25 mg/ L, respectively.

For all other treatments, P concentration was only 2 lo 3 mg/L after 10 days incubation.

Yet the CS/RY treatment suite contained the same mass of ryegrass as each RY

treatment. At day 20 the amount of P in the three CS/RY treatments was reduced to

<0.1 mg/L, that is to the concentrations of the controls, this level being maintained for the

remainder of the incubation. For the CS3 and CS2 samples (the two higher rates), P

also decreased (but not as quickly as that of the CS/RY treatments), varying inversely
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with the amount of sewage sludge contained in the samples (Fig. 9.5b). At the highest

CS rates (CS3), P returned to the control levels at day 30, while for the second highest

rate (CS2), that return time was not until day 40. For the the lowest rate (CS1), P levels

did not return to control levels, but throughout the remainder of the incubation remained

atthe day 10 levels (2mglL), that is, more than twice that of the control, and 100 times

that of the maximum prescribed by the ANZECC (Table 9.1). lt is of interest that for

most of the incubation, for the CS1 treatment, while P levels remained static, S levels

also remained unmoved.

Even after 40 days incubation, P levels attained by RY1, RY2, RY3 treatments

were 75,79, and 65% of their day 10 concentration respectively. This was still 1S-fold

higher than that of any other treatment at this stage, and at 100 days the average RY P

concentration was at least 7 times higher than that for other treatments (Figure 9.5).

Since all treatments in all regimes had initially the same amount of decomposable plant

material (except for the RY1 and RY3), the P in the RY samples was therefore not being

chemically combined, possibly due to a lack of clay minerals possessing positive sites at

low pH.

9.3.7. Heavy metals

CS at the rates used in this study introduced significant amounts of each of the

elements Zn, N¡, Cu and Mn to the AD (Figs. 9.6-9.10), above the defined

environmentally safe limits (Table 9.1). Toxic metals that may have been in excessive

amounts (Cu, Mn, Ni, Pb,Zn\ and sulphate were removed to some degree from the AD,

in decreasing order of treatment regimes as follows CS/RY>CS>RY. ln contrast to the

CS and CS/RY regimes, RY had little effect one way or another on toxic heavy metals in

the AD. For example, dissolved Cu native to the AD had been removed by CS3/RY,

while increased by the CS. Even though throughout the incubation, Cu concentration

was increased by the CS treatment regime by up to 15 times the amounts in the AD

controls, the CS3/RY treatment had by day 60 cut Cu concentration to lower

concentrations than even those of the control samples (that is, below pre-treatment

levels), while the RY had no effect on Cu concentration (Fig. 9.7).
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A similar pattern prevailed for Co, Mn, Ni and Zn. For Co in particular, the RY

regime had no net effect on Co concentration. All other treatments initially caused a 3-

fold increase for Co concentration in the AD, but by day 70, only the CS3/RY had

reduced that 3-fold increase to 0.1 mg/L, (that is, back to the control levels) (Fig. 9.6).

Further decreases by CS3/RY (to <0.1 mg/L) were achieved and maintained from day

80 and throughout incubation, while a higher concentration of 0.1 mg/L still existed in

the controls. Though the CS2/RY was the' only other treatment which eventually

decreased initial increases in Co concentration in the AD (a 4-fold decreabe to 0.1

mg/L) , this did not occur until day 120 (Fig. 9.6b, Table 9.6).

Though Mn was not substantially increased by any of the treatments (Fig. 9.8),

the only decrease that occurred between day 0 and day 50 was achieved by CS3/RY (a

10 % decrease at day 20). For the CS3/RY, a trend of lowering values continued

between day 50 and day 70 but this was not significant. However, 10 days later at day

80, the CS3/RY caused the only major Mn decrease of the experiment. This was a

sharp decrease in concentration from 94 mg/L at day 70, to <1 mg/L at day 80 (a greater

than 94-fold decrease). The CS3/RY maintaíned this decrease in Mn concentration for

the remaining period of incubation.

For nickel, all treatment effects differed little from each other between days 0 and

60 (Fig. 9.9), since they all caused just slight increases in Ni concentration in the AD

(average of 25 - 30%). The only large decrease occurred at day 60, when the CS3/RY

caused a 3-fold decrease in Ni concentration. This decrease was not only maintained

throughout the rest of incubation, but further decreased to <1 mg/L on day 100.

Zn concentration increased up to day 30 for all treatments. Thus, average

increases of 36, 17.5 and 8T" for the CS/RY, CS, and RY regimes, resnpectively, were

observed in the first 3O-day period (Fig. 9.10). At day 40 the Zn concoentration in the

CS3/RY samples had been reduced to control levels (5.6 mg/L), and day 50 it had

dropped a further 7% lo 5.1 mg/1. Further, on day 60 Zn had dropped to 0.1 mg/L for

CS3/RY, a SO-fold decrease within 10 days. From day 70 onwards, the concentration

of Zn for CS3/RY remained below 0.1mg/L, until day 100 when it again increased to 0.8

mg/L. Only one other treatment (CS2/RY), brought Zn down below the control levels at

gny time during this study, this being a 7-fold decrease for CS2/RY occurríng at day 80,



from 7.5 mg/L to 1.0 mg/L. Further, as the CS3/RY díd on day 70, tn" åäaz¡nV

decreased Zn to <0.1 mg/L on day 120, showing again the dominance of CS/RY to

control toxic substances in the AD (Table 9.6).

Throughout the incubation, the levels of Cd, Cr, Mo, Pb and Se in the original AD

controls (.0.1 mg/L) were unaffected by any of the treatments, that is, they remained

below the detectable amounts required in solution by the ICPAES measuring system.

It has been shown that decreases in toxic metals were most effectively

accomplished by the CS3/RY and CS2/RY in that order. However, the most significant

decreases occurred in each case after day 50, that is, coinciding with the first

appearance in the samples of the signs of SRB activity. The CS treatment regime failed

to remove the majority of toxic metals from the AD. The organic matter component

inherent in the sludge-only thus failed to complex the Cu and other toxic metals inherent

in the AD and those introduced by the sewage sludge. Though RY caused no

increases for the toxic heavy metals (sulphur and iron not included), neither did it cause

decreases. For toxic heavy metals in the AD, the RY treatment regime was thus in its

effect, comparatively inert. lt can be seen that the sludge brought extra Pb to the AD

(Fig.9.11). However, atthe end of incubation, Pb levels had been brought backdown

almost to pre-treatment levels, by the CS3/RY (Fig. 9.11).

9.4 Discussion

9.4.1. Aluminium, lron, and pre-SRB sulphate

The physical conditions which resulted in successful partial removal of Al and Fe from

the AD were similar to those prevailing in some low pH submerged soils. Thus the

removal of cations from the AD would have been expected to depend on their interaction

with the anaerobically biodegraded products of the ryegrass. The most likely cause of

lowered Fe, Al and SO4-2 concentrations in the AD seems to be related to large

amounts of kaolinite added to the sludge. The positive sites on clay particle surfaces

such as those of kaolinite, which increase at low pH could have attracted and

complexed the negatively charged organic anions from the decomposing ryegrass.

Gillman (1974) found that where oxide surfaces dominate, a net positive charge

develops, and Gillman (1985) reported that sulphate is adsorbed by the variable charge



surfaces (that is, the + parts) of oxides. As indicated by X-ray diffraction (nppr.ffii f zl,

the clay mineralogy of the sludge used in this study was dominated by kaolinite.

Gillman (1974) also found that the amount of sorbed sulphate increased with an

increase of positive sites present on kaolinite, and Barrow et al. (1969) showed that

sulphate sorption was positively correlated with soils derived from a range of parent

materials which had undergone intense weathering (which leaves behind an increasing

proportion of kaolinite). Such weathered residual soils are therefore usually rich in 1:1

alumino-silicate minerals. Bear (1968) states that since there is little isomorphous

substitution of ions in kaolinite, the layers are electrically neutral, and Schofield and

Samson (1954) found that owing to its acceptance of hydrogen ions by its edge

hydroxyls, kaolinite has a positive charge when the pH of the surrounding solution is

low. Further, Quirk (1960) found that this positive charge may persist up to high pH. On

the assumption that this mechanism was a major cause of decrease in sulphate

concentratíon at least in the early stages of this study, there should be little difference

expected in sulfate concentration between the sludge-only and sludge-ryegrass

treatments prior to the activation of the SRB. Thus, it has been shown that for the

highest rate of CS/RY, and CS, the decreases in sulphate concentration in the AD were

very similar throughout the first 70 days of incubation, but dramatically different after day

70 (that is, after the SRB became active in CSiRY) (Figs. 9.2b,9.2c).

The rise in Al concentration in the AD water for the sludge-based treatments

could have been due to breakdown of the clay minerals by acid. This could have been

the reason for the largest increases in aluminium concentration occurring in the early

stages of incubation for all treatments containing sludge. Having pH2.3, the AD

solubilised substantial amounts of Al from the added sludge with and without the aid of

organic acids from the decomposing ryegrass. However, since of all treatments, the

CS3/RY Al concentration was towest not only after, but before SRB activation, the

interaction and complexation of At with decomposing organic materials seems a major

cause of Al removal from the AD in this study. Yeoh and Oades (1981), and Hue et al.

(1986) found that acid attack relqased quantities of aluminium from kaolinite by

dissolution of the clay. Hue and others (1986) also found that many organic ions from



organic acids have the ability to complex monomeric forms of Al released i,l7å.io¡,
waters from soil layers, thereby reducing Al toxicity.

ln the present study, the AD attacked the clay fraction in the sludge, releasing
components (including A13+), which not only increased the pH of the AD, but then
probably reacted (and complexed) with those organic materials released from the
decomposing ryegrass. Further, the premise that negatívely charged organic matter
(in this case anions from the ryegrass) is held at positive sites on mineral surfaces, could
largely explain the fact that the OS3/RY caused the greatest sorption of f,ss+, Alg+,
and other cations from the AD, by having provided the adsorption sites for those cations.

Ahlrichs (1962) showed that the adsorption of anionic polymers is greater in the
presence of salts or catíons, since these decrease the zeta potential of both the organic
polymer and the clay, thereby indicating the lowering of repelling forces between sub-
micron particles' Thus, in this experiment, low zeta potentials had been.similarly
expected for the cs/RY treatments (at least for the cs/3Ry). Therefore the high zeta
potentials found for the sub-micron particles in all cs/Ry (especially the cs/2Ry and
cs3/RY samples) compared to those of the RY and cs regimes (Table g.7) initially
seemed contradictory. However, this significant increase in negative charge for sub-
micron particles, occuring only for these combíned ryegrass-sludge treatments (Table
9'7) suggests an increase in the size, and hence the hígh charge on organic polymers.
Thus, if the older, larger, more resistant organic morecules inherent in the sludge had
combined with the smaller, more recently formed organíc molecules from the decaying
ryegrass, an increase in negative charges would be expected. The mechanism for such
a process would have to have forced these negatívely charged particles into close
proximity' lt is therefore not surprising that as the incubation progressed, the free,
positively charged Al inherent in the AD (plus that released by the clay) was
significantly removed from solution only by the sludge-ryegrass treatment regime,
particularly the cs/2RY and cs3/RY (Fig. g.a). The Al cations in solution were
therefore attracted to all negative partícles. The consequent weakening of the
electrostatic repulsion between the negatively charged polymers and the clay particles
would have also brought them closer together, thereby increasing physical interaction
and complexing of the cations. This, probably explains the fact that despite Al having



been initially increased in the AD in similar quantities from CS3/RY as it nuO n133n to,

the other treatments containing sludge, it was the CS3/RY which achieved the largest

and quickest lowering of the cation concentration in the AD.

On the other hand, the low, positive zeta potentials for all RY treatments (Table

9.7) indicate a greater concentration of still uncomplexed cations, and a larger amount

of smaller molecules of negatively charged organic acids which would be expected to

have come from the readily decomposable plant material. Such charges from organic

acids would not be as strong as those from larger anions, and thus not strong enough to

completely neutralize unadsorbed soluble cations in the AD. The negatíve charges

resulting would therefore have been relatively weak whether or not complexation

occurred here.

ln the present study it is seen that the amount of phosphate in the AD control

started and ended with <1 mg/L, and that the highest phosphate levels (a 2O-fofd

increase) came from the fresh ryegrass-only treatment only. Whereas this 2O-fold

phosphate increase was largely maintained for at least 40 days for the AD samples

treated with the ryegrass-only, the phosphate levels in the samples treated with sludge

when combined with fresh ryegrass showed only a small fraction of these increased

amounts of phosphate throughout incubation. Phosphates had also been introduced

into the AD by the sewage sludge itself, yet only a small increase of P in solution was

seen in those CS samples or the CS/RY treatnlent regime (Fig. 9.5).

The relatively low phosphate concentrations recorded when ryegrass was

combined with sludge (F¡g. 9.5) indicates either rapid complexing n of ryegrass

produced P by the sludge component in that treatment regime, or sludge induced

inhibition of P release from the ryegrass. However, even if the phosphates had been

complexed in any of the treatments, phosphate anions introduced by ryegrass

components are 1-2 orders of magnitude less than decreases of other cations such as

Fe3+. Further, even though the RY treatment regime removed Fe very effectively in the

first 10 days of incubation, thereby attaining a 1000 mg/L (50%) decrease in

concentration at day 10, there were nà frrtn", decreases between day 10 and day 20.

Yet there remained a high phosphate concentration in the RY samples between day 10

and day 20, the RY phosphate levels at day 20 being not significantly different to what



they were at day 1o (Fig.9.5). Thus, in the case of the Ry treatments, tno|lT tne
phosphate was available in the AD, the Fe was not being complexed. lt would seem
therefore that the impact of phosphate on Fe concentration in this study was not a
major one' Since for example; in the present study the CS3iRy treatment contained just
as much ryegrass as the RY2, it would have been expected that a comparable increase
in phosphate concentration would have resulted from the CS3/Ry treatment, but this
did not occur (Fig' 9.5). Compared with the relatively large increase in the phosphate
concentration caused by the RY after just 10 days of incubation, the concentration of
phosphate ions detected in each treatment of the CS/RY regime after the same period of
time was miniscule (Fíg. 9.S).

on the assumption that after 10 days, approximately equal amounts of phosphate
should have been released ínto the AD by the Ry2 and the cs3/Ry, the only
explanation for its immediate disappearance from the csg/Ry3 samples seems to be
possibly its rapid complexation with Al before it was measured at day 10. This seems
likely since there is reason to conclude that some "missing,' Al was immediately
released from the OS3/RY and thereafter complexed before it could have been
measured at day 10 (Figs. 9.4 and 9.S).

Thus it is seen that at 1o days, CS3 (which had an identical studge rate to that of
CS3/RY, but no ryegrass) had by then caus ed a 2}"/".higher Al concentration in the AD
than had the CS3/RY. Since no extra Al was contributed by the ryegrass component of
any treatment (Figure 9.4a), the amount of Al contributed by the cs3/Ry should have
been the same as that of the CS3 within the first 10 days of incubation. However this
was not the case. Therefore the "missing" 2OTo of Al from the CSg/Ry may be
explained by Al combining with phosphate from the CS3/RY itself before the 1oth day
(and hence going undetected in the ICPAES measurement). yeoh and oades (19g1),

after precipitating the products of clay acidification by phosphoric acid, showed that an

aluminium phosphate resulted which contained 2 moles of aluminium to each mole of
phosphorus. Therefore, though the amount of phosphate supplied by the ryegrass
component was relatively small, it may have combined in a 1:2 mole ratio with Al. The
unaccounted for 20% Al loss from the CS3/RY in the first 1O days could be explained,



since a much smaller amount of phosphate than AI would have been needed totånrou"

the 20% Al as aluminium phosphate.

ln addition to the electrostatic attraction of SO42- to positive edge charges on

kaolinite, aerobic conditions prevailed in the decomposing ryegrass floating at the top of

the cylinders, thereby depleting oxygen levels and causing oxygen starvation at the

lower levels. Charles (1998) found that similar anoxic conditions caused the removal of

S at greater water depths in a narrow lake, because sulphur was bound directly to Fe

under those anoxic conditions. With similar conditions prevailing in the present study,

it is likely that such conditions removed sulfate from the AD.

9.4.2. Acidity .levels before SRB activation

Since the AD (control) had the low pH ol 2.3, a "trigger" for an initial substantial

decrease in its acidity was necessary to activate the dormant SRB in the sludge. lt was

seen that prior to the establishment of an active SRB population, pH varied in proportion

to: time,' sludge, sludge + ryegrass. Theng (1980) stated that líming soils with variable

charge leads to an increase in their negative charge. Thus, being a high cation

exchange capacity (CEC) sludge (Table 9.3a) due partly to a high clay content (>40"/.')

and 2.5% of fine CaCO3 particles, it is likely that for the CS and CS/RY treatment

regimes, Ca or CaCO3 was a main consumer of acidity from the AD. Hence it is seen

(Figure 9.1) that within the first 1O-day period ryegrass-only treatments had significantly

increased AD pH (through concurrently releasing organic acids into the AD) and by

introducing significant amounts of Ca (9% more than the control concentration) into the

AD. Though the ryegrass-only treatments also released Ca2+ into the AD, after day

10 the below control levels pH values were caused from the production of organic acids

and H+ from the decomposition of ryegrass. Additionally, this decomposition would

have increased CO2 levets, which would have further increased AD pH in the

samples.

As previously stated, it is seen that in contrast to the RY treatment regime's pH

increases (which stopped at day 10), pH increases forthe CS (with the exception of that

of CS1, possibly because it was the lowest rate) and CS/RY regimes retained their pH

increases at least until day 50 (Fig. 9.1). According to Ulrich (1991), the pH decreases
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over t¡me of an AD occur in a series of steps, each representing the dissolution of

specific buffering species present at that pH. The mineral species they concluded to be

responsible for pH plateaus are:

calcium-based carbonate

aluminium hydroxide

iron hydroxide and jarosite

alumino-silicates

pH 5.5-6.4

pH 4.3-5

pH 3-3.7

pH <3

Thus the large amount of alumino-silicates (4O%), and CaCO3 Q.5%) placed in

the sludge would have been major factors that resisted and delayed AD acidity

increases, and were responsible for preventing the pH from falling far below a value of

3 in those samples having a sludge component. The release of Al cations from clay

particles can cause an increase in the pH of the surrounding liquid medium. Further,

the proportion of clays and lime (that which remained) to AD water increased as

sampling continued, thereby depleting the actual amount of AD in the containers. This

lowered ratio of AD to solids was greatest in the CS/RY samples (most greatly in the

CS3/RY), which had the highest solid:liquid ratio initially and therefore the highest

solid:liquid ratio throughout the incubation. The increasing solid : liquid ratio in those

samples woutd have further increased the net neutralisation potential of the sludge-

ryegrass samples, thereby resisiting acidity more etficiently.

On the other hand, the steady reduction in pH for the RY samples during its

decomposition under anoxic conditions, showed that even the Ca2+ introduced by the

RY were not sufficient to counteract the organic acids from the RY. This highlights the

effectiveness of the buffers in the sludge, whose absence in the RY caused pH to

decrease after day 10, for the remainder of incubation.

The brief pH decreases recorded for the GS2/RY and CS3/RY treatments

between days 50 and 70 coincided with the precipitation of iron oxyhydroxides in the

samples seen as orange-brown staining on the sides of the containers, and as a thin

(<0.2mm) scum floating on top of the liquid. According to Bear (1968), precipitation of



l8l
iron oxyhydroxides leads to the release from water of H+, hence towering the pH, as

represented by the reaction

Fe2+ +zïzo -> (e.1).

Beginning in the latter stages of the pre-SRB activity phase, the reddish staining

of iron oxides persisted on the sides of the the CS/RY containers. These precipitates

coutd have caused changes in pH as mentioned above. Since the Aò used in the

present study was not filtered or altered after its removal from the minesite, it is very

likely that it contained substantial amounts of iron oxides in suspension (hence its

reddish colo.r) at the stañ of the experiment. Brief, sharp pH decreases (Fig. 9.1)

recorded when reddish-brown staining was first seen for the CS/RY regime (particularly

CS3/RY treatment at day 50-60) suggest that these pH decreases may have been cut

short by the SRB carbonate production at this time since CS3/RY samples also showed

black iron sulphide trapped in the substrate at this time, and recorded the highest

sulphate reduction activity.

9.4.3. Acidity levels after SRB activation

Low pH values in the AD were responsible for the long period before SRB became

active. Lyew et al. (1994) and Elliott et al. (1998) found that when AD dropped below

pH '4, SRB needed an adaptation period of up to 20 days for their resumption of active

metabolism and hence continued population growth.

Therefore, considering the extreme acidity (pH2.3) of the AD in this experiment,

and the fact that the SRB had not been previously primed with a less acidic medium,

the long period of acclimatisation (60 days) that elapsed before signs of SRB were

observed in this study had not been totally unexpected.

Secondly, SRB colonization and metabolíc activities are most successful where

there are physical surfaces for the attachment of colonies. Thus signs of SRB activity

were eventually observed only within samples which throughout íncubation had had the

highest ratio of solid to liquid material (that is, the CS3/RY). This is comparable to the

obseryàtion of Lyew et at. (1994) who found that when AD (pH<4) was added in



smaller increments over time, SRB acclimatization time was decreased. tn¡sl82ere.t
was indirectly achieved in the cs3/RY samples of this study, since the higher solidiAD
ratio was achieved much earlier compared to the other treatments, for only
comparitively small amounts of acídic liquid were present initially in the csg/Ry
samples, thereby encouraging the growth of sRB. Additionally, this caused, of all
treatments, the closest physical contiguity of solid particles and SRB of this study.

ln samples exhibiting sulphate reduction through bacterial activity, the signs of
microbial activity started at the bottom of each cylindrical container in each, case, where
free sulphide (S2-) reacted with the ferrous iron to form the black amorphous FeS.
Substantial pH increases occurred either concurrently or shor¡y after that. Norton et
al' (1990) suggested that the pH of a solution in intra-aggregate pores may be different
from that of the bulk solution. This seems possible, since the liquid in smaller pores is
in immediate contact with or close to any source of solid acid-consuming materials.
Given the evidence that signs of SRB activity were always seen starting at the bottom
zone of the containers in this study where the denser inorganic buffering colloids set¡ed,
under the stagnant incubation conditions of this experiment the pH was likely to have
been higher ín those lower zones of the substrate/sediment. since Herhily and Mills
(1985) concluded that within bottom sediment interstices, a higher pH within the
sediments (compared to that of the surrounding water) activated sRB, locatised zones
of higher pH in the sediment interstices of this experiment could therefore have
prevailed to initiate SRB mitigation of the AD. Such a pH differentiat would not
necessarily need to have been great (an increase of .1 pH unit), since Elliott et al.
(1998) using an organic substrate in fine sand achieved SRB activation at a pH of just

3'25' ln addition, the increasing anoxicity with depth could have similarly helped to
activate the dormant SRB at the bottom zone.

Herlihy and Mills (1985) point out that sulphate adsorption onto oxyhydroxides
which then sink in the water can be a mechanism for the replenishment for SRB colonies

in lower anoxic sediments. ln the present study, the reddish iron oxyhydroxide layer
formed a scum at the top of the cylinders. As mentioned earlier, all samples were
shaken every 1Oth dayof the incubation. ln the CSg/Ry samples, this shaking action
broke up the oxyhydroxide scum layer into small flocs, which being positively charged



183
could have then acted as adsorption sites for sulfates, with the flocs being then carried

downwards by gravity to supply the SRB with sulfates in the lower zones. lt is likely that

being positively charged, the Fe(OH)3 colloids adsorbed the sulfides as mutual

neutralisation occurred probably helping to cause further extension of the black

precipitate. The smallest amounts of water left in the liquid phase in the latter stages of

the incubation were those found in the CS3/RY cylinders. This would have increased

the ratio of oxyhydroxides to water. Consequently, (a) a shortened downward distance,

and (b) a higher concentration of flocs travelling during and after the shaking would

have further intensified the effects of mixing during the shaking periods. This

mechanism could have helped to maintain and enhance the SRB colonies seen in the

CS3/RY samples.

9.5. Conclusion

A clay-lime treated sludge was capable of supplying the pH conditions needed to

activate SRB in an AD of pH2.3. The ryegrass-only treatments caused decreases in

pH to levels significantly below those of the controls. However, at no time during this

study did any of the pH decreases involving sludge singly, (or in any combination with

ryegrass), show a decrease to levels below that of the controls. Thus sludge-only as a

component had a greater positive effect on pH than ryegrass-only did. The steady

reduction in pH for the RY samples during its decomposition under anoxic conditions,

showed that even the Ca2+ ions introduced by the decomposing ryegrass were not

sutficient to counteract the organic acids from the RY. This highlights the effectiveness

of the buffers in the sludge, whose absence in the RY caused pH to decrease after day

10, for the remainder of incubation. Decomposable ryegrass therefore was etfective in

reducing Al concentration only when it was combined with sludge.

However, when such a sludge alone was added to the AD without an additional

nutrient source, SRB populations did not increase up to a level high enough to

significantly increase pH, and futher precipitate metals. Consequently, the CS treatment

regime failed to remove most of the toxic metals from the AD. The organic matter

component inherent in the sludge-only thus failed to complex the Cu and other toxic

mêtals inherent in the AD and those introduced by the sewage sludge. Without the SRB,



further decrease in the level of pollutants was therefore curtailed. During ¡n.uååfion 
"

sharp recovery of pH values was recorded for the sludge-ryegrass treatments, but the

recoveries for the other treatment regimes were either slower or non-existent. lt is

therefore concluded here that SRB can survive and become active in minute pores

within buffering sediments in water below pH 2.5, if supplied with an energy source.

Throughout this experiment it was seen that the major improvements in the

quality of the AD occurred only after SRB mediated a combination of sludge and

ryegrass added to the AD. The greatest SRB activity occurred where the highest

quantities of sludge were combined with the ryegrass. Since the ryegrass component

was of the same mass for each CS/RY treatment, higher quantities of sludge within the

treatment regime meant a lowering of the ryegrass: sludge ratio. Yet, the speed,

magnitude and effectiveness of SRB activation occurred in increasing order of their

sludge masses: CS1/RY<CS2/RY<CS3/RY. Therefore, though it was the ryegrass that

sustained SRB activity, it was the particular ratio of treatment ingredients that caused the

greatest ameliorative effect on the AD. Under conditions of the experiment, the ideal

mix of ryegrass and sludge for SRB driven AD mitigation was in the ratio of 1: 17:67

(w/w) for ryegrass, sludge and AD respectively (i.e. for CS3/RY).

Higher quantities of sludge initially would have contained more SRB spores, and

more buffering material. Therefore, it is reasonable to conclude that the greater the

sludge (buffer): AD ratio, the greater the effectiveness of the SRB in the presence of an

appropriate nutrient source. However, where there was no ryegrass, there was no

SRB activation. Thus, had SRB been activated, and that activity sustained in the sludge-

only treatments, similar toxicity decreases would have been expected in those

treatments.

The Iong adaptation period needed for SRB in this study may not be of great

practical value under constant flow conditions. Further work is therefore needed to

reduce the tong acclimatisation periods for SRB in highly acidic AD, probably with the

incorporation of more highly efficient buffering additives, which would reduce the

hydraulic retention time (HRT) of a constant-flow reactor. ln addition, after-treatment

solid waste disposal problems would be lessened if the high solid treatment : AD ratio

ol 1:3.7 (w/w) of this experiment could be reduced.
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Chapter 10

Bioremediation of acid mine drainage using decomposable

plant material in a constant flow bioreactor

10.1. lntroduction

In a previous experiment (chapter 9) it was seen that under stagnant conditions, a lime

stabilized sewage sludge in combination with decomposable plant material and

sulphate reducing bacteria (SRB) decreased substantially the acidity of acid drainage

having a pH of <3 (Harris and Ragusa 2000). However, Van Bremen et 
"i. 

(f 9ffi) had

concluded that alkalinity produced during sulfate reduction, but not removed from the

soil as acid neutralising capacity (ANC) (aq), causes ANOlsolid) to increase. Thus the

above-mentioned "stagnant treatment" (Harris and Ragusa 2000) is not always useful for

many field applications because flowing etfluent can remove suspended acid

neutralising components. Precipitation of heavy metals by lime or limestone is one of

the oldest and cheapest methods for removal of heavy metals from solutions. Research

has shown (Dean et al., 1972) that Cu, Pb, Cd, and Zn will begin to precipitate from

dilute solutions at pH values exceeding 5.3, 6.0, 6.7, and 7.0, respectively. However

many acidic mine waters exhibit pH values of <3. This acidity must first be reduced

before biological or inorganic sulfate reduction can occur. Citing the high cost of

commercially manufactured organic acids as an SRB energy source, Elliott et al., (1998)

suggested further research into the use of an alternative carbon source in column

bioreactors, for potential large scale use.

For a microbial process to be economically feasible, the carbon and energy

source should be cheap, widely available and highly etfective (Hard, 1996). Recently it

has been suggested (Harris and Ragusa, 2OO0) that readily decomposable, finely

ground ryegrass could be a cheap and effective energy source for SRB mitigation of AD.

ln South Austratia, organic wastes contribute almost half the annual output of rubbish

thrown out; atotal of 97,546 tonnes (Turner, 1993). Much of this is cut grass, placed in

refuse dumps.

These organic waste materials can be utilised for microbial substrates. However,

carbon availability from plant matter depends on decomposition, and decomposititon ís



extremely limited in acidic, anoxic conditions (Kalin et al., 1993), typical of aciO-slu8lln","

minespoils. Fufther, Gyure et al. (1990) showed that concentrations of organic acid

(from decomposition of organic matter) greater than SmM completely ínhibited sRB

activity in sediment at pH 3.8. Harris and Ragusa (2000) found that finely ground,

readily decomposable plant material placed in an AD of pH 2.30 released some organic

acids but at such a high potency so as to have decreased the AD pH to a value of 1.g9.

Sudsequent innoculation with SRB did not result in establishment of viable cotonies in

this medium. This was probably one factor which delayed the activation of 
, 
SRB for their

sewage sludge/ryegrass experiment, where even for the most favourable treatment,

SRB was not activated until a period of >50 days had elapsed after incubation. Thus it

was noted that for the sewage sludge/ryegrass experiments (Harris and Ragusa 2000),

readily decomposable plant material by itself d¡d not significantly change the

concentration of heavy metals in the AD. Neither did the sludge-only treatments.

Furthermore, Elliott et al. (1998) postulated that a buildup of organic acids is not

the only mechanism preventing the growth of SRB in acidic conditions. Though Harris

and Ragusa (2000) found that active components in a sludge-ryegrass treatment were a

combination of clay, lime, and organic matter, it seems that SRB need to be attached

physically in order to be viably established (Herhily and Mills, 1985). lt is therefore

possible that materials other than sludge, having a better ANC (acid neutralising

capacity), would more quickly facilitate the ameliorative activities of SRB. For example,

it is known that lake sediments are a significant source of alkatinity (Norton lggo).

Further, the common ingredients in media where SRB have successfully proliferated at

pH 4 or below, seem to have been sand (Elliott et al., 1998), sandy ctay (Harris and

Ragusa, 2000), or gravel (Herhily and Mills 1985). Christensen and others (1996)

utifised a sand bed and a layer of crushed stones in a commercial scale ín situ (non-

constant flow) bioreactor to remove zinc and sulfate from contaminated ground water.

Cow manure was partly mixed into their bottom sand layer and partly suspended in the

water phase of cylinders.

It was seen previously that the addition of a calcareous ctay soil to strong acid

resulted in the added protons being associated with CaCO3, resulting in mineral
dissolution (Harris and Ragusa, 2000). After the CaCO3 had been consumed by the
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dissolution reaction, the next available energy level for the consumption of protons was

the exchange sites on clay particles. These processes resulted in pH buffering. SRB are

known to have their optimum pH at around neutral to slightly alkaline (MacFarlane and

Gibson, 1961), but Harris and Ragusa (2000) observed that SRB can operate in waters

at significantly lower pH values, when such waters were previously provided with

effective pH buffers.

The buffer they utilized (a mixture of decomposable ryegrass and aerobically

treated sewage sludge) raised AD pH values to 3.0 from its initial 2.3 but this occurred

over a period of 50 days. However, with a continuous flow of new quantities of AD

influent into a column bioreactor, ¡t would seem that the above-mentioned

acclimatisation period would necessarily increase. Substantially reducing this

acclimatisation period would require a more efficient pH buffer for the AD than that

utilised by Harris and Ragusa (2000). ln a column experiment, Larsen and Schierup

(1981)showed that the efficiency of straw to adsorb heavy metals from an AD could be

improved by increasing the pH with NaOH. However they also point out that one

disadvantage of usíng NaOH is that some organic constituents of the straw are more

soluble under basic conditions.

When soil pH falls below a value of 4, clay minerals, and Al/Fe hydr(oxides)

become the most effective proton sinks in the ground (Bruggenwert et al., 1991). Thus

six hours after lowering the pH of a stream with sulphuric acid, Norton et al. (1987) found

that below pH 5, neutralization was dominated by the release of Al. With progressive

acidification of the soil, Iarge amounts of Al ions are eventually liberated (Ulrich, 1991).

This acidity can be used up as acid neutralising capacity (ANC) when the Al cations

enter the adsorption sites of the clay minerals (Morin et al., 1988) or of oxides (Toth,

1968). For example, after testing the adsorptive power of Fe2O3 by addíng itto trace

elements mobilized in fermented plant material under anaerobic conditions, he found

that up to 50% of the Cu, Zn, Co and Ni was removed from solution at pH 7, though

adsorption decreased with lower pH values. He observed the same effect for a sand

coated with ferric oxide. The dissolution of Fe2O3, Al2O3 and MnO2 is negligible above

pH values of 5 (Van Breemen et al., 1983). However, they are very strong buffers at pH

<5; since oxides are the chief materials accepting protons (Bolt, 1976; Barrow, 1987).



Therefore they may be very important in buffering against hydrogen ions. f¡" jflïitv 
ot

these and other buffers to increase the pH of AD therefore needs to be investigated, but

it would seem from the foregoing that clay minerals or oxides added to AD may increase

the pH of such waters up to a level where the activation of SRB could be triggered.

1O.2. Aim and hypothesis

Given adequate substrates and a long enough acclimatisation time (Harris and Ragusa,

2000), dormant SRB colonies could become very active in extremely acidic, stagnant AD

conditions (pH<3). lt is therefore suggested that SRB placed in the harsher environment

of a similar but flowing AD would require a longer acclimatisation period (i.e >SO days)

than that which was needed in the above study. However, the aim of this study is to

decrease that time period. Therefore, for this study, a more efficient pH buffer than that

used previously is required.

The present experiment aims to identity some components which, when

combined with readily decomposable plant material, may more efficiently improve the

quality of AD. Some of these materials include oxides and other silicates. lt is

hypothesized that (1) clays or FelAl (hydr)oxides released in AD of pH<2.5 will increase

the pH of the AD to a point where sulphate reduction by SRB is triggered and (2), SRB

will mitigate AD of pH<3 in a constant flow column bioreactor energized by

decomposable plant matter but initially activated by an inorganic pH buffer.

10.3. Materials and methods

10.3.1. Properties of silicate buffers and whole soil buffers

Adescription of silicate buffers used in this study is listed in Table 10.1. The physical

and chemical properties of the two whole soils were shown in chapter 6 (Table 6.1).

The first was an Alfisol (mainly illitic-kaolinitic) or Red Brown Earth (RB) and the other a

Mollisol (illitic-kaolinitic minerals) (MC). To increase its clay-fraction, the RB was dug

fromthe B horizon (10 to 20cm depth) of a structurally degraded continuous wheat plot

from the Waite Long-term trial, Waite Campus, University of Adelaide. The Mollisol was

a black earth (hence having a high clay content) from 0-4 cm of a natural fallow plot.
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The clay fraction in both soils were similar, except for the proportion, one being twice

that of the other.

10.3.2. Processing of whole soils

Processing of soil buffers was carried out as done in chapter 6.

Table 10.1. Some Properties of Clay and Soil Butfers

Name & Abreviation pH CEC CaO SiO2 FeO3 Al2O3

(med100g) <-------

Active Bond

Acid Drainage

Active Gel

Ball Clay

Ceramic Clay

Trufeed Bentonite

lllite-Kaolinite

Kaolinite K10

Kaolinite K15

Kaolinite K63

China -Clay

Oxide

Pure kaolinite

Red Brown Earth

Mollisol

'no data

AB

AD

AG

BCL

CER

TRP

ILK

K10

K10

K63

CLH

OX

PURK

RB

MC

10

2.3

10

4.7

4.7

7.0

6.5

7.2

7.4

7.0

8.4

6.5

8.2

6.5

7.2

75

nd*

nd

80

nd

6.5

nd

nd

nd

nd

6.7

7.3

59.1

0.9

0.2

0.2

o.o2

0.02

0.03

0.04

0.03

0.1

0.03

0.1

nd

nd

56.0

58.2

58.2

61.0

nd

65.4

62.4

62.4

50.8

35.0

53.7

nd

nd

4.6

1.0

1.0

2.9

nd

1.1

1.3

0.9

0.9

28.0

0.9

>2.0

nd

16.0

26.4

26.4

14.8

nd

21.8

20.5

22.1

33.1

14.5

35.1

nd

nd

75 1.0 56.0 4.s 16.2
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10.3.3. lnoculation

lnoculation was to be applied since it shortens the initial lag phase (Christensen et al.,

1996), though the procedure is not necessary to initiate the sulphate-reduction process

(Christensen et al., 1996; Harris and Ragusa,2000): A mixture of AD and sewage

sludge impregnated ryegrass from a previous incubation containing an enriched strain

ol Desulfovibrio vulgaris was incubated for 20 days at 30 oC. This procedure was

adapted from Nakamura (1989), who atter incubating Desulfovibrio vulgaris - one of two

major SRB's active at a pH above 5.5 (Alexander, 1976) at 30 oC for 6 days, found that

the bacteria grew, the medium turned black in colour and that he could succesfully use

his enriched culture as an innoculum in a subsequent experiment. This effected a 4-fold

decrease in sulfates and the production of sulfides after only 3 days. The medium in the

present study had turned black probably due to the precipitation of sulphide, thereby

initially suggesting the concentrated presence of SRB. The rn sttu pH was measured

as 6.3. The presence of viable SRB was strongly suggested when in addition to the

above-mentioned colour change, the smell of H2S was detected from the inoculant. The

presence of the H2S gas was confirmed by the lead acetate test: A filter paper

dampened with lead acetate solution was placed inside the tube. Lead ions reacted

with the H2S gas to form brown lead sulphide, PbS.

Twenty grams of the AD sutfused sewage sludge and ground decomposable

ryegrass containing this enriched culture were removed for use as an inoculant for the

bioreactor. The inoculant was thoroughly mixed in with the mixture already placed in

the column. Continuous flow of the AD influent (pH 2.3) through the column was started

2 dáys after inoculation.

10.3.3.1. Bíoreactor design

The reactor was made from rigid PVC tubing 500mm high with an 80mm internal

diameter (F¡g. 10.1, Ptate 5). This upftow column bioreactor was designed by Elliott et al

(1996), who achieved growth of SRB at pH 4, using sodium lactate as the energy

source. Eight sampling ports spaced Scm apart in the column were plugged with rubber

seals.
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The treatment consisted of ground ryegrass mixed thoroughly with a Mollisol soil

described above. To avoid backflow of the mixture with possible clogging of the influent

inlet, at the bottom of the column a Scm thick gravel bed of 1cm diameter quartz gravel

was laid down, and it supported a Scm thick washed quartz sand layer. Freshly cut

ryegrass ground to <1mm was hand-mixed with the Mollisol in 1:5 ratio (w/w), and the

mixture placed on the sand in the column to occupy the column volume, exceptfor a 10

cm wide space at the top of the column. The AD was slowly pumped into the column

from the bottom, using a peristaltic pump, until the top of the treatment material in the

column was just covered with the influent. The pH was measured after 1 day.

10.3.4. Sampling methods - bioreactor

The column pore interstitiat water was sampled with a syringe and needle, after

removing the rubber seals in turn from the holes. The sampling regime was as follows:

Sml were taken (1) every day from the top surface of the water in the column (i.e. at

40cm) and (2) at Scm (the base of the column), 15, 25 and 35cm (hereafter in this study

referred to as ports 1,4,7, and 1O), on the 1st,3rd and Sth day after each increase in

AD flow rate of the column incubation. The sampling plan was to continue every 3 days

thereafter until a pH reading of at least 5.5 was simultaneously obtained from all ports

above port 2 (i.e. at least Scm above the point of influent entry), at which time the influent

flow rate would be increased. lnfluent and effluent pH was measured with a Watson-

Victor glass pH electrode model 5003.

10.3.5. Buffers studY

To substantially reduce the acclimatisation period for the SRB in a highly acidic medium,

first, an experiment was conducted to identity some effective pH buffers for AD under

flowage. Due to the above-mentioned uncertainties regarding effective buffers, a cross-

section of earth materials (14 non-lime materials) comprising inorganic layer silicates

including ten bentonites, 1:1 clays, an amorphous oxide, and two 'whole' soils were to

be tested for their buffering etficiency in AD. One of the whole soils used, an Alfisol (RB)

containing 2% ol iron oxide (according to Desphande et al., 1964) was selected

because yu (1gg5) found that the addition of iron oxides to a Ferralli-Haplic Acrisol led



to an increase in buffering capacity against hydrogen ions. The other whole i3f *u.
selected because of its high level of organic matter and clay content. The materials are

listed in Table 10.1. Pulverized Ca(OH)2 (<1mm diameter) at rates of 0,2.5,5.0, and

7.0% (w/w) was mixed with each clay or soil. The samples were each submerged in

stagnant AD (pH <2.5) for 7 weeks. The pH of the AD was recorded every other day for

30 days, or until no further changes occurred for consecutive readings. Throughout

incubation, the pH was monitored.

10.3.6. Bioreactor exPeriment

The SRB bioreactor experiment was carried out under anaerobic conditions at

mesophilic temperatures (30-35 oC) because Alexander (1977) reported that the

formation of sulfide by sulfate reduction in nature is enhanced by increasing water levels

and rising temperatures. Throughout incubation, the pH was recorded daily. Cation

concentration of metals in solution in the samples was monitored by ICPAES. The

passage of AD effluent in the proposed column was to occur through the material which

was shown in experiment 2 above to possess the most etfective buffering capabilities.

10.4. Results

10.4.1. Buffers study

The etfects of the various buffers on the pH of the AD are shown in Figure 10.2, where

the relationship between pH and different rates of lime application is observed. lt can be

seen that tncrementally higher lime rates did not necessarily cause an increase in the

pH of the AD. While most buffers did not respond well to lime addition even at the

highest lime rate ol 7.5"h, it was in general, always the same buffers which caused pH

increases at the various rates of added lime (Fig. 10.2). Thus, of the 15 buffers studied,

even at the highest lime application rale (7.5"/") - only 4 - the Mollisol whole soil

(contained 40"/. clay and is hereafter referred to as MC) the Active Bond clay (a smectite,

referred to here as AB), the Active Gel clay (another smectite referred to here as AG)

and the oxide (OX), decreased the AD acidity to pH>s. At the 5% added Ca(OH)Z

level, only three earth materials - the MC, the OX, and the AG accomplished AD

neutralisation at pH>s (Fig. 1O.2);,
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Earth meter¡els*:

H AD: acid drainage

@ AB: active bond (smectite)

I oX: oxide

I MC: Mollisol

I K1o: kaolinite

I TRP: Trufeed (bentonite)

Ü CER: ceramic clay (bentonite)

ß BC: ball clay (bentonite)

El AG: active gel (montmorillonite)

E K63: kaolinite

E Kl5: kaoliniæ

E ILK: illite-kaolinite

E rL: illire

tr PURK: kaoliniæ (pure)

Figure 10.2. Changes to pH of acid drainage (AD) after mixing w¡th various
earth mater¡als . and varying amounts of Ca(OH)2
[Each bar appears in order of the key]

*For characteristics, see Table 10.1
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Figure 10.3. Changes to pH of acid drainage ¡nto which earth materials
submerged without added Ca(OH)2.
IEach bar appears in order of the key]

*For character¡stics, see Table 1 0.1

were



-'t
--.t'::::

l0x.

€-

8

7

6

5

4

3

2

CL

196

Days

-{-
.--'o.".-.

--.-o----

----Â---

---E---

-.-.o-.-.

d0

ül

d6

d9

dt2

dl5

\s
Þ

Sampling ports:- rerative distances from infruent entry

8

7

6

)

4

3

2

CL

#
*--o".'"-

----o----

----a---

---E---

-.-.e-.-.

---o---

-:V--

---üt---

d0

d3

d6

d9

dt2

dl5

dl8

d2l

d24

\s

Relative distances from inftuent entry point

Figure 1o.4. pH changes with time and distance from AD influent entry point in an

SRB-driven bioreactor.

'See key, Table 10.1

b

f

1j''''''''



At the lowest lime application rate (2.5Y"), only the Mollisol caused u pHlTtr¡g.
10'2)' Though the ANC (acíd neutralising capacity) of the Active gel clay is comparable
to that of the Mollisol, and the oxide (ox), the Mollisol is therefore seen to be the most
significantly responsive to low level líme spiking (Fig. 10.2). Thus at just 2.s% added
lime, the pH of the Mollisol treated AD rose dramatícally trom 2.2 to s.9 units, while the
oxide increased AD pH lrom2.2 to a value of under s.0. This represents (after 25%
added lime) proportional pH increases for Mc > ox > AG of 3go/o, 33"/" and 2g%
respectively' lt is seen that the control (AD) pH did not change significan¡y even at the
highest lime rate, since its pH even after a 7.5% addition of lime still remained
unchanged at <2.s units after s days and up to 25 days (Fig. 10.2, Fig. 1o.g). This
shows that without an adequate buffer (in combination with lime) ín AD, the quantities of
lime applied to neutralise the acidity becomes substantially higher, possibly prohibitively
costly.

With increasing rates of added lime, the pH increases became less substantiat for
all the above-mentioned three highly responsive buffers (í.e. MC, OX and AG). Thus,
whereas there are sígnificant pH increases up to the 5% líme addition for all three
responsive buffers, after that, at the 7.5% lime treatment, pH increases for them are
small or negligible. The AB clay had previously not increased the pH of the AD at up to
2'5% added Ca(oH)2 added, but rose markedly when s% Ca(oH)2 was added (Fig.

10'2)' ln general, it is seen that the more responsive the buffer, the earlier it peaks (i.e,

stabilizes) (Fig. 10'2). Thus while pH of the Mollisol treated AD peaked at just s%
added lime, the less responsive active bond clay (AB) increased the AD pH with 5%
added lime and did not peak, even at 7.5o/o added lime. This increase (by the AB clay)
occurred from pH 4.5 to >6 units when7.5T" lime was added, being a proportional pH
improvement of gg%.

Without any added lime, the oxide at the end of 20 days achieved the highest pH

increases of all buffers (Fig. 10.3). Though therefore the oxide was at least equally as
responsive as the Mollisol without lime during the 20 - day period, in the first 5 days the
pH of the Mollisol treated AD exceeded that of the oxide treated AD (Figs. 10.2,10.3).
Therefore, since the Mollisol was quicker acting, the Mollisol and not the oxide was
chosen as a potential buffer for use in the planned bioreactor. The oxide was, in



addition to the above-mentioned reasons, found to have inhibited the activation f?tSna,

as no evidence of SRB was detected after a 30 day period following a subsequent trial

innoculation of the oxide-treated AD in stagnant conditions (not illustrated here).

However, for the Mollisol, the waiting period for SRB activation was only S days.

Even without added lime, the Mollisol, oxide and Active gel clay increased the AD

pH substantially from 2.0 to >3.0 units at 5 days, these materials thereby exhibiting a

high ANC (Fig. 10.2). However, the Active gel clay, though a reasonably good buffer at

Oo/" or 2.5"/o added lime, changed the physical characteristics of the AD from watery to a

highly viscous consistency due to its swelling. Thus at the end of 21 days, the container

was observed to be fully occupied with a swelling, sticky material, thereby causing

difficulty in visually demarcating the boundary between Active gel clay and liquid AD. lt

was concluded that if used in the bioreactor at that stage, the viscous AD would have

clogged the tubings in the pumping system, thereby requirinq pre-filtering, with potential

waste disposal problems. Since the object of this experiment was to improve the water

quality and generally expedite the remediation process for AD, the above-mentioned

uncertainties caused the Active gel clay to be rejected as a buffer for the upcoming

bioreactor experiment.

Though the Active bond clay (AB) did not swell appreciably, a pH peak of 5.0

units was not even approached until 5.0 % of Ca(OH)2 had been added to the AD (Fig.

10.2). The buffering response of the Active bond clay without lime was therefore very

slow or non-existent, since ¡t d¡d not, after 20 days, increase the AD pH to a value as

high as even 3,0 units (Fig. 10.3). This small decrease in acidity was evaluated as being

insutficient, being even less than that of the buffer used previously by Harris and Ragusa

(2000) for SRB activation, in the then less drastic environment of a no-flow reactor

system. On the basis of all the results, the Mollisol was the chosen buffer for the up-

coming investigations.

10.4.2. Bioreactor experiment

10.4.2.1. Appearance

The bioreactor supported sulphate reduction at influent and effluent continuous flow

rates of 30, 60, 90, and 180 ml/d. lnitially, a test flow rate of 60 ml/d was applied.



However, though pH values rose from 2.3 at port 1 (near the basal entry pointnSt no
influent), to a value of 5 at the surface of the water (45cm from the base) in the column
(port 10) after iust 4 days, the usual signs of SRB were not detected for a further 20 days.

The water became cloudier, though some of the red coloration was lost. However, after

a sample from this water was left standing tor 20-40 days the suspended matter settled
out. On opening the column on day 20 there was no odor of H2S, or the characteristic

blackening colouration by iron sulphides, though the influent had a very high measured

concentration of Fe ions. This suggested that while the butfer (Mollisol) worked

effectively to reduce AD acidity, high flow conditions inhibited SRB respiration. The flow

rate was consequently reduced, and the experiment proper, begun at half that influent

rate (i.e. now 30 ml/d). At day 5, the column began to darken in the middle with a
pronounced odour of H2S becoming evident when any of ports 3 through I were slightly

opened. Hydrogen sulfide occurs as a respiration product of sulphate reduction.

However, adaptation periods for the reactor to adjust increased with each higher influent

flow rate, which was suggested by an immediate drop or a steadying in pH vatues from

all ports on the day after the flow rate increased.

10.4.2.2. Changes in pH and adaptation of SRB to acídic conditions

The response of the reactor to low pH conditions was detected by sampling from column

pofts on the second day and every third day after the influent ftow rate was increased.

Figure 10.4 and Table 10.4 show the changes in pH occurring at 3 different tevets in the

bioreactor. ln the upper zone of the reactor, pH changes were less marked. The zone

of highest pH readings was not, as had been expected, at the water surface at port 10

(45cm), but at all times was located at some point between the middle and top of the

column, at about three quafters the distance up (port 7, 30cm) from the base (Figure

10.4, Table 10.4). As the influent ftow period lengthened afterthe first day of each flow

rate increase, the front of pH increase advanced downwards towards the ínlet valve at

the base of the column. Further, the higher the ftow rate, the higher up the column the

zone of maximum pH values which never at any time reached the surface of the effluent.

After 3 days of operation at 30 mUd, the pH at 15cm above the influent inlet

(port a) was 5.4. When the influent flow rate was increased to 60 ml/d (day 5), the



etfluent pH dropped slightly after 1 day, and thereafter took 4 additional O"y. ,o?åo.ou"l,

and advance to the pH of 5.9 at day 10. When the influent flow rate was again

increased to 90 ml/d, the pH did not drop after 1 day (as it did when the rate had been

increased from 30 to 60 m/d), but levelled otf, and after three days began to rise to its

highestvaluesof the study priorto day 18, at 15cm (Fig. 10.4). ltcan also be seen

that in general, as long as the influent flow rate through the reactor increases over time

by small amounts of 30 ml/d, pH at all ports also increases incrementally at least until

day 15. This suggests that the SRB colony was becoming acclimatised to the slowly

increasing acidic conditions in the column. However, between day 15 and day 18,

during the initial period after the influent rate was doubled from 90 ml/d to 180 mUd, pH

began to fall at most ports (Fig. 10.a). This suggested an inability of the SRB colony to

cope with such a large, sudden increase in acidity. Even though pH dropped by a larger

increment at port 7 than it did at port 10 on day 18, the absolute value was still higher at

that time at port 7, than at all other ports. Further, it can be seen that port 7 (30cm) was

the only position at which pH did not continue to fall after day 18 (Figs. 10.4, 10.5). In

addition, the subsequent pH recovery for 180 m/d did not begin in the zone furthest

above the influent inlet (i.e. at 45cm), but was obserued at 30cm (Fig. 10.4). This not

only occurred at day 21, just 5 days after the largest influent rate increase, but while pH

values were still dropping at the other ports above and below (Figs. 10.4, 10.5).

With respect to pH the interstitial waters in the quartz sand-gravel zone at the

bottom were markedly ditferent from the interestitial water in the substrate layer above,

which contained viable SRB. At day 24, pH in the quart/gravel/sand layer was still

unchanged at 2.3, as opposed to pH4 at 1Scm above the surface of the sand layer, i.e. at

the top of the lowest one-third of the column substrate interstices (Fig. 10.4). Throughout

incubation, the quartzlsandlgravel zone water never exceeded pH2.4 (Fig. 10.a). Acidity

at a distance of 1Ocm up from the surface of the sand bed was also monitored. Even at

this height up inside the substrate, pH remained at <3 at day 10 (Table 4), while at just

5cm fufther up, the value was 5.8 units. This suggested that SRB were not as active at

1Ocm and below, astheywerefurther up the column. Continually fresh additions of AD

below 10 cm would have been a more demanding environment for SRB.
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10.4.2.3. Cation concentration

The concentration of the cations Al, Cu, Fe, Mg, Mn, and sulphate was monitored by

ICPAES. lt can be seen that during this study, even the least efficient zone affected in

the column experienced marked decreases in cations and sulphate concentration.

Thus after just 6 days of operation, the following decreases had occurred at just 15cm

above the influent inlet (Fig. 10.6).

(1) Fe from 1800 mgiL to 70 mg/L ( a 2S-fold decrease)

(2) Sulphate down lrom 27OO mg/L to 1330 mg/L ( a t100% decrease)

(3) Though Al concentration had doubled from 32 to 62 by day 6, it had

decreased to 1.8 mg/L by day 9.

ln contrast, the metal concentrations in the quartz gravel interstices (port 1) were

comparable to that for the raw AD (Tables 10.3, 10.5). Changes in the AD pH with cation

concentration after the first 10 days at the lowest influent flow rate (30 ml/d) are also

shown (Table 10.5). These and otherdata (such as Fig. 10.5) in general, highlightfour

obseruations.

Firstly, as the incubation progressed, the concentration of heavy metal cations in

the AD appeared in general, to decrease, but by increasingly smaller increments.

Secondly, as the distance away from the influent entry point increased, metal cation and

sulphate concentration in the AD decreased. Thirdly, with increasing distance up the

column from the influent entry point, the cation concentration perturbations following

increased flow rates in the AD decreased in magnitude (Fig. 10.6). This indicates that

effects of an increasing influent flow rate on the metal and sulphate concentration

became less marked with distance from the influent entry point. Fourthly, in general,

over time, pH changes inversely with toxic metal concentration (Fig. 10.7). These

observations, the last in particular, suggest the presence of a growing SRB colony,

despite the increasingly acidic environment (from increasing flow rates), even though

the nutríent substrate was being used up.

An example of the above is seen in Figure 10.6a, atthe 1Scm port (thethird port

nearest the influent inlet), where the largest influent rate increase (on day 16, i.e. from



90 ml/dto 180 ml/d), causedthesulphateconcentration to rise most sharply at fãoO'trot

1300 mg/l to 2200 mg/l (a 59% increase). Yet, it was brought back down to 1750 mg/l (a

20o/o decrease) three days later, by day 21. lt can also be seen that even though the

general trend describes a gradual lowering of sulphate concentration over time, at the

lower column levels (and to a some extent at the highest column levels), the largest

sudden change to the sulphate and Fe regime in particular, co-incided with the largest

increase in influent flow rates (Fig. 10.6). On the contrary, at three quarters of the way

up the column, sudden changes in influent flow rates caused the smallest perturbations

in sulphate and other toxic cation concentrations (Fig. 10.6).

Table 10.2: Changes in pH of a moving influent AD after 10 days in a bioreactor

with SRB, and a butfered organic substrate

Location Distance (cm) Average pH pH change (units)

port 1

port 2

port 3

port 4

5 2.3

2.7

6.8

+ 0.1

+ O.4

+ 3.4

+ 4.5

10

15 5.8

20

port 5 25 6.5 + 4.1
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Table 10.3. The etfect of distance from AD influent on pH of SRB treated

AD and soluble cations in a constant-flow bioreactor after 10 days.

Sampling Port

distance

pH FE s AI Mg

33

59

62

0.6

70

1

2

2.3 1840

2.7 1390

5.8

6.8

2700

2400

1330

o.72 580

0.4 1040

320

3

3004

6.55 0.6

320

320

330
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Table 10.4. Concentration of cations in solution in an AD at Brukunga, South

Australia

Component Concentration (mg/L)

Aluminium

Arsenic

Boron

Calcium

Cadmium

Cobalt

Chromium

Copper

lron

Potassium

Magnesium

Manganese

Molybdenum

Sodium

Nickel

Phosphorus

Sulfur

Selenium

Zinc

Acidity as CaCOg (kg)

46

o.2

<0.1

500

<0.1

0.1

<0.1

0.1

2100

<1

290

110

< 0.1

220

0.3

<1

2700

<0.1

5.7

2006-2602



Discussion

Buffers study

The MC soil of this study contained 4o/o clay, while the other whole soil (RB) used in the
buffer study contained only 1 9"/o clay (Table 10.2). Throughout the buffer study, the pH
of the RB treated AD always remained at <4,0 uníts. onry when the added lime was
increased lo 7.5"/" did the pH of the RB treated AD exceed 3.0 pH units. The clay
fraction of the RB soil was dominated by illite, and illites are generally unreactive. yu
(1985) who observed the buffering capacity of three soils having 30,40 and 6so/oclay,
found that buffering capacity increased in ascending order of clay content. prevíously it
was seen that a kaolinitic sludge increased the pH of an AD from 2.3 to 2.6 pH units over
a 40 day period (Harris and Ragusa, 2000). Since one of the aims of this experiment
was to shorten the acclimatisation period for SRB activaiton, it was not necessary to
prolong the experimental time period merely to identify the peak characteristics of the
less efficient buffers. Therefore the buffering study was, effectively, stopped at 20 days,
since it was found that some of the materials had already begun to markedly increase
the AD pH to a far greater degree than kaolinites and illites did. lt is of interest that the
two pure clays which were among the three most effective buffers of this study were the
active bond and the active gel, both being smectites having high CEC. Though the third
material, a whole soil, i.e. the Mollisol, contained high fractions of illite and kaolinite, the
native organic matter was 4.6% (w/w), and Toth (196g) found that the influence of
organic matter on CEC is several times the proportion of its weight in the soil.

10.5.2. Bioreactor experiment

The pattern of AD cation concentration and AD pH during this incubation is seen to be

broadly, an inverse relationship. Thus, as pH increases, the concentration of soluble
cations decreases, and vice versa (Fig. 10.7). However, the rise in AD pH in the
column began before the detection of any evidence of sRB activities. Though evidence

from the prior buffer experiment of this study indicates that the Mollisol by itself would
have caused a rise in AD pH, it was seen in that section that without added lime, the pH

of the AD caused by the Mollisol was at all times below a value of 4.0 units. ln the
second section of this study, it therefore must have been the combination of Mollisol

10.5.

10.5.1

208



submerged with rapidly decomposable plant material that initially caused tne #3nt of

the rise to >4.0 units in the pH of the AD. Qualitatively, this is in agreement with

Ponnamperuma (1972), who found that green manures added to soil caused a

remarkable rise in pH within two weeks of submergence, and Singh et al. (1981)who

found that pH increases after submergence of an acid soil (pH 5.6) with and without

green manure went up to pH 6.0 and pH 7.1 respectively. The explanation by Singh et

al. (1g92) was that organic reducing substances formed during the decomposition of

green manures may reduce Fe and Mn oxides, causing soil pH to rise, because protons

are consumed in the course of oxide reduction. The process of reduction could also

have accounted for the decrease in concentration of the soluble form of those metals in

this study, indicated 3 days after incubation began, but prior to the activation of the SRB.

This is corroborated by the findings of Katyal (1977), who similarly, using Sesbania

aculeata as green manure under flooded conditions, recorded a decrease in (metal)

toxicity and favourable changes to pH.

Nevertheless, evidence for SRB activity was strong, since not only were the

typical SRB signs observed, such as production of HZS and the blackening of the

substrate-buffer, but large differences in pH and soluble cations temporally and spatially

in a uniformly blended material were detected such that:

(1) the front of pH increase advanced downwards in the column towards the influent as

the incubation proceeded, and

(2) sulphate reduction in the influent increased with distance away from the zone of

fastest flow (i.e. from where it entered the column).

(3) A general increase in pH values towards the top of the column always occurred

during this study, yet the highest pH values were never at any time detected at the water

surface, or near the surface (Table 10.3). The highest pH values always existed at some

distance below the surface zone but always within the top half of the column (Fig. 10.3).

(4) The major inflection point for sulphate reduction and decreases in other cations (i.e.,

where sulphate reduction is greatest ) appears in the upper region, somewhere between

ports 3 and 5, just where pH values begin to rise markedly, i.e. about a third of the

distance down the column from the water surface (Table 10.3). However it is of interest



that pH values, though lower at the surface than at 5 to 8cm below the surfac", 3å9"r, 
"a

any time actually fell below the threshold for SRB growth (pH 5.5) in either of these

zones (Fig. 10.a). Hence in this uppermost zone, sulphide reduction would not have

been greatly hindered at any time after day 3 as a result of pH changes. Thus even at

day 10, sulphate was recorded at 1300 mg/L at the water surface in the reactor, still only

half of what it was between between days one and three. ln other words, it seems clear

that pH per se was a symptom, and not the cause of change to the sulphate

concentration from a decreasing to an increasing trend beginning at the upper levels in

the column at 5 - 8cm from the surface.

The answer may lie in the consumption of oxygen in the upper layers of the AD.

ln this experiment, the AD did not completely fill the column. Herlihy and Mills (1985)

found that in colder months the top few centimeters of sediments in a lake-bed may be

oxidised and SRB is inhibited above the depth at which oxidation is induced. This is

because the process of sulphate reduction requires low oxidation-reduction potentials

(Eh)characteristicof anaerobic habitats. Herlihy et al., (1987) found that alkalinity may

be consumed as the reduced sulphur species diffuse into oxic regions and are oxidised.

ln the present study, oxygen was always present in the column, since during its setting

up, no attempts were made to avoid exposure to air. There was thus, above the water

surface, an air filled space, and dissolved oxygen in the top layer of water would have

inhibited SRB and microbial sulphate reduction there.

During this study most of the metal cations were removed from solution by SRB

facilitated by rapidly decomposable ptant material in an etficient quick-response soil

buffer. Even the least efficient zone in the column experienced significant decreases in

metal cations and sulphate. After just 6 days of operation, the following decreases had

occurred at just 1O cm (the lowest port sampled in the column).

(1) Fe from 1800 mg/L to 70 mg/L (a 2S-fold decrease)

(2) S down lrom 27OO mg/L to 1330 mg/L ( a > 100% decrease)

(3) Though Al concentration had doubled from 32 to 62by day 6, it had

decreased to 1.8 mg/L bY day 9.
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Table 10.5. Some chemical and physical characteristics of the soils

D = dominant and p = clay minerals present

Soil Property Alfisol Mollisol

pH (1: 5 soil: water ratio)

Electrical conductivity

(1: 5 soil: water extract; OS m-1)

Organic C (%)

Total C (%)

Total N (%)

GOs as CaCOs (%)

6.5

o.12

1.24

1.4

0.11

<0.1

5.3

19

4.0

D

p

p

30.8

4.8

3.9

7.2

o.23

4.6

4.61

0.69

<0.1

Exchangeable Cations [cmol (+)/kg]: 7.3 59.1

43.1

40.3

6.0

D

p

p

20.0

17.2

6.4

Ca

Clay (%)

Quartz (%)

lllite (total)

Kaolinite (total)

Randomly interstratif. minerals (total)

Silt: 2-20pm (%)

Fine sand : 20-200¡tm (%)

Coarse sand: 0.2-2.Omm
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Table 10.6. Some chemical and physical characteristics of Murray Bridge Sludge

Sludge Property Value

Organíc matter (/. by weight)

pH (1: 5 sludge: water ratio)

Electrical conductivity

(1 : 5 sludge: water extract; (dS m-1¡

Organic C (/")

Total C (/.)

Total N (%)

CaCo3 %)

ExchangeableCations [cmol(+)/kg]

Ca

Mg

Na

K

Total

Clay (%)

Quartz sand (%)

sirt (%)

1.5

6.5

o.27

1.0

1.24

1.8

2.5

11.6

5.4

0.43

0.95

18.4

40.0

39.2

12.8

Distance from the inlet port at lower levels in the column varied directly with a lowering

of the metal cation concentration. However, it is interesting that the two cations most

affected by dístance from the inlet port are S and Fe (Fig. 10.3). As distance increases

further up the column from 25cm to 35cm, the differences in sulphate reduction (Figs.

10.5a, 10.5b, 10.5c) become smaller. The activíty of SRB therefore, though not stopped,

did not increase as much between 25 and 35cm (the water surface), as it had between
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10 and 20 cm above the inlet port. Herlihy et al., (1987) found that maximal rates of SR

occurred at the surface of shallow lake sediments in summer, but at 3-7 cm below it, in

other seasons. They found that this was because the bíological oxygen consumption

(by aerobic organisms) increased in summer, leading to anoxic conditions at the

surface. ln this study, the top of the reactor was left open to the air to simulate field

conditions. At the higher column levels near the water surface, more dissolved oxygen

would therefore be present, causing an oxygen surplus in the upper zones of the water,

relative to the lower zones. The difference between the sulphate reduction rate in the

AD at (1) 20 cm, and (2) 30 cm could thereby be resolved.

Compared with that of a previous study (Harris and Ragusa, 2000), the lag phase

(i.e. pre-SRB activation time) of this study was shorter, and toxic cations removed earlier

and more efficiently than in that study. The pre-SRB-stage buffer used then, was

aerobically treated sewage sludge. Thus both studies (then, and now) utilised buffers

containing the same proportions of clay (4Oy"), but though the sludge in the previous

study contained 2.5% CaCO3, as opposed to <0.1% CaCO3 for the Mollisol used in this

study (Table 10.5), the Mollisol is seen to be a significantly more efficient pH buffer even

without the high proportion of CaCO3 of the sludge. However, not only do the CECs of

these two buffers differ markedly, at 18.4 cmol (+) kg -1 and 59.1 cmol (+) kg -1

respectively for the sludge and Mollisol, but the CEC of the Mollisol Ca is 4 times as

high as that of the sludge Ca (Tables 10.5 and 10.6). Though these significant CEC

differences must have caused the differing adsorptive capacities, a further reason for

them may ultimately lie in the organic C fraction of the two buffers. As stated previously

(Toth, 1968), soil organic matter exerts an influence on CEC far in excess of its

proportion by weight ín the soil , such that CEC can be reduced by as much as 207" to

50% by the removal of the organíc phase, which normally constitutes only 3"/" lo 5% of

the soil mass. Since the organic C fractions for the Mollisol and the sludge were 4.6%

and 1 .4Yo, respectively, (Chapters 5 and 8), yet both contained the same proportion of

clay, it is reasonable to conclude that inherent organic matter influence on CEC for the

Mollisol was 3 times that of its influence on the sludge. This would be the case since

the clay fraction of both soils were dominantly kaolinitic illites. By further increasing the

organic C fraction, the addition of decomposable plant materíal would have increased
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the CEC of the Mollisol in this experiment, and also of the sludge in a previous study

(Harris and Ragusa, 2000). However, during lncubation with green manure, the

Mollisol, already having a larger native organic fraction, would have exhibited greater

increases in CEG.

10.6. Conclusion

The results of this study show that it is possible to establish an SRB population in a

constant flow reactor, using rapidly decomposable plant material and a fast-acting soil-

based pH butfer. Under such conditions, the SRB can become acclimatised to the high

AD acidity even when the hydraulic retention time (HRT) is shortened.

It seems that in this study, CEC, and not merely free lime was the crucial buffer

characteristic at the low pH level of <3 units. The CEC of the substrate used in this study

was three times that of a sludge buffer used in a previous study (Harris and Ragusa,

2000). Since the only etfective substrate difference between the present study and that

of Harris and Ragusa (2000) (except the speed of the influent) is that of the buffers used,

it must be concluded that for pH increases and decreases of soluble cations in the AD,

CEC is a major determining factor among the butfering materials.

However it is concluded that a long hydraulic retention time (HRT) would be even

moie etfective. Where sources of lime are unavailable, the use of soil-based butfers

with small quantities of lime can be an effective alternative for activating SRB in a

reactor.
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CHAPTER 1 1

General Discussion and Conclusions

USING ORGANIC MATERIALS TO IMPROVE ACID SULPHATE LAND AND

WATER QUALITY

11.1. General Discussion

11.1.1. Green manure as a mine-spoil conditioner

The bonding processes between soil particles in natural conditions include:

(1) Flocculation of clay particles;

(2) tn situ production of organic matter, such as polysaccharides by bacteria, fungal

hyphae and roots which adhere to clays and larger soil particles; and

(3) lnorganic cements around soil particles structures, such as aluminium and iron

oxides, calcium sulphate, and calcium carbonate.

Under natural conditions, it would take years for these processes effectively to

bind together single-grained mineral particles in the ground. However, these processes

would be particularly slow in mine-spoils where the extraction processes cause a

complete breakdown of mineral structure in the ground, the interparticle bonds are

destroyed, and microbial activity is reduced. Within weeks or months, readily

decomposable organic additives can react with soil particles, thereby providing faster

crumbing of particles. Green manure as a finely ground solid has been shown in this

study to possess capabilities as a mine-spoil conditioner through greater water stable

aggregation, increased hydraulic conductivity, decreases in spontaneously and

mechanically dispersed clay (Chapters 7 and 8) and decreased erosion (Chapter 8).

Green manure would be beneficial not only in mine-spoils, but in various soil

types, since it has been shown to be an-effective crumbing agent and aggregate

stabiliser when applied in soils which differed greatly in clay content (Chapter 6)'

Before green manure treatment, there was no through flow of water in the mine

tailings, and its hydraulic conductivity was measured at 0 cc hr -1, thereby índicating a

complete blockage of soil mesopores. ln addition to reducing growth rates, such

conditions often impose further difficulties on the establishment of young plants by



water during low-intensity rain typical of South Australian conditions would U" ål,Íirnul.

Nevertheless hydraulic conductivity of both mine materials was substantially increased

by green manure. This has important implications for the revegetation of minespoils,

since a lack of soil structure in these materials restricts the movement of water in plant

root zones. Such conditions often impose difficulties on the establishment of young

plants by encouraging the proliferation of pathogens, and root rot. Of the two green

manures, the leguminous green manure exhibited a slightly better granulating effect.

ln the preceding project, the decision to use aerobically treated sludge in

preference to the raw kind for the structural treatment of mine tailings was due mainly to

the prior observation of a rapid disintegration of top-spread raw sludge (within days after

its application) under erosive forces and the atmosphere (Plate 7).
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Plate 7. The fragility (and futility) of surface applying raw sludge on hardened mine

tailings in semi-arid conditions
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Plate 8. Aerobically stabilised sewage sludge as top-dressing on 6"t6-pan.

This resulted in a high proportion of components resisitant to further microbial

decomposition, a low organic C content, and small organic matter particle sizes of

components in the sludge which would have caused dispersion of adjacent clay

particles.

Minespoils have low counts of microorganisms, and the sludge introduced

greater quantities of heterotrophic bacteria to the minespoil materials. Though low in

organic C due to its long sub-aerial period, the sludge contained components, which,

when combined with rapidly decomposable plant material, are conducive to

aggregation: a large clay fraction, polycations, and latent bacterial spores. The sludge

did not improve the physical character of the minespoil as well as'the green manure did

in the short term, but reaction between the green manure and the sludge promises

further amelioration of minespoils, because this combination led to large improvements

in the physical properties of the sludge itself.

These findings may influence the manner in which aged sludges are applied to

minespoil soils. Though several studies have shown that aged sludges improve the

physical properties of soils, when sludge has been aged for a long period (of say, >24

months) out in the open-air, its ability to improve soil physical characteristics seems to
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decrease (Chapter,T). Should these sludges be then applied as soil conditioners,

dislocation of clay particles (followed by dispersion) in the treated soil would then

increase (Chapter 7), thereby blocking <0.2-10pm pores, causing surface sealing which

restricts water movements. A breakdown of soil structure could resutt. Hard-setting and

high soil strength prevails when soils dry out under such conditions, fufther increasing

water stress in rooting zones and restricting root growth.

Currently, sludge is applied to soil and minespoils either as a top-dressing, or

mixed with the soil rn sifu. The likelihood of the above problems occurring would be

decreased if:-

(1) Prolonged sub-aerial storage of already stabilised sludge is minimised before its use

(2) Prior to its surface application, aged sludge is briefly composted with the sludge with

decomposable plant materials, to increase its stability to erosion.

Where aged sludge is to be apptied as a top-dressing on steep slopes, as it

presently is in some mine-spoils, the greatly increased stability observed in this study

whén aged sludge is incubated with green manure, should be exploited. lf the sludge is

incubated in such a manner prior to spreading, such an application promises a more

long-lasting etfect against detachment from raindrop impacts, downslope slippage and

erosion. Further, if rich in weeds, grasses and other native floral seeds, the quick growth

of such plants in the green-manured sludge after top-dressing could lead to an

accelerated increase in soil organic matter, root exudates and consequently, soil

microorganisms. Such processes increase material stability on steep re-shaped slopes.

It may also be the case that a regime of frequent additions of sludge as top-dressing in

thin tayers, rather than one of a single, thick layer may be more effective in the long term.

This is because for a thin layer of sludge, the ratio of fresh organic matter (from new

roots and new growth) to older organic particles would be higher and more effective.

. There are also advantages for "flat ground" application of green manure treated

aged sludges. Since sludge has an inherently high water holding capacity (WHC),

waterlogged conditions would prevail in the wet season thereby leading to restricted

root extension and stunted plant growth. Prior improvement in granulation of the sludge

would increase permeability, water movement and oxygen availability in the root zone.



Thus for flat areas, the pre-treatnient of sludges with green manure 
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improvements for the rehabilitation of acid-sulphate minespoils.

. The improvement of sludge by green manure has other advantages in the wider

context of urban waste. Excessíve quantities of sludge pollute not only groundwater

supplies by introducing toxic levels of heavy metals, but may increase the levels of

pathogens in the ground, and create unacceptable health risks in heavily populated

areas. Sludge pre-treated with green manure decreases its environmental risks in two

ways: (1) by decreasing the proportion of sludge in the whole treatment, and (2) by

chelation, which decreases the concentration of toxic metals in solution.

11.1,.2. using sludge and green manure to mitigate acid drainage

A stabilized sludge, in combination with readily decomposable ptant material can

decrease the acidity of an AD to the point where SRB begin to remove toxic metals from

solution (Chapter 9). For the mitigation of acid drainage, organic and inorganic

materials were used as proton sinks initially to decrease the AD acidity to a tevel where

SRB could be activated. Under stagnant conditions, major improvements in the quatity

of the acid drainage (AD) occurred after SRB mediated a combination of sludge and

ryegrass added to the acid drainage. Such a process has its drawbacks. There are tight

restrictions in many localities on the use of sewage sludges because of their heavy

metal toxicity and generally offensive characteristics environmentally. Moreover, the

long adaptation period needed for SRB in the highly acidic "stagnant pool conditions" of

the sludge/ryegrass system would not have been of great utility under natural stream

flow conditions. The testing of several earth materials showed that very few non-lime

materials are capable of increasing the pH of a highly acidic AD. However, certain soil

types high in organic matter and kaolinitic-illitic ctay proved to be etficient proton sinks.

ln subsequent experiments, a high CEC soil was shown to be an even more

efficient proton sink than the sludge/ryegrass system (Chapter 10). Therefore, where

cheap lime sources are scarce or inaccesible, the use of such soils could be used to

create the pH conditions necessary for the work of the SRB.

Under flow conditions, the soil/ryegrass buffer system of this research has

demonstrated that sludge is not an obligatory organic treatment component with green



manure in the mitigation of pollutants in acid drainage. One 
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disadvantage for both systems, is that, as is the case for chemical treatments, toxic

residues are always created, which must be adequately, safely and efficiently disposed

of. There are distínct advantages in choosing the soil alternative to sludge in such

systems. Firstly, since concentrations of toxic soluble metals are in general,

substantially lower in soils than they are in sludge, the use of soiliryegrass buffers for the

improvement of highly acidic AD water in close proximity to heavy population centres

would be less environmentally hazardous. Secondly, since the aerobic stabilization of

sludge requires oxygen in large quantities, the choice of a soil/ryegrass system would

be less detrimental to air quality in densely populated areas. Thirdly, while cost-effective

re-cycling of waste from an acid drainage soil/ryegrass system may not yet be an option

with present technologies, the high CEC required of such soíls indicate high clay

contents. lt is conceivable therefore that the waste materials generated could provide

base materials for the fabrication of useful components such as dried bricks, while

concurrently removing the toxic substances from their soluble forms in the environment.

This SRB-soil/plant-waste method of AD rehabilitation is an alternative for

localities lacking in cheap sources of calcium compounds for chemical rehabilitation but

having copious quantities of fresh decomposable plant wastes such as grass clippings.

11.2. General Conclusions

11.2.1. Green manure as a soil conditioner

As a result of several experiments, it can be concluded that green manure:

(1) increased hydraulic conductivity in both mine tailings and tailings leachate residue

(a > 10-fold increase), but the increases were more substantial for the leachate residue

(1s-fold)

(2) lncreased and stabilised >2mm aggregates ín both mine spoil materials by up to

1SYo at the application rate of 1.5% dry w/w

(3) Significantly increased and stabilised >2mm aggregates in an aerobically treated

sewage sludge by up to 50% at the application rate of 1.5% dry w/w
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(4) increased the stability of the sewage sludge against aggregate breakdown by

simulated raindrops by over 40"/" and increased its resistance to waterdrop impacts by

15 - 30%

(5) significantly decreased spontaneously dispersible clay in the two mine spoil

materials, and sludge examined

(6) significantly decreased mechanically dispersible clay in the two mine spoil

materials, and sludge examined

(7) decreased water run-off and erosion of both mine spoil materials, and sludge

(8) can be used as a mine spoil conditioner that is environmentally safe

11.2.2. Green manure plus sludge as a soil conditioner

Green manure plus sludge also showed capabilities to be a soil conditioner, because it:

(1) resisted 50% more water drops than GM treated mine taifings or tailings leachate

residue

(2) resisted erosion to a far greater degree than the sludge to which GM had not been

previously applied.

11.2.3. Sludge as a soil conditioner

.As used in this study (highly aged, aerobically treated), sludge:

(1) did not increase stability, or any other soil physical property against raindrops or

while submerged, for either mine spoil material.

11.3. Green manure, Sludge, Soil and SRB as AD Mitigants.

Two treatments for the mitigation of acid drainage were applied: SRB + green manure +

sewage sludge, and SRB + green manure + a high CEC calcareous soil (mollisol).



From experimental work, it can be concluded that SRB + green manure * 3,I?n.'

(1) substantially decreased the concentration of most soluble toxic metal cations in AD

(2) lncreased the pH of AD from 2.31o >7 units.

As a result of further experiments, it can be concluded that SRB + green manure + a high

CEC Mollisol (as the initial proton sink):

(1) mitigated AD more efficiently than sludge/green manure, at various speeds through

an SRB driven bioreactor

(Z\ decreased the SRB acclimatisation period from 50 days in a previous experiment

utilising sludge +green manure, to <10 days

(3) increased pH from 2.8 to >6 units after 5 days

(4) after 10 days, decreased soluble Fe, Al and sulphate by >1800-, >40- and 3-fold,

respectively.

11.4. Further Work

It was shown that the use of a particular aged sludge did not improve the physical

properties of pulverized materials in mine tailings. The sludge itself was unstable to

rainfatl impacts. Further work is needed to identify treatment processes for sludge,

which tead to (a) better physical properties atter its application and (b) a greater ability to

improve the physical status of treated soils.

With respect to the biological treatment of AD, there are obstacles to the disposal

of waste sulphidic materials in the environment. ln order to reduce after-treatment solid

waste disposal problems, Ragusa and Elliott (1998) suggested the "mining" of these

organic wastes for metals atter usage. ln the present study, due the high propoftion of

toxic cations removed from AD by SRB driven bioreactors using organic substrates,

research is needed to identify economically viable methods of cleaning or de-toxitying

the resulting toxic waste materials.

Further work is needed also on the re-cyclability of the organíc substrates used in

this study for the remediation of AD,
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Appendix 1

Strength of a 3 -year-old lime-treated tailings dam material

Random points in dried out dam

1

2

Force of rupture (Mpa)

4.5

5.2

4.5

4.5

3

4
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Appendix 2

Green manure and the role of microorganisms

The major groups of soil microorganisms include vi.ruses, bacteria, fungi algae ancl

protozoa (Russell, 1973a; Alexander, 1976), each organism being dependent on their

interaction in and with the environment including energy and nutrient sources and

abiotic factors such as temperature and moisture (Gustafson 1943).

Decomposable organic polymers are naturally renewed in (highly çtabilized)

virgin soils (Russell, 1973b), but neither in old cultivated soils (Clapp and Emerson

1965; Oades, 1984; Golchin et al. 1994; ) nor in undeveloped skeletal "soils" such as

those found in used mine spoil heaps and tailings, the latter conditions having been

exacerbated by the effects of residual heavy metals on soil microbial life (Kabata-

Pendias and Pendias, 1984). A comparison of the carbohydrates from soils under old

permanent pasture (highly stabilized soil) and those of wheat fallow rotation (poorly

stabilized soil) showed that those from the permanent pasture contained the larger

amount of high molecular weight materials (Oades, 1984).

As previously stated, research has long ago revealed that microorganisms are

instrumental in the formation and stabilization of soil aggregates (Martin et al., 1955;

Bond and Harris, 1964; Harris et al., 1966; Tisdall et al., 1978). In the presence of a

suitable energy source, a wide range of moulds, streptomycetes, yeasts and bacteria are

capable of binding soil particles into aggregates and each group is capable of initiating

aggregation (Hubbell and Chapman, 1946), their intervention being necessary to

catalyse the breakdown of humic structures (Swift et al., 1979). Watson and

Stojanovic (1965) found that the aggregates produced by bacteria were conspicuously

resistant to wetting and even floated during wet-sieving. Thus under experimental

conditions, Hubbell and Chapman (1946) found that water-stable aggregates were

never observed except in the presence of living microorganisms, and that only after such

aggregates were formed could roots synthesize larger soil structures by binding them

(the smaller crumbs) together. Further, they found several times higher increases in the

water-stable aggregates (W.S.A.) percentage of sterile soil than that of non-sterile soil.

The initial high level of aggregation is brought about by the soil aggregating substances
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synthes¡zed by or released from the organic materials by the activity of the soil

population. As the microbial life increases, it produces organic compounds which react

with the inorganic materials in the soil (Hausenbuiller, 1978) to form organo-mineral

complexes (Theng, 1979). Chen and Wang (1987) for example, in a green manure

study, estimated that 51% of the organic matter was utilised in organo-mineral

complexing. Thus under suitable conditions of warmth and moisture, decay of fresh

plant mattertakes place quickly (Pieters, 1927; Swift et al., 1979) with desirable effects

on the soil (Allison, 1973) including the improvement of the water-stability of soil crumbs

(Kroth and Page, 1946; Swaby, 1949; Chesters et al., 1957; Harris et al., 1966), after

which it tends to decrease slowly (Martin and Waksman 1940), lt follows that

conditions favouring the reduction of microorganisms in the soil including the depletion

of organic substrates could lead to loss of soil structure and that remedial measures may

lie mainly in the restoration of conditions favourable to soil microflora. In other words it

seems that green manure indirectly contributes to improved soil structure by acting as an

energy source for various soil microorganisms. From this energy source, they could

synthesize soil aggregating materials of a different nature (Martin and Waksman 1940),

thus the aggregating effectiveness of diverse soil microorganisms stems from their ability

to synthesize soil-binding agents (Chesters et al., 1957).

Polysaccharides are common constituents of metabolic products of all cellular

organisms (Oades, 1967) ranging from between 5 and 30"/" of total organic matter

(Mehta et al., 1960; Oades, 1967). When líving cells die and are returned to the soil,

most of the polysaccharide constituents are decomposed by one or more species of the

soil microbial population (Alexander, 1976). The production of extra-cellular polymers

is thus a common property of many microorganisms (Allison, 1973). When adsorbed on

the external surfaces of clays, plant polysaccharides provide substrates, the

transformations of which are most active in stabilizing aggregates (Theng, 1979). Thus

old, well aggregated pasture soils contained more easily extractable recently

synthesized microbial polysaccharides and four times as much polysaccharide material

as the soil under wheat-fallow (Oades and Swincer, 1968; Swincer et al., 1968) as a

result of the constantly supplied root exudates (i.e. in reality, fresh organic matter) under

permanent grass. Correlatíons have been found between the proportion of water-stable
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aggregates and polysacchar¡de content in soils (Chesters et al, 1957; Greenland

1965). After studying the effects of organic matter, clay, free iron oxide, and microbial

gums, Chesters et al., (1957) concluded that microbial gum content was the most

effective single factor affecting level of aggregation. Acton et. al. (1963) and Maartens

and Frankenberger (1992), found thatwhen a bacterial polysaccharide was added to a

silt loam, the proportion of aggregates >0.1 mm was doubled. This effect of

polysaccharides has been confirmed by evidence from soil grinding studies showing

that most of the organic matter released from previously protected microsites was in the

form of polysaccharides (Cheshire, 1979). This is possibly due to the stronger

adsorption by clay particles of the polysaccharides, than that of humic and fulvic

fractions (Theng, 1974). Tiessen and Stewart (1988) found that cells (i.e.

polysaccharide materials) of microorganisms frequently bridge two or more soil

aggregates, and that electronmicrographs showed such attachments to be still effective

after the cells themselves had disappeared. Conversely, when Maartens and

Frankenberger (1992) added extracellular polymers (i.e. bacterial by-products) to a soil,

only a transient increase in aggregation was measured upon decomposition of the

added materials. Their interpretation of the results indicated that the stabilization of soil

aggregates by organic matter is mainly a result of active microbial processes (which took

some time after decomposition to have had its effect on soil structure), rather than the

binding effects of the added materials directly. lt thus seems that the process continues

so long as the energy source is intact. Thus Martin and Waksman (1940) found that the

larger the percentage of decomposable substances in the soil (and hence the greater

longevity of the polysaccharides), the greater was their aggregating effect.

According to Martin and Richards (1969), microbial polysaccharides become

resistant to decomposition through combination with clays, their high bínding capability

being related mainly to their length, flexibility and linear structure which allows them to

bridge many distances between soil particles with several points of contact so that Van

der Waals forces can be more effective. ln addition to their possession of a large

number of -OH groups which may be involved in hydrogen bonding on clay surfaces,

polysaccharides contain acid groups, primarily carboxyl (COOH) (Martin,1971). The

tatter can be ionically bonded to di- and trivalent cations previously adsorbed on
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negat¡ve clay surfaces, or be directly adsorbed to positive charge sites (i.e. pH

dependent charges) on clay edges (Greenland, 1965). Polysaccharides are therefore a

very important agent in promoting aggregate stability, but effectiveness varies with the

amount present and the prevailing environmental conditions (Maartens and

Frankenberger, 1992).
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Appendix 3

Green manure and the role of saprophytic fungi

Forster (1979) found that some bacteria were well adapted to certain unfavourable

habitats, being motile and tolerant of high salinity conditions exceeding 35% (typical of

mine tailings), but not without an easily assimilated energy source. ln conditions of

temperature and moisture extremes and/or high salinity (such as prevails in acid-sulfate

mine tailings), few fungi are present (Forster, 1979). ln addition, though it is well-

established that soil particles bound mechanically by fungal hyphae are stable, this

stability lasts only until the hyphae are decomposed by other microorganisms (Swaby,

1949). Therefore any aggregates formed under such conditions are likely to be formed

by bacteria and their associated saccharides (Forster, 1979). Additionally, using

sucrose as a substrate, Harris et al. (1964) found that extensive production of

(saprophytic) fungal mycelium and spores known to be capable of aggregate

stabilization did not necessarily result in an increase in the stability of aggregates, but

that bacteria were more important than fungi in the primary stabilization of small, bound

aggregates.

For impoverished soils, it thus seems that green manure, by providing the energy

for sustained microbial activity in soils can cause ongoing production of microbial

polysaccharides, a process which binds soil particles together, thereby creating water-

stable aggregates.
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Appendix 4

Moisture requirements of green manure

It must be borne in mind that green manure decomposition demands consistently moist

soil conditions (Linn and Doran, 1984), and aditionally, green manure plants remove

large amounts of water during growth (Pieters, 1927), utilizing similar amounts of water

to faba beans, peas, alfalfa or wheat grown to maturity (Townley-Smith et al., 1993).

Eight weeks after plant residues were incorporated in a soil at different water contents,

Hutchinson and Milligan (1914) observed the following amounts of decomposition

(Table 2.1):

Table 5.2. Effect of Soil Water Content on Amount of Decomposition of

Fresh Clover

% of Water-holding Capacity

Air-dry

24

36

48

100 (saturation)

Amount Decomposed (%)

10.8

59.4

67.8

52.2

0.0

It is seen that decomposition proceeds with increasing soil moisture content up

to a maximum soil water content (Table 3.2), which is seen to be at over 36% water-

holding capacity and then decreases, whereas Tamai et al. (1990) found that at 50% soil

water-holding capacity, the green manure from C. Juncea, showed maximum

decomposition. The dramatic decrease in decomposition he observed between 50 %

and 100% water-holding capacity (Table 3.2) is not at variance wíth Franzluebbers et al.,

(1994), who indicated that at tevels above 90% of soil water-holding capacity, a lack of

oxygen seriously hindered biological activity and consequently, decomposition rates. ln



an effect at N application rates of <0.04 Vha. ln other words, a reductio l'ln ,n"

proportion of small aggregates occurred because larger aggregates were being formed

in their place. lt seems possible therefore that the ratio of C:N in high N substrates

indicates a net increase of the building blocks of actual bacterial tissue. This does not

signify an increase in the intake of energy; yet energy ¡s needed for the sustained

production of microbial polysaccharides. More protein in the soil at the microbial level

is thus produced at the expense of carbohydrates in the soil. lt seems then that a lower

C:N ratio increases bacterial biomass, which then lacks the necessary energy source to

manufacture sufficient soil-binding gums. This lessening proportion of the carbohydrate

fraction would decrease the amount of microbial gums, thereby reducing the soil-binding

activities of microorganisms in the soil.

It is known that for near-complete decomposition of organic matter to occur,

younger, more succulent plant residues rather than older ones should be utilised

(Mellilo et al., 1982). ln chapter 3 it was stated that materials which decompose slowly

tend to exert their binding influence over a longer period of time (Tisdall and Oades,

1982), because as plants get older, several physiological changes occurring affectthe

speed of plant matter decomposition, including a decrease in the plant's intrinsic water

content (lto and Watanabe, 1985), such activities decreasíng the speed of

decomposition of green manure in the soil. Of the above-mentioned factors, Kachaka et

al. (1993) found that lignin/N and polyphenol/N ratios were the most powerful factors,

to the extent that they overruled the effect of a large fraction of readily soluble

components in fresh plant materials. Since the C:N ratios of legumes are lower than that

of non-legumes, it would seem that decomposing organic matter from leguminous plant

material would therefore accumulate faster in soils. However, there is no clear

indication in the literature, that plant material from leguminous species is more effective

than that from non-leguminous species in increasing organic matter in soils after

incorporation.

Yet, although leguminous green manure has been shown to be superior to non-

leguminous material as a provider of nutrients to the soil (Singh, 1974; Singh et al.,

1992; Bechard et al., 1994), the evidence for its superiority as an improver of soil

structure, even in the short term (singie season), has been inconclusive and conflicting



(Williams 1966; MacRae and Mehuys, 1985). ln long term trials (over t*o.3å3on.¡

Williams (1966) reported that leguminous plant parts used as green manure did not

improve the physical properties of loam soils, whereas gramminaceous (includes

grasses) green manure significantly improved the physical properties of those soils. In

addition, DeHaan (1977) found no correlation between %N of the plant tissue and plant

tissue decomposition rate, whilst Poyser et al. (1957), working with clay soils in

Manitoba, found that the range of organic matter losses after 30 years of green manuring

for leguminous material were 3O.7% for sweet clover, but only 6.1% for peas.

Ladd et al. (pers. comm 1995) however, found that of several green manures,

wheat straw, due mainly to its high proportion of lignin, was the most resistant and thus

caused the lowest increases in soil aggregation. Yet despite these seeming

inconsistencies, the potential of legumes as green manure crops is not to be

discounted because, as found by some workers (Mellilo et al., 1982; Frankenberger and

Abdelmag¡d, 1985), a higher N content can increase plant tissue decomposition

rates within days or weeks of incorporation (Frankenberger and Abdelmagid, 1985).

Thus in a very short-term green manure laboratory study (6 weeks), Rennie et al. (1954)

found that legumes, being the most easily decomposable materials used, produced

more stable soil aggregates, though non-leguminous material caused longer lasting

effects. Physical effects by green manure on soils are not clear-cut in many studies

(Macrae and Mehuys, 1985). For example, there have been difffering conclusions for

soil textural effects on infiltration following organic matter incorporation in soils:

(Wischmeier and Mannering, 1965; Macrae and Mehuys, 1987). Macrae and Mehuys

(1985) found that physical properties improved with increases in the proportion of clay in

the soil, whilst Boparaj et al. (1992) reported íncreases in waterstable aggregates and

infiltration rates for a loamy sand green manured with Sesþanía aculeata.
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acids and proteins (Singh et al., 1992), a greater amount of energy for microbial action is

supplied by fresh young plant matter than by older plant materials.

Since the change in aggregation resulting from a single application of organic

matter to soil depends upon the type of material (Browning and Milam, 1942) the

character of green manure should influence its effective rate of application. ln addition,

for organic amendments, changes in aggregation appear to be strongly and directly

related to rate of decomposition (Martin and Waksman, 1940; Peele and Beale, 1940;

Browning and Milam, 1942). ln a short-term incubation involving the substrates alfalfa,

rye and vetch, sucrose, and wheat straw, Browning and Milam (1942) found that sucrose

(their most easily decomposed substrate) caused a 4.877o increase (the largest) in

ag$regates >0.25mm, per ton of substrate, in the order: sucrose > alfalfa > rye and vetch

> wheat straw, with wheat straw causing only a 1.48% increase. They also noted that for

the aggregates >1.0 mm, all the substrates except sucrose each caused approximately

similar increases of only 17o, whereas for sucrose this was over 4"/". The most readily

decomposed sucrose thus facilitated the formation of a greater number of large-sized

aggregates in the short-term. But wheat straw, due mainly to its high proportion of lignin

(Sarkanen and Ludwig, 1971; Amato et al., 1987) was the most resistant and thus

caused the lowest increases in aggregation. Therefore for similar increases in soil

aggregation, less sucrose than the other more recalcitrant substrates would have been

needed. For green manure, it would be expected that certain plant parts high in lignin

such as older stem, and roots (Mellilo, et al., 1982) would be less effective than the

younger parts, and therefore would require higher rates of application for similar effects.

The green manure species used also determines the proportion of easily decomposable

material. Thus even certain legume parts are more easily decomposed than is

grammaceous material, whilst other plant parts of legumes are more resistant to

decomposition than grass. Amato et al., (1983) found that the differences between

ryegrass parts disappeared within 3 months of their incorporation in soil, but for legume

leaves, stems and roots the differences in resistance to decomposition did not disappear

after two years in the field.
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Appendix 7

Green manure rates of application

ln one study (Browning and Milam, 1942) the materials not only improved aggregation

wíth increased tonnage applied but aggregation increments increased per ton for each

material applied, up to 8 tons per acre, at which poínt the increases began to decline

with greater tonnage applied. Such high rates are necessary, partly because of the low

ratio of active to passive organic matter in plant materials. Parton et al (1987) reports in

his Cenfury Model of organic matter decomposition that soil organic matter is comprised

of the active (labile) and passive and that ít is the labile and active organic matter that

improves soil carbon content in the short term. Sur et al., (1993) indicated that the

proportion of labile organic matter, though highest in fresh plant matter, never exceeded

20ï", whilst Chen and Wang (1987) found that green manure increased the amount of

active organic matter content and total humus content in soil by 17.4 and 6.1 %

respectively. Because lower tonnages are commonly obtainable from cover crops, the

selection of the kind of material to be applied to the soil assumes great importance.

Williams (1966) reported sígnificant increases in infiltration rates after incorporatíng only

4 tons per acre of barley crop residue.
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Appendix I

Factors influencing green manure speed of decomposition

Although the rate varies with individual polymers (Martin et al., 1955) under ideal

decompositional conditions, Martin (1971) concluded that most plant or microbial

polysaccharides, whether present in complex organic residues or added individually,

are largely decomposed within a few weeks to a few months in soils. When plant

residues are added to the soil, certain fractions are readily degraded. The carbohydrate

fraction rapidly declines, as numerous species of microorganism rapidly decompose

plant polysaccharides in the soil (Alexander, 1976; Mehta et al., 1960). Chesters et al.

(1957) stated that readily decomposable organic materials increase aggregation "within

a few days" after incorporation in the soil, reaching a maximum effect after 20 to 30 days,

whilst Acton et al., (1963) found that wheat straw (slowly decomposing) achieved

maximum aggregate stability al42 days incubation in the soil. Yet it is widely known that

certain polysaccharide fractions can be much more resistant. One possible explanation

is that the decomposition rate can be influenced by some metal cations in the soil.

Martin and Richards (1969) reported that Cu and Fe reduced the decomposition of A.

chroococcum polysaccharide from about 70% in I weeks to aboul 30"/", and that Zn

reduced the decomposition of Karaya gum from 70% lo 3 %. They further reported that

Zn exerted the greatest effect and Al the least in the order: Zn > Cu > Fe > Al. He

concluded that the complexing of polysaccharides with certain metal cations can protect

the polysaccharides from rapid decomposition by reducing the ability of microbial

enzymes to hydrolyze the substrate. The direct and indirect restriction by toxic heavy

metals of microbial activities in soil therefore can be a potent inhibitor in the breakdown

of readily decomposable substrates and the development of granulation in mine tailings.

Particle size

Several workers (Amato 1983; Obatolu and Agboola, 1993; Martens and

Frankenberger, 1992) found that fine grinding prior to incorporation into soil significantly

promoted plant part decomposition under most incubation conditions. After treatment

with ground fresh plant matter, Obatolu and Agboola (1993) reported a higher levet of

increase of the nutrients Ca, Mg, K and Na in soil, than those that received the untreated
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(unground) material. Under natural conditions, such contiguousness between soil

particles and organic matter does not seem to be the case. For example, it has been

observed that under natural conditions substrate and soil are generally separated by

physical barriers because (1) much of the organic matter in soil is particulate and (2) the

distribution in soil of about two-thirds of the bacteria is clumped because that proportion

of bacteria is associated with the particulate organic matter (Adu and Oades (1978).

Thus Kroth and Page (1946) obserued that the more finely divided and well mixed in

with the soil the amendment particle, the more effective the subsequent soil aggregation.

This is probably why Acton et al. (1963) chose to add finely ground wheat straw, which

resulted in marked improvement of the level of aggregation in both soils they studied.

Both the above-mentioned studies provide evidence that the aggregating agents used

were well distributed throughout the aggregates and in contact with most soil particles.

In the former study, the electron microscope in all cases gave indications that the

binding agents came in contact with each crystal surface, showing the benefit of an

intímate mixture of soil and organic matter. Whenever decomposition products

appeared they were in contact with soil particles and were able effectively to produce

water-stable units.
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Appendix 9

Effects of Soil Texture on Green Manure Decomposition.

Apart from organic matter and biota, soil aggregation is determined by mineralogical

and textural characteristics (Corbett, 1969). There is strong evidence thatthe response

of the soil to the addition of organic matter depends largely on the texture of the soil, and

that the effective rate of decomposition of organic matter in the soil is also determined by

soil characteristics such as texture. Thus MacRae and Mehuys (1985) found that

improvements in physícal properties of soil after green manuring were limited to those of

clayey texture, with organic matter increases lasting up to 3 years after its incorporation.

Further, Edwards and Bremner (1967) found that clayey soil samples were more

resistant to dispersion by sonic treatment than were loamy soil samples. However,

Tisdall et al. (1978) also observed that the addition of readily decomposable materials

significantly increased the proportion of stable aggregates in a fíne sandy red-brown

earth clay-loam and a high rate of decomposition of organic matter is observed in sandy

soils such organic material does not normally remain long thereafter in such soils

(Macrae and Mehuys, 1987), due to rapid volatisation and is therefore ineffective soon

after. Therefore for organically stabilized soils, MacRae and Mehuys (1987) found that

the proportion of organic matter must be at least 1OT" oI the overall clay content in the

soil for stable aggregation to occur.

On the other hand, the greater the clay content the greater the proportion of pore

space ínaccessible to bacteria, because bacteria within soil aggregates exist only in

pores at least three times their diameter (Kilbertus, 1980). This restricts the ongoing

destruction of microbially derived polysaccharides. ln soils of high clay content,

especially in clays having high CEC , the rate of volatisation, oxidation and decay of

organic matter is thus slowed (Allison, 1973), montmorillonites being more etfective than

illites or kaolinites (Martin, 1971), thereby retaining more organic matter for longer

periods in a clay soil than for a sandy soil"
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Appendix 10

Green Manure and Adsorption

Adsorption can be defined as the process in which the accummulation of a chemical

species occurs on another surface without changing from one bulk phase to another,

where molecules are fixed onto the surface of the adsorbent in a monolayer or several

layers (Hayes, 1980; Hayes and Mingelgrin, 1991). However, sandy surfaces (and by

extrapolation due to similar physico-chemical inertness, silty surfaces) seem not to be

reactive enough to hold onto organic anions. This unreactiveness is due,to a lack of

electrostatic charge. On the other hand, clays and oxide or hydrous oxide colloids are

the most reactive inorganic components in soil, forming physico-chemical bonds with

polar-organic compounds (Theng, 1980) due largely to their negative charge (Theng,

1979) and extensive surfaces (Quirk, 1960). Thus clay particles <20pm are bound into

domains by a mixture of clay microstructures, biopolymers and microorganisms (Oades,

1993). Having both external and internal surfaces and a hígh C.E.C of 60-100

m.e./1009ms, smectites and vermiculites are more reactive than kaolinites at 3-15

m.e.l1OOgms (Hausenbuiller, 1985). Because of the excess oxygen in their sheets, the

negative charge of clays is comparitively hígh, makíng them behave like huge anions,

attracting cations and the positive ends of water molecules.

Thus without clay, the interactive surface areas in the soil are limited. For

example in experiments with polymers in soils, Schamp and Huleybroek (1972) found

that a 1% application of kaolinite was sufficient to cause a marked increase in the water-

stability of synthetic soils. However montmorillonites cause greater stabílity. This

finding was strengthened by Krishna Murti and Rengasamy (1976) who concluded that

the nature and relative amounts of the colloidal fraction in the soil environment

determined the size and stabilíty of aggregates. Thus Kroth and Page (1946) found that

kaolinite-humic systems did not produce stable aggregates because of the low surface

activity of this mineral, but the more active bentonites through greater surface activity

accomplished stability With humic materials. ln addition, Warkentin (1982) observed that

montmorillonites are less erosive than kaolinites apparently because of their higher

bonding strength. lt therefore'may be the case that organic residues such as

decomposing green manure will ,cause stabler aggregates ín soils dominated by
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smectites rather than those dominated by 1:1 minerals. The capacity of clay minerals

such as smectites (and bentonites) to adsorb organic compounds ís even exceeded by

that of inorganic amorphous particles (Theng, 1980) such as amorphous

aluminosilicates found in finely ground tailings of mine spoil heaps. This is probably

because these amorphous Fe and Al precipates (R2O2) attached to clay minerals are

not permanently negatively charged, thereby diluting the original strong negative charge

of the clay mineral and in this manner increasing their affinity for organic anions. Thus

Toth (1968) states that on soil mineral colloids (as opposed to those of pure clays), the

adsorption of .aníons indicate a relation between the SiO2 IRZOZ ratio and the

magnitude of adsorption, where a lower ratio coincides with greater adsorption of

anions.

It is therefore proposed here, that the effectiveness of green manure to improve

microstructure through the action of microorganisms in sandy/silty míne tailings may be

increased if sufficient inorganic particles (non-toxic) with adequate reactive surfaces (i.e.

clays such as illites, montmorillonites) are present prior to the incorporation of green

manure
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Appendix 11

Role of lime in green manured soil

The stabilization of soil aggregates by the binding action of interstitial inorganic

cements may possibly strengthen aggregates against physical forces such as raindrop

impact. Thus cement and lime (calcium oxide, calcium hydroxide or calcium carbonate)

are extensively utilised to stabilize soils for engineering purposes (Yeoh and Oades,

1981). Baldock et. al., (1994) found that surface macroporosity, infiltration and

aggregation of a Rhodoxeralf was improved by applied calcium. The effec! of Ca2+ on

clay particles is demonstrated when swelling of clay soils is decreased after they are

mixed with soluble lime. This is because clay dispersion is resisted by (newly formed)

stronger links between the negatively charged clay particles. However, because the pH

of calcium carbonate is of about 8.3 units, soils and media much more acid than this

(such as acid sulfate tailings) are unlikely to contain lime (Hausenbuiller, 1985).

Several workers (Baldock et al., 1994; Bear, 1968; Muneer and Oades, 1989)

found that in combination with decomposable organic matter, Ca had the long term

effect of improving the physical properties of leached soils. Again, Muneer and Oades

(1989) found that though CaCO3 incubated with organic matter stimulated fast initial

organic matter mineralisation, the organic matter was subsequently retained in the soil

for a further delayed effect on stabilization, causing the aggregates so formed to be

physically, chemically and biologically stable. lt seems therefore that though Ca2+

does induce the coalescence of clay colloids by flocculation, the aggregating process is

completed only with the occurrence of cementation of those microaggregates via

organíc cements, into macroaggregates.

ln addition, the decomposition of green manure increases the solubilíty of

minerals in soils. Sekhon and Bajwa (1993) observed that the enhancement of the

release oÍ Ca2+ into the soit solution can be achieved through the incorporation of

rapidly decomposing organic materials. Thus the potential for the effective ANC of mine

tailings to be increased may be enhanced by the addition of organic matter. ln

combination with organic matter, calcium compounds have been found to reduce the

dispersion in sodic soils (Muneer and Oades 1989). Muneer and Oades (f 989) further

found that the simultaneous inco¡rporation of a source of calcium ions and organic
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mater¡al (glucose) into a red-brown earth reduced the dispersion of clay particfes.

These substances are able to form a complex with clays, via metal ions in the soil (Chen

and Wang, 1987). As green manure helps to release polyvalent cations to the soil

(Singh et al., 1992), the accompanying increase in the electrolyte concentration of the

soil solution could therefore tend to decrease clay dispersion, thereby improving the

hydraulic conductivity of the soil, As a result, the hydraulic conductivity of such soils

incubated with green manure may possibly be increased. lt may also be the case that

such changes will occur when green manure is added to clayey minespoils.,

Because clay and organíc colloids are usually polyanionic, they can be bridged

by polyvalent cations, the ones normally considered being Ca2+, Mg2+, Al3+, Fe3+,

though others such as Mn2*, Zn2+ and Cu2+ are normally present in small amounts in

soil (Oades, 1984). According to Rengasamy and Oades (1977), the major cations

involved in the formation of bridges are Ca2+ and Mg2+ in neutral and alkaline soils,

with Ca2+ more dominant and hydroxypolycations of Al3+ and Fe3+ in acid and ferallitic

soils. Hamblin (1984) found that in young soils of high silt content subjected to decades

of continuous arable cultivation in a temperate climate, most of the aggregate stability is

derived from interparticle bonds in which organic polymers are bonded via polyvalent

cations and hydroxy-metal to inorganic surfaces. This concurs with Hamblin (1977) who

found that where chemical extraction of polyvalent cations from stable particles caused a

reduction in aggregate stability, the quantities of dissolved metals were closely related to

the amount of organic carbon present in stable particles. Further, Greenland (1965)

found that the stabilities of all Red Brown Earths (under a warm temperate climate) they

examined, were reduced by periodate treatment, except one soil containing detectable

amounts of free lime. lt is therefore likely that polyvalent cations play an effective role in

the structure of both inorganic and organic colloids, since such cations flocculate both

types of colloidal systems (Edwards and Bremner, 1967). This occurs because the

polycations bridge clay particles to each other and organic macromolecules to each

other (Emerson, 1959), some of the latter containing functional groups which help to

condense them when saturated with polyvalent cations (Theng, 1979). Because

organic macromolecules and cfay particles are both negatívely charged, the polycations

also bridge organic molecules to clay particles. Thus the addition of polyvalent cations
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to degraded poorly structured soils can greatly increase their stability, as indicated by

Edwards and Bremner (1967), who found that the particles in mineral soils of high

bases status which disperse only with difficulty are microaggregates consisting largely of

clay and humified organic material línked by polyvalent cations. lt is therefore not

surprising that in soils of high base status, Edwards and Bremner (1967) found that the

basic structural units (microaggregates) consisted of clay-polyvalent metal-organic

matter complexes. As this process is accretive, it causes an increase in the flocculation

of clays and in the size of the domains (Turchenik & Oades, 1978). ln addition to having

the abilíty to form highly stable complexes with organic matter, the trivalent cations have

greater replacing power on clay surfaces than divalent ones. However, all of the

above-mentioned polycations except Mg2+ and Ca2+ are toxic when solubilised, and

become increasingly so as their concentrations increase with a fall in pH.

However, though Warkentin (1982) reports that some clayey soils high in

exchangeable Ca, will form a mulch of fine granular aggregates at the surface

(especially if free lime is present), and that cracking in general is induced by lime in

soifs, he cautions that the addition of lime is often no panacea in all cases for compacted

soils of high clay content. Firstly, an excess of not only Na but also excess Ca can

produce dispersion (Hausenbuiller, 1978; Yeoh and Oades, 1981). Secondly, whereas

the addition of lime to a soil will improve the soil's structure only temporarily, it is often

quickly leached out and degeneration then recurs. For example, though Muneer and

Oades (1989) found that the presence of a continuous supply of Ca provided by CaSO¿

caused a greater retention of C14 from labelled glucose than that of an incubation

involving only glucose, the effect was short-lived. This is because flocculation is only the

starting point (i.e. micro-aggregation) of soil structure and stronger binding forces are

needed to strengthen the catÍon-clay linkages within the microaggregate (Oades, 1993)

and to link together the microaggregates (Oades, 1984). Thirdly, the residual

granulating effects of excessive Ca compounds may not be Iong-lasting due to

increasing soil strength in Ca impregnated soils. High soil strength is a symptom of poor

soil structure (Rengasamy et at., 1992) and Yeoh and Oades (1981) also found that soil

strength is increased when CaCOS is in excess amounts in the soil. High soil strength

also varies directly with the amount of organic matter in the soil (Russell, 1973a).



According to Rengasamy et al. (1992), a penetrometer resistance of <1lt¡pu 
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considered non-limiting to plant growth. Three years after it had been laid down as a

growth medium, readings far in excess of l Mpa were recorded on a Ca(OH)2 treated

acid drainage tailings leachate residue at air-dry with the aid of a "Soiltest" hand

penetrometer, (Appendix 1). lt is known that Ca2+ improves structure in sodic soils,

but Harris and Rengasamy (in prep.) found that this occurred only at the microaggregate

level (<250mm), with or without the addition of fresh green manure in the soil. They

also found green manure treatment improved macroaggregation in non-sodic soils

which had been under permanent pasture for >50 years. The last above-mentioned

soils had contained high levels of indigenous active organic matter (i.e. permanent

pasture soils) in the form of continually replenished grass-root exudates in the soil.

It is therefore reasonable to suggest that the high soil strength reading of the low

organic matter tailings mentioned above may have been caused, not exclusively by

excessive Ca2+ having been used as a treatment for the acid drainage, but by a

combination of sodícity, excessiVe CaCO3, and low levels of native organic matter in the

ground. Therefore for the improvement in the physical properties of acid-sulfate

minespoils, the judicious addition of soluble lime seems an initial imperative.
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Appendix 12

Characteristics of roots of some green manure crops and utilization

of relatively unavailable nutrients (after Gu and Wen, 1981)

Crop

Respiratory intensity

(mg CO2/g dry rooUh)

Increment of dry matter (%)

Apatite Orthoclase Serpentine

tvlilk Vetch

Vetch

Wheat

5.01

3.91

1.86

312

183

102

40

15

12

30

53

21
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Appendix 16

X-ray diffraction results of the mine tailings showing smaller gypsum peaks than those

of the leachate residue
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Appendix 18

X-ray diffraction results including the pattern of the oxide showing:

hematite, magnetite, pyrolusite, maghemite, geothite
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Appendix 19

X-ray diffraction results includíng the pattern of the clay fraction of the Active Gel clay

(1) Smectite (montmorillonite) dominant

(2) Quartz
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Appendix 20

Key to Flgurès 9.1-9.11

LEGEND

RY1 = (1%), R.Y2 = (1.5%), RY3 = ryegrass (2%\; CSl = sludge (8%), CS2 = sludge

(16%), CS3 = sludge (24%); CSI/RY = sludge (8%) + ryegrass (1.5%\, CSZRY =

sludge (16%, + ryegrass (1.5%), CS3/RY = sludge (24%) + ryegrass (1.5%)
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