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The aerial extent and the period of mining operations that altered the hydrogeological
environment of the coalfields impact on the operational life of the mines for several years
after mining has ceased.

Large volumes of acid mine drainage produced in the Mpumalanga coalfields are mostly
neutralised by seepage through neutralising strata, or artificially by the addition of lime. Mine
drainage is, therefore, often saturated with gypsum (CaS0,.2H,0). When released into the
surface water environment, the associated high salinities are frequently responsible for
unacceptable water quality degradation.

South Africa is a water-scarce country, and therefore a significant impact on the environment
has been forecast, as early as 1983 (Funke, 1983). However, in recent years, many mines
have been striving to ensure that the negative impacts of their mining operations are kept

within acceptable limits, also in terms of the water qualities.

1.2 The problem of mine closure

After mineable coal has been removed, mines are left to fill with water and seepage takes

place into adjacent, polluting aquifers and rivers.

The National Water Act requires mines to separate clean and dirty water and to contain, and
treat if necessary dirty water, so as to prevent impacts on the surface and groundwater
resources. The Minerals Act of 1991 was the first that forced mining operations towards
sustainable land management instead of just beautifying disturbances. This Act, Act 50 of
1991, stated that the mine remained the property of the owner until a closure certificate had
been issued. The law allowed authorities to gain insight into and control mining activities that
could adversely affect the water environment. This law was substituted by the Mineral and
Petroleum Resources Development Act, Act 28 of 2002. This Act states that no closure
certificate may be issued unless the management of potential pollution to water resources
has been addressed. The MPRDA requires all mines to make financial provision for closure,
and now goes as far as making sure mines have the necessary funding to cover current
liabilities (in the event of bankruptcy).

The government has turned down many applications for mine closure, because of the
concern of possible uncontrolled pollution of water resources in the vicinity of the mines. The
government'’s reluctance to grant closure certificates has forced the industry to investigate
other ways of managing the water pollution problem. One of the ways forward is to look at
natural passive options, e.g. filling up of mines with water to decrease the ingress of oxygen
and intermine flow. The Institute for Groundwater Studies at the University of the Free State

has done a large amount of research in this regard over the years (Hodgson and Krantz,
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environmental pollution by eliminating these salts from the water system (Annandale et al,

2002). The aluminium toxicity, often occurring in these soils, could be reduced by irrigation
with gypsiferous mine water (Barnard et a/, 1998). A surplus water problem of the coal-
mining industry could also be significantly reduced by the irrigation option with gypsiferous
mine water during dry periods; this could release the aluminum toxicity into river systems

during rainy periods.

Irrigation with mine water is thus currently one of the potential uses of excess mine water.
However, there is continuing concern from especially the regulatory authorities regarding the
long-term impact that larger-scale implementation of this practice may have on water-
resource (specifically groundwater) quality and quantity. The sections, which follow, will
address these concerns.

1.4 Objectives

Sufficient detail does not exist regarding the subsurface behaviour and long-term impact of
the use of mine water for irrigation. The thesis provides the following research studies
needed to fill that gap. The research investigated:

o The determination of hydraulic interaction of irrigated mine water with the underlying

aquifers

o The assessment of the effect of irrigation on water quality and quantity at rehabilitated
opencast colliery spoils and on virgin areas.

o The determination of salt migration and attenuation from irrigated areas under natural
and spoils conditions.

o The establishment of criteria for site selection/operation, monitoring, determination of
impacts and mitigation methods for mine water irrigation areas as part of integrated

mine water management.

1.5 Method of Investigation

Irrigation with mine water has been ongoing for several years at the sites as indicated in the
next paragraph. The sites of the studied areas have not yielded significant indications of
deterioration of groundwater quality monitoring. Methodologies for monitoring and predicting
impacts therefore had to be adapted to provide meaningful estimates of expected salt loads
for the long term and for more intensive irrigation. Thus, detailed groundwater monitoring

throughout the duration of the project was an important objective.













Chapter 7 deals with irrigation at opencast collieries (rehabilitated coal spoils).

Chapter 8 describes the consolidated models of mine water irrigation for virgin soil
irrigation
Chapter 9 deals with operation and monitoring guidelines and provides details of a

tool (GIMI) to facilitate irrigation site selection.

Chapter 10 gives the overall conclusions, and deals with feasibility and

recommendations.

The Appendices (on the attached CD) contain all the data gathered during the
investigation, calculation sheets, and chapters on:

Coal mining in South Africa
Irrigation in agriculture - an overview

Gypsum in soils.




2 IRRIGATION WITH COAL MINE WATER

2.1 Introduction

The mining industry in South Africa has historically been plagued by the accumulation of
excess water (see Appendix A for detail on coal mining and water related issues). When the
mining void is filled, whether opencast or underground, the result is often that water
eventually decants at the surface, or seeps along the strata. As the workings fill up, mine
water is forced out at the lowest interconnection between the mine and the surface. South
Africa is a relatively dry country, and seepage towards, or decant into the rivers, can have a
significant impact on the overall state of the rivers and underground aquifers. This is
particularly relevant in the coal mining industry. Stream water monitoring shows that the
water quality has deteriorated over the last 20 years (Grobbelaar et a/., 2000).

For the sake of current and future generations it is neccessary to safeguard the purity and

quantity against pollution by irresponsible mineral development operations.

The rehabilitation of new mine sites should ideally be planned before starting any mining,
including a future water management plan. This plan should also include the management of
the mine water and groundwater after mine closure. In particular, the data should include
physical, chemical, hydrological and geotechnical properties of the ore (coal), and adjacent
country rocks to develop an EMPR (Taylor, 2000). This is also necessary for operational
mines to ensure that the best result is achieved and that the community and reguiatory
authorities are satisfied.

While there have been improvements in mining practices in recent years, it still has
significant negative impacts on the environment, which includes the disturbance of
groundwater during mine construction. These impacts depend on a variety of factors, such as
the sensitivity of the local terrain, the composition of minerals being mined, the type of
technology employed, the skill, knowledge and environmental commitment of the company,
and finally, the ability to monitor and enforce compliance with environmental regulations.
Water pollution from mine waste rock and tailings may need to be managed for decades, if
not centuries, after closure.

One of the problems is that mining has become increasingly mechanised and therefore able
to handle more rock and ore material than ever before. Consequently, mine waste and
therefore also polluted mine water, has increased enormously. As mine technologies are

developed to make it more profitable to mine low-grade ore, even more waste will be




generated in the future. This trend requires the mining industry to adopt and consistently
apply practices that minimise the environmental impacts of this waste production.

Once a mine is in operation, water protection must remain the highest goal of the company,
even if it means reduced mineral productivity. Adopting this common-sense ethic is the only
way we can ensure that the golden dreams of mining do not turn into the nightmare of
poisoned streams (www.miningwatch.org). In the right place, and with conscientious
companies, new technologies and good planning, many of the potential impacts are
avoidable.

Not all mine waters are bad news. Some mine waters do have a positive impact on the water
environment. Banks ef al (1996) state that a considerable number of mine waters are of a
good quality and can thus be used for potable supplies. Furthermore, a substantial amount of
mine water is of good enough quality to be utilised in industries and for irrigation (Reddy et
al, 2000). Careful management is however necessary to avoid over-utilising such water

(Younger, 1993a; 1998b). If the collieries are excessively dewatered, it can result in:
o The decrease of stream flows and wetlands
o Lowering of the water table near water supplies and irrigation wells

o Land subsidence

2.2 Water volumes available for irrigation

Previous work (Hodgson and Krantz, 1998; Grobbelaar et a/., 2000; Hodgson et a/., 2001 and
Vermeulen, 2003) has stressed that the likely time-scales should not be ignored. The time for
the workings to fill with water, for example, is relatively short. The rise in water levels in
opencast mining is in the order of 1 m per annum. Depending on the pit geometry, decanting
usually occurs within ten years after mining has ceased. Depending on the recharge
coefficient, underground mining could take longer to fill/decant. Many of the operating
underground mines are already 20 - 40% filled with water. Often at closure, only small areas
of these mines remain to be filled by water influx. Decanting at many locations is therefore
predicted within the next 40 - 60 years. Some seepage into the weathered zone will also
occur, but due to the relatively low hydraulic conductivity of the weathered strata, the
seepage component will be relatively small. However, in many of the deeper mines where the
cavities fill up, no decanting will occur due to the absence of any significant piesometric head

differences in the groundwater regimes.
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Grobbelaar et a/. (2000) provided projections of future water volumes to decant from the coal
mines. In total, about 360 ML/d will eventually decant from all the coal mines in combination.
On a catchment basis, this amounts to (in ML/d):

Wilge/Klip Olifants Klein Olifants Vaal Komati

23 170 45 120 2

This demonstrates the anticipated future scale of the water that the industry will have to deal
with. However, an investigation currently undertaken by Hodgson for the coal mining
fraternity indicates that more than half of the available water will be treated for human

consumption, and will not be available for irrigation.

To put these figures in perspective and determine the volumes to be available for irrigation,
the following figures can be considered:

Opencast: The void space in spoils is 20%, which implies that 2000 m® of water will be in
storage per hectare for every meter of depth in the spoils. The average annual rainfall for the
Mpumalanga region is 680 - 750 mm.

Approximately 75 000 ha of opencast will eventually be rehabilitated in the Mpumalanga
region, according to the Kraai van Niekerk report (Schoeman, 2001). If it is assumed that the
recharge to the rehabilitated opencasts will be in the order of 20% of MAP (Vermeulen,
2003), and that the annual irrigation water for 1 ha is 5 000 m®, then in excess of 20000 ha
could be irrigated for a single crop. This assumes that all the water can be collected and that

sufficient appropriate areas are available for irrigation.

Underground: The average void space for bord-and-pillar mining is 65%. At an average

mining height of 3m, 19500 m® of water will be in storage when filled for every hectare mined.

Calculated according the average rainfall, shallow mines with a recharge of 5-10% of MAP
will annually have an amount of 350 - 700 m® /ha available annually for irrigation. This means
that every 7-14 ha will provide enough water to irrigate one hectare. These values are also
applicabie to stooped areas. For deep underground bord-and-pillar areas with a recharge of

4%, 18 hectares will provide enough water for one hectare of irrigation.

11




2.3 Composition of coal mine waters

2.3.1 Introduction

Large amounts of wastewater could possibly be made available to the farming community
and utilised for the irrigation of highly productive soils in the coal-fields of the Mpumalanga
Province in South Africa. Concentrating the gypsiferous soil solution through
evapotranspiration, and precipitating gypsum in the soil profile, may reduce environmental
pollution as these salts are removed from the water system (Annandale et g/, 2002). The
surplus water problem for the coal-mining industry could also be significantly reduced by the
irrigation option (mine water utilisation during dry spells), which could complement the

controlled release into river systems during rainy spells.

2.3.2 Acid Mine Drainage

Acid Mine Drainage is a widespread phenomenon in the mining industry worldwide, and also
affects the water quality of the collieries in South Africa. With the new mine closure law
applicable in South Africa, it is important to find ways of curbing, or at least slowing down the
process of water acidification, in order to attain mine closure certificates. Industry, labour,
government and environmentalists unanimously agree on the issue of AMD as the number

one environmental problem facing the mining industry (Domville et a/., 1994).

In the coal mining industry the pyrite in the coal is roughly three times as high as in the
surrounding rock (Usher, 2002-personal communication). This result in the generation of
sulphate, heavy metals and acidity, and can have numerous environmental consequences
(Usher et al., 2003), for the following reasons:

o |t devastates fish and aquatic habitat

o |tis virtually impossible to reverse with existing technology

o Once started, can costs millions to treat

o s very complex to control and treat (Lawrence and Day, 1997)

According to Seif (2002), as early as 1978, many variations of AMD passive treatment
systems have been studied by numerous organizations on the laboratory bench-testing level.
During the last 15 years, passive treatment systems have been implemented on full-scale
sites throughout the USA with promising results. The concept behind passive treatment is to
allow the naturally occurring chemical and biological reactions that aid in AMD treatment to

occur.
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It is therefore of the utmost importance for the mining industry to know the
characteristics/capacity of waste rock, overburden, pit walls, pit floor and tailings, to forecast if it

will produce Acid Mine Drainage or not (Usher et al., 2003).

AMD is primarily a function of the geology, geohydrology and mining technology employed at
the mine site (Seif, 2002). AMD is the result of a series of complex geochemical and
microbial reactions that occur when water comes in contact with pyrite in coal, refuse or the
overburden of a mining operation. AMD occurs by the oxidation of the sulphide minerals
(mostly pyrite) in the country rock (coal and surrounding rocks) as a result of exposure to
moisture and oxygen. This results in the generation of sulphates, metals and acidity. Pyrite
(FeS,) is the most important sulphide found in South African coal mines. When exposed to
water and oxygen, pyrite can react to form sulphuric acid (H,SO,). The resulting water is
usually high in acidity and dissolved metals such as lead, copper, zinc, arsenic, selenium,
mercury and cadmium (Hadley and Snow, 1974). These heavy metals are fatal, because they
prevent the energy production that is essential for life, by combining with -SH groups
(Stevenson, 1997). Certain naturally occurring bacteria can significantly increase the
oxidation rate. The contaminated water is often reddish brown in color, indicating high levels
of oxidised iron (Hadley and Snow, 1974). Bright orange-colored water and stained rocks are
usually telltale signs of AMD (Usher et al, 2001). The dissolved metals remain in solution
until the pH rises to a level where the iron oxidizes and precipitation occurs. The precipitates
can be harmful to aquatic life, as the clumps reduce the amount of light that can penetrate the
water, affecting photosynthesis and the vision of animals. When the precipitate settles on the

streambed, it smothers the bottom-dwellers and their food resources.

There are four commonly accepted chemical reactions that represent the chemistry of pyrite
weathering to form AMD. An overall summary reaction is as follows (Seif, 2002):

4 FeS,;+150; +14 H,O — >4 Fe(OH); + 8 H,SO,
Pyrite + Oxygen + Water — “Yellowboy” + Sulphuric acid

The first reaction in the weathering of pyrite includes the oxidation of pyrite by oxygen. Sulfur
is oxidized to sulphate and ferrous iron is released. This reaction generates two moles of
acidity for each mole of pyrite oxidised.

1). 2FeS;+7 0, +2H,0 —® Fe* +4S0,% +4 H*

Pyrite + Oxygen + Water — Ferrous iron + Sulphate + Acidity
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The second reaction involves the conversion of ferrous iron to ferric iron. This process
consumes one mole of acidity. Certain bacteria increase the rate of oxidation from ferrous to
ferric iron. This reaction is pH dependent with the reaction proceeding slowly under acidic
conditions (pH 2-3) without the presence of bacteria, and several orders of magnitude faster
at pH values near 5. The oxidation for pyrite by Fe**(ag) is 2 - 3 orders of magnitude faster
than that by oxygen (Appelo and Postma, 1993), and is more rapid than the oxidation of

dissolved Fe? to Fe*. This process rapidly consumes all Fe** and pyrite oxidation will cease

unless Fe*" is replenished in the oxidation process of Fe?* by oxygen. It is thus important to
know the oxidation rate for ferrous to ferric iron according to Equation 2. Numerous studies
on the ferrous iron oxidation rate show that, under acid conditions, the rate becomes very
slow (in the pH range of 3, the half life is in the order of 100 days). Such rates are
considerably slower than the oxidation rate of pyrite by Fe®" (ag). Therefore this reaction
would be referred to as the “rate limiting step” in the overall acid-generating sequence, were
it not for the catalytic effect of bacteria.

2). 4Fe* +0,+4H" —>4Fe* +2H,0

Ferrous iron + Oxygen + Acidity — Ferric iron + Water

The third possible reaction is the hydrolysis of iron. Hydrolysis is a reaction that splits the
water molecule. Three moles of acidity are generated as a byproduct. Many metals are
capable of undergoing hydrolysis. The formation of ferric precipitate (solid) is pH dependant.

Solids form at a pH-value above about 3.5, whereas little or no solids will precipitate below

}

3). 4Fe* +12H,0 — 4Fe(OH); +12H'

this value.

Ferric iron + Water ——> Ferric Hydroxide (yellow boy) + Acidity

The fourth reaction is the oxidation of additional pyrite by ferric iron. The ferric iron is
generated in Reaction Steps 1 and 2. This is the cyclic and self-propagating part of the
overall reaction and takes place very rapidly. The cycle continues until either the ferric iron or

pyrite is depleted. Note that in this reaction iron, and not oxygen, is the oxidizing agent.
4). FeS,+14Fe* +8H,0 ——> 15Fe?+2S0,2+ 16 H"

Pyrite + Ferric iron + water ——= Ferrous iron + Sulphate + Acidity
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Although these equations yield a correct picture, in that oxygen is the ultimate driving force

for the oxidation of pyrite, with the final products being an insoluble form of oxidized iron and
an aqueous sulphuric acid solution, this is an oversimplification of the problem (Azzie, 2002).
However, the equation do not explain the geochemical mechanisms or rates and it does not
reflect the slow oxidation of aqueous ferrous iron in acid solutions that often results in high
ferrous concentrations in acid mine waters. Furthermore, factors such as microbial catalysts,
neutralization reactions, sorption reactions, and climatic effects have an important influence
on pyrite weathering, but are not considered in the above equations (Nordstrom and Alpers,
1999a). The problem is multi-faceted and it must be emphasized that Acid Mine Drainage
occurs within a complex system for which several factors need to be considered by the
disciplines of inorganic and organic chemistry, geology and mineralogy, hydrology and
microbiology. During the initiation of pyrite oxidation, these are complex chemical and
microbiological processes occurring in microenvironments (Williams etal, 1982). The
existence of these environments is well illustrated by the formation of Jarosite
(KFe3(S0,4)2(0OH)®), a mineral that can only form under acid conditions, but has been found
by Carson et al., (1982) in soil waters of near neutral pH-value.

Micro-organisms are abundant in natural waters containing AMD, and in many cases they are
the only life form under such conditions (Azzie, 2002). As early as 1919, Powell and Parr
suggested that bacteria might catalyze pyrite oxidation. Iron oxidizing bacteria can accelerate
the rate of Fe?" oxidation by a factor of 10%. The two acidophyllic bacteria, Thiobacillus
thiooxidans and Thiobacillus ferrooxidans, play an important role in the microbial degradation
of pyrite, and thus are an important factor in producing acid mine waters. The nutritional
requirements of 7hiobacillus are ubiquitous. Nitrogen and carbon dioxide are available in the
atmosphere, sulphur is available in the mine waters, and only phosphorus is needed. These
bacteria have several adaptive techniques that also permit them to tolerate low pH, and high

metal concentrations (Tuovinen et a/, 1971).

Thiobacillus thiooxidans oxidises elemental sulphur but not iron, 7. ferrooxidans, oxidizes
both iron and sulphur compounds. A third species Leptospiriflum ferrooxidans, metabolically
behaves like 7. ferrooxidans although it has a different morphology, which was first described
by Markosyan (Azzie, 2002). Other bacteria that play a role in these processes are
Thiomicrospira and Sulfolobus.

Stages in the development of AMD.

Under natural conditions, the availability of oxygen acts as a limiting factor for oxidation to
occur. Rainwater, the natural source of recharge into the aquifers and into the mines,
contains an average of 8 mg/L of oxygen, which is available for reactions with natural

substances in the soil, such as organic material and sulphur-bearing minerals, including
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2.3.3 Gypsiferous Waters

The general trend in the Mpumalanga and Kwazulu-Natal Coalfields is that the southern and
western coalfield waters are richer in sodium water than the northern and eastern areas. The
table below illustrates the average to highest values for a number of mines in these
coalfields. The western and southern coalfields i.e. Kilbarchan/Roy Point, ZAC and
Syferfontein, have a much higher sodium content than the eastern collieries, but a much
lower calcium and magnesium content in general. This implies that for this research project,
Syferfontein was irrigated with sodium-sulphate water (Table 2-2), whilst the irrigation water
of the Kleinkopje pivots were calcium - sulphate rich (gypsiferous type). The New Vaal
irrigation water is also calcium-sulphate rich, but at a far lower concentration than those of

Kleinkopje. The opencast waters at Optimum are also calcium - sulphate rich (gypsiferous

type).

Table 2-1: Water quality changes over the coalfields (mg/L).

Mine Area Ca Mg Na S04

Roy Point/Kilbarchan |South 324-377 81-291| 411-1482]1841-4863
ZAC South 62-298 30-220| 300-900] 200-1423
Syferfontein South 35-41 84-91| 664-879}1220-1232
Khutala North 82-416 42-174 32-103} 360-2119
Optimum Northeast 197-534 77-355 83-152{1249-2750
Ermelo East 170-571] 120-360 26-50| 600-2805
New Largo Northwest 163-473 27-84 15-66| 885-1860
Schoongezicht North 275-555( 105-223 52-71|1199-2685
TNC Central 345-367| 184-208 54-73| 865-1634
Minnaar North 220-543 15-555 14-45|1230-1760
Kleinkopje Pivot 1 North 553-751] 372-473] 104-138]2917-3447
Kleinkopje Pivot 4 North 503-697| 195-278 37-65[1935-2650
New Vaal West 68-122 24-94 16-87| 172-737

In South African coalfields, co-existing carbonates such as calcite and dolomite can
neutralise acidity (Usher, 2003). Alternatively, the acidity can be neutralised by lime addition.

From the overall reaction of calcite as buffering mineral, it is evident that calcium and

sulphate will increase in concentration:
FeS; + 2CaCO; + 3, 750, + 1, 5H,0 < Fe(OH) 3 + 2S0,* + 2Ca* + 2CO;

This increase in Ca?* and SO,% can only occur to a certain extent, to a point where the
aqueous solubility of these ions is limited by the solubility of gypsum (CaS0O,.2H,0). Using
the PHREEQC geochemical model (Parkhurst and Appello, 1999), the saturation state of the
neutralised mine water used to irrigate at Kleinkopje's Pivot No1’s was determined (Figure
2-2). The results show that the gypsum approached saturation (S1=0) for most of the values.
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The implication of this is that when irrigation takes place, a small amount of evaporation,

together with the selective uptake of essential nutrients, will result in gypsum precipitation.

Gypsum saturation over time
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Figure 2-2: Gypsum saturation (Sl) in neutralised mine water used to irrigate at Kleinkopje
Pivot1.

Gypsum is a partially soluble salt. The concentration of the gypsiferous soil solution through
crop evapotranspiration precipitates gypsum in the soil section and may remove it from the
water system (see Table 2-2 for irrigation water quality at the different pivots investigated),

reducing potential pollution in the process (Annandale et a/, 2002).

Table 2-2: Irrigation water qualities (February 2004).

SiteName ph EC Ca Mg Na K Alkalinity Cl 504 Al Fe Mn
mS/m | mg/L | mg/L | mg/L | mg/L | as mg/L CaCO3| mg/L mg/L mg/L | mg/L | mg/L
Kleinkopje Pivot 1 5.41 306 697 278 55 14 12 12 2453 0.03 0.01 1.52
Kleinkopje Pivot 4 8.31 505 751 473 138 41 114 94 3447 0 0.06 0.42
Syferfontein 8.84 381 35 91 789 10 621 30 1220 0.08 0.05 0
New Vaal 7.57 166 188 69 138 9 246 17 694 0.01 0.02 0.05
Optimum 7.41 311 438 339 113 39 297 36 2440 0.01 0.3 0.01

To further investigate this, Usher (2003) made use of PHREEQC to analise almost 8000
samples from over the entirety of the Witbank and Highveld Coalfields to ascertain the
degree of saturation with gypsum (Figure 2-3). This figure shows the saturation state,
represented by the saturation index (Sl), which describes the state of any solution relative to
the mineral being evaluated (Appelo and Postma, 1993). The maximum solubility of each
mineral at equilibrium is given by its theoretical solubility (the K, value). The measured

concentrations in solution are used to determine whether this condition is met.

A value of 1700 mg/L was used by Usher (2003) as a lower cut-off to ascertain solubility
controls. From the 1071 samples in the obtained data set that exceeded 1700mg/L SO,,
almost half had S| values approaching equilibrium (a value of 0.1 was used as a cut-off).
Therefore, although not all the values in the higher ranges are at, or approaching equilibrium,
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2.4 Perception of the final fate of salts

On irrigated lands, irrigation water is the primary source of salts. At all the collieries except
Syferfontein, this water is gypsiferous. In the case of Syferfontein, the water is sodium
bicarbonate rich. The key concern relating to irrigating with these waters, focuses on what
happens to the salts in the water.

The general belief is that the answer is simple—the salts go where the water goes, and they
accumulate in soils where evapotranspiration (combined evaporation from soils and
transpiration by plants) exceeds combined precipitation and irrigation (Cordy and Bouwer,
1999). Thellier et al. (1990) state that irrigation with saline water may result in the
accumulation of dissolved mineral salts in the soil solution, in return resulting in increased
soil salinity. The water returning to the atmosphere by evapotranspiration is essentially
distilled water, leaving behind the salts in surficial soils and in the root zones of plants. To
avoid salinity damage and possibly killing plants or crops, the salts brought in by irrigation
water must be leached from the root zone by applying more irrigation water than can be
evaporated. The leaching results in sustainable crop production and plant growth. If the
amount of water leaching through the soil is too low to remove salts, the salt content in the
soil increases and crop yields may decrease. In such situations, the soil is said to be salt-
affected (Hoffman, 2004)

Generally, the leached water or deep percolation water continues to move downward through
the saprolite soil of the unsaturated zone until it reaches the groundwater (saturated zone),
and must eventually affect groundwater quality. Groundwater salinisation is more likely if the
irrigation water itself is saline or soluble salts are present in the unsaturated zone (Suarez,
1989).

Proper irrigation management can slow down or stop salinisation. If crop fields are
excessively watered or if large amounts of water are allowed to seep away from canals, the
groundwater surface under the field and under the region can be raised (Sommerfeldt and
Chang, 1980). If the groundwater surface rises to within 3 m (depending on soil type) of the
surface, the upper portion of the saturated zone will experience evaporation, which will cause
dissolved salts in the groundwater to become concentrated in the soil profile (Szabolcs,
1986). In arid areas, irrigation can cause the aquifer recharge rate to experience a forty-fold
increase even with well-planned water conservation practices. The ability of the soil and
bedrock to absorb and transport this increase without raising the water table will allow salts
leaching through the soil profile to be carried away. If the soil has layers that possess low
hydraulic conductivity, a perched water table could be created over the regional aquifer. If
drainage is poor due to bedrock, soil or topography the water table will rise and water and
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salts will eventually reach and be concentrated in the root zone leading to the destruction of
fertility (Schwartz et al., 1987).

According to Erie ef a/. (1982) all the water that is not evaporated or transpired, leaches salts
from the root zone. This water contains almost all of the dissolved saits from the irrigation
water. As an example consider cotton grown in south-central Arizona with an efficient
irrigation system that applies 1.6 m of water per year, of which 1.3 m evaporates or transpires
(Erie et al., 1982), and about 0.3m leaches salts from the root zone. The leaching process
produces 0.3 m of deep-percolation water per year. This moves down to the groundwater
table; although this 0.3 m of water per year contains almost all of the dissolved salts from 1.6
m of irrigation water. As a result, salt concentrations in the deep-percolation water will be as
much as five times higher (Bouwer, 1990) than those of the original irrigation water. This
research will determine the validity of all of these beliefs, and whether some of the salts are
retained in the soil, if so at which quantities, and whether over-irrigation will leach these salts
into the groundwater.
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constructed. Irrigation commenced again in October 2005. Since then a half circle was

recommissioned. Only perennial grasses are being cultivated at this site.
3.4.1 Surface Hydrology

3.4.1.1 Rainfall

The annual rainfall (MAP) for the area at a 50% percentile is 708 mm (SA Weather Service -
Rainfall Station: Secunda no. 047830-3). The mean annual evaporation (MAE) for the area is
1550 mm, and the mean annual runoff (MAR) 50 mm (Midgley et a/, 1990).

3.4.1.2 Topography

The surface slope through the irrigation area is to the north at an average gradient of 1:30.
Boreholes were sited in such a way that any groundwater migration from the pivot would be
intercepted by these boreholes (Figure 3-19). Borehole siting was done with consideration of

the dyke positions and flow directions.

Borehole OBH3 was intended to monitor background water quality. The remaining boreholes
are situated in the northeastern corner of the pivot adjacent to the test quadrant being
researched by the University of Pretoria. An existing borehole, REGM-86, is also close
enough to serve as a monitoring borehole and has therefore been included in the monitoring
system.

Trenches were dug in 2001 to prevent the runoff water from the pivot area entering the

boreholes from surface, thereby preventing skewing of the results.
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4 A REVIEW OF THE HYDRAULIC CHARACTERISTICS AND
HYDROCHEMICAL IMPACTS OF IRRIGATION ON SOIL AND
SPOILS

The main difference among the different research sites is the irrigation water quality and the
type of soil on which the irrigation occurs. Of importance to the mining industry is the
availability of soil for irrigation. Both virgin soil (in the natural state without any interference
from mining activity) and rehabilitated spoils are important for future large-scale irrigation.
The hydraulic and hydrochemical properties of these two options differ vastly.

4.1 \Virgin soil irrigation

4.1.1 The Unsaturated Zone (Vadose zone)

The unsaturated zone (vadose zone) is the portion of the subsurface above the ground water
table. It contains, at least some of the time, air as well as water in the pores. Its thickness can

range from zero meters to hundreds of meters, as is common in arid regions.

Unsaturated flow represents an interesting challenge, namely the non-linear relation between

degree of saturation, pressure and permeability.
Processes in the unsaturated zone.

o Water storage, plant nutrients, and other substances are present in the unsaturated
zone (USGS, 2001). The unsaturated zone is not always considered a major storage
component of the hydrologic cycle because it holds only a tiny fraction of the earth's
fresh water, which is usually difficult to extract. It is however of great importance for
storing water and nutrients in ways that are vital to the biosphere.

o Transmission of water and other substances occurs in the unsaturated zone. It is held
by some hydrologic viewpoints as a zone that to a large degree controls the
transmission of water to aquifers, as well as to the land surface, to water on the
surface, and to the atmosphere. It may be a controliing factor in the amount of water
that recharges an aquifer, or it may yield information that permits this replenishment
to be quantified.

o The unsaturated zone contains natural and human-induced activity. Its constituents
do not passively reside in place or pass through to the water table. The unsaturated
zone experiences physical phenomena such as thermodynamic interactions, transport
processes of various kinds, and chemical reactions. There are also chemical
reactions involving both natural and artificial substances. There is the biological
activity of plant roots, rodents, worms, microbiota, and other organisms. As a zone of
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human activity, it is used all over the earth for the cuitivation of plants, construction of
buildings, and disposal of waste.
Water moves downwards through porous soils and sediments and, under favourable
conditions, may preserve a record of weathering processes, climatic variations (in the Cl or
isotopic signature), or human activities such as agriculture (NO3) and acidification (H+). This
record can be considered as the output from the soil zone and may reflect the properties or
change in properties of soils.

The frequency of measurement suggested is 5-10 year intervals to confirm the movement of
solutes towards the water table. Relatively homogeneous sediments are required where flow
takes place uniformly (diffusive flow). In macro-pore media, possible by-pass flow (preferred
pathways) needs to be taken into account, as when some contaminant travels relatively
rapidly to the water table along fissures, root channels, mouse and mole holes, cracks in the
soil, etc. The quality of groundwater reflects inputs from the atmosphere, from soil and water-
rock reactions (weathering), as well as from pollutant sources such as mining, land
clearance, agriculture, acid precipitation, domestic and industrial wastes. The relatively slow
movement of water through the ground means that residence times in groundwater are
generally orders of magnitude longer than in surface waters. Dispersion, reaction and mixing
ensure that the addition of small amounts of contaminants is commonly difficult to detect.
Below the water table, groundwater is not generally a good archive of past changes because

of dispersion of the input signal.

4.1.2 Unsaturated flow (matrix flow or diffusive flow)

Even with the complexity of soil water flow, diffusive flow of water through soil will still occur.
The rate of soil water flow is variable. Compacted soil layers that are so compact that they
stop root growth will transmit water at slower rates, because of the smaller pore sizes.
Irrigation water management must be tailored to account for rooting depths. If a compacted
layer stops root growth, but not water movement, water and nutrients may move below the

compacted zone and never be used by the crop.

In summary, waters flow through smaller pores partly due to gravitational forces, but also due
to soil wetness or dryness. Water flows from wet to drier soil, but it flows more slowly in dry
soil. The moisture content is dependent on the porosity and the permeability of the soil (de
Marsily, 1986). Below a certain point the water content does not increase and the soil is said
to be saturated, with all the pores filled. This water belongs to the water table aquifer.
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Darcy's law and the concepts of hydraulic head and hydraulic conductivity have been
developed with respect to a saturated porous medium where all the voids are filled with

water.

Q=K A Ah/L

Where in the simplest form:

Q = Total discharge
Ah/L = Hydraulic gradienti
K = Conductivity

A = cross-sectional area to flow

[Darcy’s law is a simple mathematical statement which neatly summarises several familiar
properties that groundwater flowing in aquifers exhibits (Wikipedia, the free encyclopedia,
2006), including:

o If there is no pressure gradient over a distance, no flow occurs

o Itthere is a pressure gradient, flow will occur from high pressure towards low pressure

(opposite the direction of increasing gradient - hence the negative sign in Darcy’s law

o The greater the pressure gradient (through the same formation material), the greater

the discharge rate

o The discharge rate of fluid will often be different through different formation materials
(or even through the same material if in a different direction)- even if the same

pressure gradient exists in both cases].

However, soils are seldom saturated, especially near the surface. The voids are only
partially filled with water, and the remainder of the pore space contains air. The flow under
such conditions is called unsaturated flow. The water is subjected to the forces of gravity in
the saturated zone, and to the capillary forces in the unsaturated zone. Water falling on the
soil surface begins by moistening the upper few centimetres, and does not cause an
immediate significant vertical flow. As rain or irrigation causes the water content to increase,
the water spreads downward and moistens a deeper zone (Figure 4-1). If the wetting at
surface continues long enough, the moistening will be progressively greater and eventually

will cause infiltration into the aquifer.
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Greater water content goes with greater matric pressure. Zero matric pressure is associated

with high (saturated or nearly saturated) water content. As matric pressure decreases the
water content decreases, but in a way that is nonlinear and hysteretic. The relation between
soil moisture potential (matric pressure) and moisture content, called a moisture retention
curve (right), is a characteristic of a porous medium that depends on the nature of its pores.
This relation strongly influences the movement of water and other substances in unsaturated

media.

2. The hydraulic conductivity, a measure of how easily water moves through the medium for a
given driving force, is a second characteristic that is critical to water movement. The hydraulic
conductivity has a highly sensitive and nonlinear dependence on the water content. Usually it
is assumed that the flow rate of water is equal to the hydraulic conductivity times the driving
force (typically gravity and pressure differences). This relation is known as Darcy's law. When
the flow is steady, Darcy's law may suffice in itself for quantifying the flow. When the soil is
not saturated, soil moisture flows downwards by gravity flow through interconnected pores
that are filled with water and, to a lesser extent, as a film along particle surfaces in pores that
also contain air. With increasing water content, more pores fill, and the rate of downward
water movement increases. Darcy’s law is valid for flow in the unsaturated zone, although the
unsaturated hydraulic conductivity, K(6,) is not a constant. The unsaturated hydraulic
conductivity is a function of the volumetric water content, 6,. As 8, increases, so does K(6,).
The value of the moisture potential, ¥, is also a function of 8,, often ranging over many
orders of magnitude. The relationship between moisture potential and volumetric water
content is determined experimentally for a given soil. The results are graphed as a soil-water
retention curve. The total potential ¢ in unsaturated flow is the sum of the moisture potential

Y (6,) and the elevation head, Z:

¢ = yib,) +z

The water table is commonly regarded as the boundary between the unsaturated and
saturated zone, but a saturated capillary fringe often exists above the water table. The water
table is best defined as the surface on which the fluid pressure p in the pores of a porous
medium is exactly atmospheric (Freeze and Cherry, 1979) or p=0. This implies that ¢ = 0
and since h = Y+ z, the hydraulic head at any point on the water table must be equal to the

elevation z of the water table at that point.

The relationship of unsaturated hydraulic conductivity and volumetric water content can be
determined experimentally. A sample of rock is placed in a container. The water content is
kept constant, and the rate at which water moves through the soil is measured. The value of

K(6,) can be determined by Darcy’s law.
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Darcy’s law in the unsaturated zone is given by:

dH
q, = K(H)—
dz

Where:
K (H) = unsaturated zone K, depending on moisture [water] content

6 = water content (degree of saturation)
H = total Head (m)

dH/dz = soil water gradient

H=h+z

h = matric potential (m) - or matric suction head
z = depth below surface (m)

Darcy’'s law was developed for saturated flow in porous media. To this Richards applied a
continuity requirement suggested by Buckingham, and obtained a general partial differential
equation describing water movement in unsaturated non-swelling soils. The transient state
form of this flow equation is commonly known as Richards’ equation and is a highly dynamic
phenomenon. The equation may be represented quantitatively by a combination of Darcy's
law and the continuity equation (Buckingham-Darcy flux equation). The Richards’ equation

(1931) combines both these laws in one formula:

Thus:
dH dh
— =—+1
dz dz
And therefore:
dh
q; = K(H)[d—+1]
zZ

Because of the hysteresis effect of K(H), K(6) is used instead which shows much less

hysteresis:

g = K(é))[f’g +1]




with:
K = the hydraulic conductivity (m/s);

h = the pressure (matric) potential (m), i.e. soil water pressure head);

@ = the volumetric water content (m*/m 3):

z = the gravitational potential or height above a reference level (m), i.e. the vertical distance
taken positive upwards.

(For unsaturated conditions % is negative).

The use of measured or estimated hydraulic properties with formulations such as Darcy's law
and Richards' equation can quantify the movement of water (matrix flow) in the unsaturated
zone. The flow rate of water is often very directly of interest, for example in estimating how
fast water moves down to the water table. It is also critical in the transport of contaminants,
whether they are dissolved in the water or moving in a non-aqueous liquid or solid form. The
usual first step in assessing the rate of contaminants spreading in the subsurface, is to

assess the flow rate of water that to some degree moves the contaminant along with it.

Using of this formula requires the knowledge of two properties of the medium: the
unsaturated hydraulic conductivity, and the differential water capacity, which can be directly

calculated from the water retention curve.

For a wetting front (infiltration) the equation reduces to g~A; (because the gradient becomes
1 very quickly at saturation). To solve this equation, K{6) and A must be known. The relation

between ¢and Ais called the soil water retention curve, as discussed earlier in the section.
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Figure 4-2: Soil water retention curve. Notice that the saturated porosity is equal to the water
content where the matric potential = 0 m (i.e. 0.3 in this graph). In practice, no flow occurs if
the matric potential is smaller than -70 m.
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Figure 4-4: Example of K-value for sandy and clayey soll.

One important consideration in unsaturated flow is that at low volumetric content, the
relations that hold true in saturated flow may be invalid (Fetter, 2001). The best example is
the fact that for coarse materials such as sand and gravel, the pores are large and drain
quickly. At lower volumetric moisture contents, there may be very few saturated pores. On
the other hand, most of the pores in finer-grained soils may still be saturated. In a soil with
large pores, these pores quickly empty and become nonconductive as suction develops, thus
steeply decreasing the initially high conductivity. In a soil with small pores, on the other hand,
many of the pores retain and conduct water even at appreciable suction, so that the hydraulic
conductivity does not decrease as steeply and may actually be greater than that of a soil with
large pores subjected to the same suction. Since the soil in the field is largely unsaturated, it
often happens that flow is more appreciable and persists longer in clayey than in sandy soils.
For this reason, the occurrence of a layer of sand in a fine-textured profile, far from
enhancing flow, may actually impede unsaturated water movement until water accumulates
above the sand and suction decreases sufficiently for water to enter the large pores. This

simple principle is all too often misunderstood (Hillel, 1982).

Thus, at lower values of 8, the unsaturated hydraulic conductivity of clay may be greater
than that of sand. A layer of sand in a fine-textured, unsaturated soil may retard the
downward movement of infiltrating water owing to its low unsaturated hydraulic conductivity.
The ratio of surface area to volume of a particle is inversely proportional to its radius. The
surface area of grains exposed to pores in a fine-grained porous medium is thus larger than
in a coarse-grained porous medium. A fine-grained porous medium may therefore contain
more fluid than a coarse-grained porous medium, but will also adsorb a much larger volume
of fluid. This explains why a clayey formation, with its fine-grained matrix, forms a poor
aquifer, although it may contain larger quantities of water than a corresponding coarse-
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grained sand aquifer. Less force will thus be needed to remove water from a pore with a large
radius than from one with a small radius. Pores with large radii, therefore, will drain before
pores with smaller radii in unsaturated flow.

4.1.3 Preferential flow (macropore flux)

4.1.3.1 Introduction

It is usually assumed on a macroscopic scale, water flow in soils obeys Darcy’s law. This
assumption is not valid in structured or aggregated soils in which varying flow velocities occur
on a macroscopic scale (Hutson, 1983). Water applied to the soil surface initially moves
rapidly through macropores and other pathways, but more slowly through finer matrix pores.
By Poiseuilles law, the total flow rate of water through a capillary tube is proportional to the
fourth power of the radius, while the flow rate per unit cross-sectional area of the tube is
proportional to the square of the radius. A 1-mm-radius pore will thus conduct the same
amount of water as 10 000 pores with a radius of 0.1 mm each. There is thus a short-
circuiting effect that causes the water to be transmitted rapidly into the profile along larger
pores, cracks and other channels, leaving the fine matrix relatively dry. (Darcian models will
be most applicable to horizons that have a micropore system. All water will enter and leave

the horizon vertically. Any lateral flow will thus invalidate such Darcy models).

Preferential flow refers to the uneven and often rapid movement of water and solutes through
porous media (typically soil) and fractured media, characterised by regions of enhanced flux,
so that a small fraction of media participates in most of the flow, allowing much faster
transport of a range of contaminants, including pesticides, nutrients, trace metals, and
manurial pathogens (Steenhuis et al/, 2002). This creates significant consequences for
groundwater quality (Figure 4-5). High pesticide concentrations which are associated with
preferential flow phenomena, were initially described by Lawes et a/ (1982). During field
drainage experiments, the authors distinguished between preferential and matrix flows
(diffisuve, piston like), and pointed out that the relative importance of the two kinds of
drainage depends on soil type and rainfall intensity. Matrix flow is the relative slow and even
movement of water and solutes through the soil while sampling all pore spaces, obeying the
convective-dispersion theory, which assumes that water follows an average, flow path
through soil (Figure 4-6). These two types of flow affected solute transport differently.
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4.1.4 The hydrochemical effects of irrigation with saline water on the soll.

Any water used for irrigation carries ions in solution. Depositing this water on fields in the
form of irrigation can affect the concentration of salts in croplands. If these salts become
excessively concentrated, it can lead to salinisation (Steffen and Savina, 1996). Salinisation
can reduce yields in its earliest stages and eventually lead to the destruction of fertility in the
soil. This is referred to by Steffen and Savina as “The Secondary Salinisation Process’:
Salinisation has a direct effect on both plant growth and the structure of the soil. If the soil is
saline a plant will have to expend energy to bring water into its cells because it is forced to
work against osmotic potential. The cation exchange capacity (CEC) affects the stability of
colloid-sized particles in the soil. The cation's positive charge will be attracted to the negative
charge found on clay particles, which make up most of the colloid fraction. Divalent cations
(Ca, Mg) will allow the colloidal particle to group together closely enough so that Van Der
Wahls forces will cause the clays to flocculate, or form stable aggregates. Sodic soils, whose
CEC is dominated by mono-valent sodium cations, will tend to be dispersed and not form
stable aggregates. Sodium is mono-valent and can not pull the colloid particles close enough
together for the short range Van Der Wahls forces to act. Sodic soils will tend to have a dark,
organic appearance due to the dispersion of clay and organic particles while saline soils will
tend to have a white crusty surface due to the precipitation of salts (Lax et a/, 1994). Both

these effects will lead to decreased permeability and hydraulic conductivity.

4.1.5 Prior-conceptual model for irrigation at virgin soil sites.

A new mindset and paradigm for studies that may involve groundwater has been suggested
by LeGrand and Rosen (2000) , the objectives are (1) obtaining optimal value from existing
information, (2) reaching a high plateau of knowledge as a basis for further study and (3)

providing an early perspective to be explained to involved stakeholders.

Specialised hydrogeologists rarely use experience, generalisations and qualitative linguistic
modeling to obtain full synergistic value that will maximise understanding. The application of
systematic reasoning Is refered to as prior conceptual modeling explanation (PCME) and
represents an initial high grade, synergistic analyses of hydrogeological foreknowledge.
PCME leads to a package of open-ended thoughts and statements that allow for further
study, provisional decisions or definite decisions. If properly prepared and presented at an
early stage, a large part of the total hydrogeological information needed for site studies at an
average site is already available, partly in unrecognised or latent form. With this advanced
background of foreknowledge, adequately developed and displayed, only a fraction of time

and money normally used in site studies may be needed in most cases.
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elevation in these pits is of prime importance; where the elevation is at a point where most of
the spoils are submerged, the water quality is expected to improve over time. Where largely
unsaturated conditions subsist, the likelihood of acidification and poor quality water with high

sulphate increases.

Coal strip-mining was introduced in the Mpumalanga Coalfields in 1971, and became
widespread during the mid-1970s. During the 1980s the awareness of changes in the
hydrological properties of soil became widespread. (The mining method involves the
complete removal of the overburden above the coal in adjacent strips). Following the removal
of the coal, the material from an adjacent strip is dumped into the void and graded to form a
new surface topography. Usable soil materials stripped ahead of mining are then replaced on
the new surface. Because of the large volumes involved, heavy machines are required, which
exert a compactive force on the soil over which they travel. Various soil amelioration and
revegetation operations then follow to complete the rehabilitation process). In an effort to
improve rehabilitation and quantify impacts, large mining companies conducted a number of
studies (Tanner, 1993; Viljoen, 1993; Van der Merwe, 1993).

In order to understand these processes better, a research initiative by the WRC was
conducted at six sites at Kriel, Middelburg South and Optimum (Schoeman et a/,, 2002). The
study was linked to work previously done during 1994 - 1996 at Arnot, Kleinkopje and New
Vaal. The findings include:

o The cover soils consisted of structureless clay loam to sandy clay loam, derived from
orthic, red, yellow-brown and plinthic soil horizons, and ranged in depth from 0.55 to
1.05 m. The pH of the soil cover was low in places (average pHkc. 5.7, 5.5, 5.0, 4.8,
4.5 and 4.4 at the six sites respectively), and that of the spoil material was low at
Middelburg South (<4.5) but above 6 and 7.1 at the Optimum and Kriel sites
respectively. Pockets of strong acidity do occur in spoils material, but acidity due to
pyrite oxidation was not identified as a major limitation to land use (Usher et al,
2003).

o Mineralogically, the fine fractions of the cover soils are strongly dominated by kaolinite
(55-80%). Approximately 10% clay-sized quartz occurs. Water-dispersible to total clay
ratios vary between 0.01 and 0.34, indicating relatively high to intermediate aggregate

stability. The cover soils are susceptible to compaction and hardsetting behaviour.

o Water available for evapotranspiration varied between 45% and more than 100% of
the annual rainfall. Maximum rates of evapotranspiration were in the order of 5 to 8

mm per day. The net gain or loss of soil water during the season was small.
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Heterogeneities introduced during mining and reclamation cause spoil to exhibit a dual-flow
groundwater system. Mine backfill contains a substantial percentage, by volume, of large
(macro) voids. The void volume may equal the spoil swell (a volume increase from mining,
which may be as high as 20 to 25%. Porosity values of 16 to 23% have been recorded by
field measurements in mine spoil in the coalfields (Rahn, 1976; Hawkins, 1998). The macro-
voids are within a matrix of unconsolidated material composed of clay-sized (<2 microns) to
boulder-sized (>2m) particles. The macro-voids’ behaviour is similar to that of a karst aquifer,
capable of storing and transporting large volumes of water. They may exhibit multiple water
tables within the same unit (Caruccio et a/, 1984), whereas spoil material itself behaves as a
highly transmissive unconsolidated porous medium. Mine spoils exhibit an average hydraulic
conductivity of two orders of magnitude greater (geometric mean) than the adjacent unmined
strata (Hawkins, 1998).

The water level and conductivity forecasting are based on the factors of mine backfill age,
spoils lithology and thickness, dip of the pit floor and distance to the closest unmined strata

(highwall). Spoil age is important as a parameter, because spoil properties evolve with time.

In aquifer testing, mine spoil behaves as an unconfined aquifer under most circumstances. A
summary of aquifer testing illustrates a wide range of K-values, and ranges over seven
orders of magnitude from 3.5x10™ to 1.73x10° m/d. The smaller K-values associated with
mines <31 months old are attributed to the poor interconnection of voids and pore spaces of
the relatively freshly acclaimed spoil in which the water table may take up to 24 months to
rebound. On the other hand, small K-values at mines >100 months old appear to be caused
by spoil compaction, rock weathering, piping and settlement that decrease the void and pore
space as these sites age. However, no reasonable correlation for K could be approximated
by regression analysis for age or any other factors.

Greater saturated thicknesses were associated with higher sandstone content (>35%). This
relationship is related to the higher rates of recharge associated with blocky sandstones.
Analyses indicate that the prediction of saturated thickness is directly dependent on the
sandstone/shale ratio, age of the spoil, total spoil thickness, and the distance to the highwall.
This relationship is strongest for sites <60 months old, but is still somewhat viable for sites >
60 months in age. The decreased predictability at the older sites appears to result from
differing degrees of spoil compaction, piping, settling, and rock weathering commonly
observed between mine sites.

Even though it seems as if the findings of the different researchers differ, there is truth in all
the statements. From personal experience the author has seen spoils that drain fast, as well
as spoils that drains very slowly. Much depends on the type of spoils, the age and the clay
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content in the weathered rock, as well as the capping material and the degree of compaction
by construction vehicles.

Sracek et al. (2004) investigated the geochemical characterisation of Acid Mine Drainage
from a waste rock pile at Mine Doyon in Québec, Canada. Pore water in the unsaturated
zone was sampled from suction lysimeters and with piezometers in underlying saturated
rocks. The investigation revealed strong temporal (dry period vs. recharge period), and
spatial (slope vs. central region of pile) variability in the formation of Acid Mine Drainage. The

main secondary minerals observed were gypsum and jarosite.

The AMD production in mine tailings has been studied extensively, for example by Dubrovsky
et al. (1985) and Blowes et a/ (1991). In contrast, much less is known about AMD generation
from waste rock. Several waste rock studies have evaluated temperature and gas
concentration profiles (Lefebvre et a/, 2001 and Kuo and Ritchie, 1999). These studies
revealed the significant role of air convection in the unsaturated zone of very reactive waste
rock piles. However, the geochemical environment within waste rock piles is less well known.
Until recently, the focus in waste rock geochemical studies has been on the quality of
drainage water flowing from the waste rock base (Morin et a/, 1994). This type of monitoring
represents an integral part of the acid drainage produced in various parts of the dump over
space and time. However, this information does not provide a clear picture of geochemical
processes within the pile (Ritchie, 1994). There have been attempts to obtain data on water
chemistry within the unsaturated zone of waste rock piles (Shafer et a/, 1994). They were not
very successful, however, because of the low water content and correspondingly high suction
values characteristic of semi-arid climate conditions in the northwest USA. The acquisition of
geochemical data from the unsaturated zone of a waste rock pile remains a topic of on-going
research (for example, Smith et a/, 1995 and Stockwell et a/, 2001).

The approach that Sracek et a/ (2004) use for the assessment of water quality within waste
rock deposits was based on sampling leachate from both unsaturated and saturated zones

within the pile combined with transport and geochemical modelling, and solid phase analysis.

4.2.2.2 Hydrogeology of coal mine tailings

Tom and Blowes (1999) studied the hydrogeology of tailings impoundment. They stated that,
because flowing pore water in tailings can transport dissolved constituents from the enclosed
impoundment into the surrounding environment, an understanding of the flow system is
critical to accurately assess the environmental impact of tailings disposal. In addition, long-
term water-treatment costs are affected by the amount and quality of the effluent from the
tailings. Important aspects of the groundwater flow system within the tailings and surrounding

natural geological materials are the direction and rate of groundwater movement and the
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distribution of recharge and discharge areas. Delineating recharge areas is important,

because geochemical processes such as sulfide oxidation may degrade the quality of the

- recharging pore water, ultimately affecting the quality of the pore water throughout the

impoundment. When the locations of recharge areas are known, steps may be taken during

mine decommissioning to protect these areas from the effects of sulfide oxidation.

To characterise the pore water flow system within the tailings, the hydraulic conductivity (K),
hydraulic head and the water table elevation at piezometer nests located within the tailings

impoundment were measured.

Results of the study indicated that hydraulic conductivity measurements with the Hvorslev
method (Hvorslev, 1951) range between 8x10™ to 8x1072 m/d. The values obtained using the
constant-head permeameter were consistent with this range, with fractured samples
displaying K values of up to one order of magnitude greater than the matrix (107 vs. 107
m/d). The narrow distribution of A within the tailings was a reflection of the uniform grain-size
distribution. There was a trend toward decreasing K'with increasing depth, which may be due
to consolidation of the tailings. The lowest A values (<1x10™® m/s) were obtained from the
deepest piezometers, thought to be installed within the underlying silt and clay (Al et al,
1994b).

4.2.2.3 Stratification and mineralogy of spoils versus hydrochemistry

Some mining types have a set of conditions that promote poor quality water, while others
ameliorate the effects of pyrite oxidation. In all mining types, however, the local mineralogical
conditions provide the most important driver of water quality. Newbrough and Gammons
(2002) emphasise the importance of understanding the relationship between mine drainage
chemistry and the mineralogy of the surrounding rocks, and how these relationships can vary
on a district scale.

Usher (2003) indicates the validity of this observation by means of trenches dug in the spoails.
In underground mining, this is no less important. A case study at an underground
compartment shows that the roof sediments have a higher probability of acidification than the
coal seam itself, implying that the high extraction areas pose the greatest risk. The balance
between the increased recharge, with the addition of alkalinity and faster inundation, against
the higher surface area and lower net neutralising potential will determine the final water

quality.

Table 4-1 summarises some of the key issues from a hydrogeochemical perspective:




Table 4-1. Key processes in opencast mining that affect water quality (Usher, 2003).

Rehabilitated Opencast

Recharge 15%-25%

Dilution can occur

Relative Surface Area High

Faster reactions, high salt loads

Porosity 25%

Flooding can occur to prevent excessive salt loads

Coal Removal 90%

I/f coal seams are the most likely to acidify, it reduces the risk

Decant Likely

Outflow can occur with small amount of material flooded

4.2.2.4 Conceptual model for irrigation on spoils

The way in which the spoils heaps react to irrigation is an important consideration for

correctly including the influences within a reactive model. Major aspects are schematically

indicated in Figure 4-13

1.

All the spoils above the flooded or final decant elevation will remain reactive for
extended periods after closure. Pyrite oxidation will continue and, provided that
enough calcareous carbonate material occurs, concentrations will not exceed in the
order of 5000- 6000 mg/l. If acidity occurs, this value can be greatly increased.
Recharge onto rehabilitated spoils will be in the order of 15-20%.

In the flooded spoils, oxidation reactions will decrease in most cases. James (1996)
shows this to be the case in laboratory tests on South African spoils, while research
by Vermeulen (2003) shows this to hold for spoils at Transvaal Navigational Colliery
(TNC) and Schoongeschigt Colliery. Van Tonder et a/. (2003) and others have shown
that the inflow and outflow volumes in the pit are in the same order. The transmissivity
of the spoils is extremely high, resulting in a flat water table controlled by the decant

elevation.

73







5 METHODOLOGY

5.1 Introduction

Irrigation with mine water has been ongoing at the different pivots (as described in Chapter 3)
for periods of three to nine years. Monitoring the groundwater quality at these sites has not
detected significant deterioration of groundwater quality. The focused and detailed monitoring
of the groundwater throughout the duration of the project is one of the pillars of this project,
and may even be extended beyond the duration of this work.

To achieve the aims of this study, the methodologies that are outlined in this chapter were
applied. Detail of each approach is given in the different sections of this chapter.

5.2 Groundwater monitoring

Boreholes were drilled at all the irrigation sites, and placed at such positions that the water
levels and water quality, inside and outside the irrigation areas (for background values), could

be measured.

The boreholes were drilled by means of air percussion method. The boreholes were drilled to
a diameter of 165 mm. All the boreholes were cased as a precautionary measure against
collapse.

The monitoring investigation included:
o Investigation of the local geology
o  Water level measurements and interpretation.
o  Multi-parameter chemical profiling of the water quality in the boreholes.

o Sampling and chemical analyses of water in the boreholes

5.2.1 Geochemical profiling

The boreholes were profiled with an YSI multi-parameter Sonde probe (Figure 5-1)
connected to a laptop computer. Multi-parameter logs ensure that water qualities are
measured, as they are in-situ, without disturbing the water column in the boreholes through

sampling. The advantages of such probing are as follows:
o In-situ measuring of temperature, DO, ORP, pH and conductivity.

o The position of fractures can be identified.
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It is essential that sampling should always be at exactly the same depth in order to get a
uniform picture of the true water quality. Sampling at different depths can result in incorrect

concentrations. In order to prevent heavy metals in the water samples to precipitate, part of it

was filtered and acidified to a pH of below 3 immediately after sampling. After every sample

all the equipment was washed with deionized water to ensure that cross-contamination is

ruled out.

All analyses were done at the Institute for Groundwater Studies at the University of the Free

State. The following methods were used:

Anions: A filtered water sample was injected into a stream of carbonate-bicarbonate eluent
and passed through a series of ion exchangers. The anions of interest were separated on the
basis of their relative affinities for a low capacity, strongly basic anion exchanger (guard and
separator columns). The system used is the Dionex DX-120 ion chromatograph and the

columns used are lonpac AG 14 and AS14 columns.

Cations: Dissolved metals were determined in filtered and acidified samples. An ICP source
consists of a flowing stream of argon gas. A sample aerosol is generated in an appropriate
nebulizer and spray chamber and is carried into the plasma subjecting the constituent atoms
to temperatures of 8 - 10 000 K. The high temperature of the plasma efficiently excites atomic

emission. The light emission is registered and the concentrations of the metals determined.

5.3 Soil Sampling

Obtaining soil and rock samples is a vital component of any drainage prediction methodology
and relies on adequate representative sampling. Sampling was conducted at the various

irrigation areas by means of (Figure 5-5):
o Core drilling
o Auger drilling and
o Test pits / trenches

o Samples were taken inside as well as outside the irrigation areas to obtain
background values. These samples were analysed at distinct lithological horizons to

determine clay content as well as the ion / mineral content.

o An excavator was used to dig the inspection pits in virgin soil and spoils to depths of
approximately 4m. From these, the stratigraphic nature of the soil, salient features

and the hydraulic features could be studied. /n-sitv samples were taken, which stored

in airtight bags.







5.4.2 Soil chemical analysis

All chemical analyses were done at the Institute for Groundwater Studies. All samples were
milled to pass a 250-um sieve and dried in the oven at 45 °C (ISO 11048).

Normally all leaching methods in soil sciences were developed to determine total plant-
available sulphate (Tabatabai, 1982 and DeJager, 2005). De Jager developed a method to
determine the dissolved and exchangeable/adsorbed sulphate in the soil due to irrigation

activities, which was used to analyse the soil:

A suspension of 5g soil and 50 m| of water was shaken for four hours and left to suspend for
16 hours. It was then filtered with Whatman No1 filter paper after which the extract was
analysed with ion chromatography and ICP to determine the precipitated part of the sulphate
and other ions. The soil residue from the filter was then dried, and a suspension of 5g soil
and 50 ml potassium-ortophosphate was treated in the same way to determine the adsorped

sulphate and other ions.

5.4.3 XRD and XRF

All samples were sent to the Geology Department at the University of the Free State for X-ray
diffraction analysis to determine the presence of gypsum and clay minerals. The mineral
composition of a sample will ultimately determine the contribution of different species in the
system as a whole (Usher et a/, 2003). The analyses were carried out with a Siemens D5000
Diffractometer with a CuKa radiation at 30kV and 40mA. Diffraction scans of the X-ray
intensity pattern against a 28 angle were viewed and interpreted using DIFFRAC-AT V.3.0.
software together with the JCPDS Mineral Powder Diffraction File Data Book (1980a) and
JCPDS Mineral Powder Diffraction File Search Manual (1980b). X-ray diffraction from
crystalline solids occurs as a result of the interaction of X-rays with the electron charge
distribution in the crystal lattice. The diffraction peaks are individually considered to be the
result of the diffraction of the incident X-ray beam of wavelength A from crystal lattice planes,
having Miller indices hkl and spacing dng. Plotting the measured intensity against the 26
angle (or corresponding crystal d-spacing) produces a diffractogram from which the minerals
in the sample can be characterised (Wainerdi and Uken, 1971).

X-ray Fluorescence (XRF) is the key technique for characterizing the element composition of
rocks and soil. XRF is generally used for analysis of bulk solids, and can be used to routinely
analyse for almost any element heavier than neon including non-metals. XRF analyses have

the additional benefit that it does not depend on putting a sample into solution, thus

eliminating problems with insoluble residues.




5.5 Soil water sampling (Porous cup lysimeters)

The unsaturated zone is the portion of the subsurface above the groundwater table. It
contains air as well as water in the pores. Its thickness can range from 0 meters, as when a
lake or marsh is at the surface, to hundreds of meters, as is common in arid regions (GCRIO

Website http://www.gcrio.org/geo/grndwt.html). At irrigation sites the elevated perched water

table will normally vary between 2m and 10m.

Soil Water Samplers, also referred to as suction lysimeters or porous cups, are used to
collect water samples from soil profile. The samplers are installed at the desired depth and
left in the soil, allowing periodic sampling to occur with minimal disturbance of the soil. The
samplers consist of a porous ceramic cup and a sample collection tube. A vacuum pump is
used to create a vacuum in the sampler, which draws water from the soil matrix, which
passes through the ceramic cup and into the sampler. The water sample can then be

extracted from the collection tube and taken to the lab for chemical analysis.

In 1961, Skaling and Wagner, of the University of Missouri, fashioned the first suction
lysimeter (Soil Report Newsletter of Soilmoisture Equipment Corp, 2002). The suction
lysimeter was a cylindrical device consisting of a porous ceramic cup (to withdraw soil pore
water); a body tube to act as a reservoir; and a simple stopper assembly with a single hole for
creating a vacuum and retrieving the sample. These early suction lysimeters allowed pore
water to be extracted from unsaturated soils near the surface. Subsequent changes to the
suction lysimeter added a “pressure" port to the stopper assembly and the
"pressure/vacuum" lysimeter was born. The new pressure/vacuum lysimeters extend the use
of lysimeters to greater depths or even remote locations. Recently lysimeters have been
extensively used to evaluate solute transport models (Corwin et 8/, 1992; Klein et a/, 1997
and Butler et a/, 1992), to monitor the fate and mobility of soil contaminants (Burne et &/,
1994, Kelly et al, 1998 and Corwin et a/,, 1994) and for evapotranspiration studies (Prueger
etal, 1997).

Unsaturated soils and the vadose zone are composed of a mixture of soil particles, water
held on the surface of soil particles and in small capillary spaces between the particles and

interconnecting air passages that are open to the atmosphere at the soil surface.

Extraction of a pore liquid sample requires a hydrophylic porous material with numerous pore
channels such as ceramic to transport soil water fluids without alteration or leaking, in order
to establish and maintain intimate hydraulic contact between interstitial pore liquid and the
sampler chamber. Because of its surface tension characteristics, water in contact with a
ceramic cup will completely fill its pores whenever the air pressure differential across the
ceramic does not exceed a critical value related to pore size called the “air entry value” or

“bubbling pressure”. Volumetric porosities of the interface material should be greater than
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tension in the closed tube. As the soil is re-wetted, the tension gradient reduces, causing
water to flow into the ceramic tip. As the soil goes through wetting and drying cycles, tension
readings can be taken.

Most commercially available tensiometers use a vacuum gauge to read the tension created
and have a scale from 0 to 100 centibars (one bar or 100 centibars of pressure or tension is
equal to 14.7 psi). The practical operating range is from 0 to 75 centibars. If the water column
is intact, a zero reading indicates saturated soil conditions. Readings of around 10 centibars
(cb) correspond to the field capacity for coarse-textured soils, while readings of around 30 cb
can approximate field capacity for some finer-textured soils. The upper limit of 75 cb
corresponds to as much as 90% depletion of total available water for the coarse-textured
soils, but is only about 30% of the depletion for silt loam, clay loams, and other fine-textured
soils. This limits the practical use of tensiometers for coarse-textured soils or to high

frequency irrigation where soil water content is maintained at a high level.

Tensiometer readings may be used as indicators of soil water and also of the need for
irrigation. When instruments installed at shallower depths of the root zone reach a certain
reading, they can be used to determine the time to start irrigation, based on soil texture and
crop type. Similarly, instruments at deeper depths of the root zone may be used to indicate
when adequate water has been applied. It can also be used to determine the soil water
volumes (and movement) deeper down towards the water level. Careful installation and
maintenance of tensiometers are required for reliable results. The ceramic tip must be in
intimate and complete contact with the soil. During this study holes were drilled with a core-
drilling rig to install the tensiometers in. A slurry of silica flour and original soil was introduced
into the hole at the desired depth into which the tensiometer tip was inserted. The hole was
filled with some of the original soil, sealed with cement halfway between two tensiometers
and the process was repeated with the next tensiometer in the same fashion as with the
porous cup lysimeters. A few days are required for the tensiometer to arrive at equilibrium

with the surrounding soil.

For this research, Lorentz and Pretorius from the School of Bioresources Engineering and
Environmental Hydrology at the University of Kwazulu-Natal designed custom-made
tensiometers to measure tension as deep as 6 m, and depending on the depth of the water
table, tensiometers were installed at every meter down the drilled hole (Figure 5-7). The
operation of these tensiometers is described in Manual for the operation of Tensiometer
Nests using the HOBO Logger System ( Thornton-Dibb and Lorentz, 2002).

A four-channel logger was developed to record signals from pressure transducers attached to
tensiometers and submerged in groundwater wells. The automatic tensiometers house the

water phase in a hydraulic hose, which is protected using PVC conduit. The components are
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o Leaching of acidic and non-acidic spoils with deionised water, irrigation water and

irrigation return water. Three duplicate sets of 2-m columns with a diameter of 160
mm were packed with raw spoils obtained directly from the mines. After thorough
mixing, equivalent amounts of spoils were loaded sequentially into each column by
hand. The columns were loaded until each contained 50 kg of material. Initially the
cells were leached with 5 litres of water to completely inundate the column and leach
out the accumulated oxidation products.

o /n situ columns were installed at the spoils irrigation site at Optimum. These columns
were 215 mm in diameter. Three columns with lengths 2m, 4m and 4.5m were
installed and filled with spoils in the exact sequence of collection from the pit in which
these columns were placed. These columns incilude a dead end at the bottom, which
was filled with fine-grained washed gravel where the water could assemble. A small
piezometer pipe was installed in each column to measure water levels and extract
water.

o Leaching of unpolluted background soils with irrigation water (25 pore volume cycles)
with gypsiferous waters in order to determine precipitation and adsorption capabilities

of the soils. The columns were 65mm in diameter and 2.5 m in length.

o Leaching of irrigated soil columns (sampled down to the water table) with rainwater.
This was done to determine the time required to flush polluted soils, at which rates
and tempos. The columns were 65 mm in diameter and 3.5 m in length, analogous to

the real distance to the water table. These columns were not scaled down.

o Short, wide drums were used for gypsum leaching. Different gypsum concentration
scenarios were run for the different types of soils at Kleinkopje Pivot Major (Bainsvlei
and Clovelly soils -lower clay content, 5-10%) and Pivot 4 (Hutton soil - higher clay
content, average 18%), Syferfontein Pivot (Arcadia soil -high clay content, in the order
of 60%) and New Vaal Pivot (sandy soil). For the Kleinkopje Pivots three scenarios
were simulated i.e. 10 ton gypsum / ha, 20 ton gypsum / ha and 40 ton gypsum / ha,
but for Syferfontein and New Vaal only one scenario each i.e. 20 ton gypsum / ha.
During each leaching event 75 mm of rainwater was applied to each drum, and the
water analysed. The soil was then dried out under natural conditions. This process
was repeated eight times. After each drying cycle, the soil was loosened as if

cultivated by the farmer. This was done to simulate realistic agricultural conditions.

The photographs in Figure 5-8 show the different column designs used in the experiments as

well as annular rings that were installed to prevent sidewall flow.
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Figure 5-9: ldealised depiction of how annular rings minimise the artificial flow of water along

the soil-wall interface of the lysimeter by redirecting sidewall flow inward (after Corwin, 2000).

Aside from the use of annular rings, another aspect that is crucial to minimising sidewall flow
is the way in which the soil is packed into the lysimeter or column, particularly at the soil-wall
interface. Precautions were taken to create a column of soil that correlates as closely as
possible with naturally occurring preferential flow paths. Care was taken to add very small
increments of soil into the column that were compacted uniformly with applications of water
rather than using the physical pressure of pounding. This was done in an effort to pack the
column uniformly. After each increment of soil was added, a series of wetting-and-drying
cycles were used to compact the soil. These cycles, with the purpose to promote particle
settling and compaction of soil particles, has been a common approach for packing

lysimeters (Shih and Rosen, 1985 and Bowman, 1988), and used in this research.

5.8 Humidity cells

Kinetic tests are intended to mimic the geochemical processes at mining sites, usually at an
accelerated rate. These tests require more time and are considerably more expensive than
static tests (US EPA, 1994).

Acid-base accounting procedures are used as a screening process to categorise materials
into potentially acid generating, potentially non-acid generating and uncertain groups. For

material where the potential for acid generation is uncertain, kinetic test work is performed in

an attempt to define acid generation characteristics. The term kinetic is used to describe a




group of test work procedures wherein the acid generation (and metal solubilisation and
transport) characteristics of a sample are measured with respect to time (Mills, 1998).

Internationally, humidity cells have become the most popular devices for conducting kinetic
tests. Locally the usage has, unfortunately, been very limited. Cell designs can vary in the
material of construction, geometry and size. A typical cell is constructed of plexiglas with the
dimensions 10 cm diameter by 20 cm in length, and has a nominal capacity for 1 kg of rock.
The rock sample is typically crushed to grain sizes of less than 6 mm in diameter and placed
on a perforated plate to permit the flow of air through the bed of rock. The cell can be
provided with a bubbler tube containing water, attached to a tight-fitting lid, through which the
exiting air is passed. The bubbler provides a visual check that air is flowing through the cell,
and allows the operator to achieve a semi-quantitative balancing of airflow through a bank of
humidity cells. Dry or humidified air is supplied to the underside of the perforated plate. The
temperature of the water in the humidifier should preferably be maintained slightly above
ambient to ensure a good supply of humidified air. Leachate, usually distilled water, is
periodically added through the lid of the cell. The mode of addition can vary. In some test
programs, the water, typically 250 mL to 500 mL is added slowly over several hours
(percolation leaching). In this method, the valve at the bottom of the cell is open to allow free
draining. In other programs, sufficient water can be added to completely submerge the
sample for a period of time, before the bottom valve is opened to allow draining (Usher,
2003). Humidity cells that are constructed as illustrated in Figure 5-10 are currently used at
the Institute for Groundwater Studies (1GS).

Humidity cell tests are performed to evaluate the long-term acid-producing potential of mine
waste rock, tailings or spent ore. The test simulates the accelerated weathering of the
sample. This is done by passing moist air followed by dry air through the sample chamber;
moist air for three days, followed by dry air for three days, and distilled water on the seventh
day. The leachate is analysed for pH, conductivity, sulphate, acidity and dissolved alkalinity.
This one-week cycle is typically run for 20 weeks (Usher, 2003). Samples are usually
selected to represent the various lithologies at the mine, along with a range of ABA and/or
NP/AP values. In this way, humidity cell results can be used to identify or confirm the AMD
risk associated with a range of ABA values. It is normal for data to be quite erratic over the
first few cycles, before consistent results are obtained. This is due to the removal of readily

soluble components from prior oxidation and weathering. It is not unusual for humidity cell

tests to continue for several months, or even more than one or two years (Lawrence and Day,
1997).







The use of artificial tracers involves the injection of tracers in the subsurface and their

detection down gradient in monitoring welis (Freeze and Cherry, 1979; Riemann, 2002 and
Van Tonder et al., 2002b). Taking the effect of dispersion into account, the groundwater flow
rate and direction can thereby be evaluated. However, this experiment needs more funding
and is time intensive. An easy and inexpensive alternative is the use of point dilution tests to
estimate groundwater velocity (Lamontagne et a/, 2002 and Drost et al., 1968). A single well
point dilution test method aims to relate the observed rate of tracer dilution in a borehole, or a
segment isolated in a borehole, to the Darcy velocity in the aquifer. The groundwater flow
gradually depletes a tracer introduced to the well to produce a concentration-time relationship

from which the Darcy velocity and horizontal hydraulic conductivity can be evaluated.
The aim of the point dilution experiment can be summarised in the following three points:
o Delineation of hydrogeologic profiles within a borehole
o  Estimation of Darcy velocity
o Estimation of horizontal hydraulic conductivity.

The experiments were performed in boreholes at each irrigation site. The procedures were
the same in all the boreholes (Gebrekristros, 2006). The background EC-value was firstly
measured. After estimating the volume of water in the borehole section, NaCl was used as a
tracer. Changes in concentration were measured in terms of electrical conductivity (EC).
From experimental resulits, the concentration of NaCl, in mg/L, was found to be four times the
value of the EC (mS/m). This means that every change in concentration of NaCl (in mg/L)
resulted in a linear increase in the EC (in mS/m). The amount of tracer solution introduced
should be high enough to be distinguished from the background EC value in the borehole. If
the concentration is too high however, it may create a density gradient and the vertical
movement of the solution may occur. A 100% increase of EC i.e. doubling the initial
concentration is usually sufficient, although the increase may vary from 50 to 200%
depending on the groundwater flow velocity. If the velocity is expected to be high, then the
influence of solution movement by density gradient would be insignificant and a higher

concentration of tracer solution could be applied.

The pump inlet is positioned at the bottom of the borehole while the injection pipe outlet is at
the top, just below the water level. A flow cell on the surface connects the abstraction and
injection pipes. The flow cell has an opening through which the tracer is injected and the EC
probe could be inserted for measuring inside the flow cell. Water is abstracted and flows
through the flow cell and injection pipe, and finally back into the borehole. The tracer solution

must be inserted uniformly in a single well volume. The insertion of the tracer is very

important. Improper insertion results in an error in the estimated velocity value.




The water level in the aquifer must remain static and steady-state flow must be maintained
throughout the test. If the experiment is continued while the water level is lower than the
static position, the dilution rate will be higher until the borehole recovers to its static position

and Darcy velocity will be overestimated.

After the release of the tracer, the circulation is continued for at least one well volume so that
the solution will mix completely. During the borehole-mixing process, activities that may result
in the increase of the rate at which the tracer moves out of the well, termed as dispersion by
Lamontagne et a/. (2002), should be avoided. Tracer dispersion results in the dilution of the
tracer at higher rates at an early stage. This would occur because some of the tracer initially
displaced upstream by dispersion would later re-enter the well by advection. Turbulent flow
due to a high pumping rate could result in dispersion; therefore, the optimal circulation

velocity may be a compromise between greater mixing and less dispersion.

After the concentration/EC had stabilised, indicating complete mixing, the pump is switched
off and the reading of EC values proceed at specific depths within the borehole. The

measurement continued until the solution is diluted to about 20% of its initial value.

Before the evaluation of the velocity, the measured EC value was normalised as follows:

Ci-C
)= "8
Co - Ch
Where
cr = normalised EC
Cb = background EC value
Ci = measured EC value
Co = Initial EC at time t

The Darcy velocity for the different sections in the borehole can be evaluated from the

measured concentration values using the Drost and Neumaier (1974) equation as follows:

14
= ——Inc(t
9=-— @

Where:

q = Darcy velocity

\Y = volume of fluid contained in the test section

A = cross sectional area normal to the direction of flow

o = borehole distortion factor (assumed to be equal to 2)

~
1

time when EC value was Ci

92




From these values, the flow zones at depth could be identified, and the flux as well as the

conductivity for the flow zones could be calculated.

5.10 Slug tests

In a slug test, a small volume of water is suddenly removed from the borehole after which the
rise of the water level in the borehole is measured. Alternatively, a small slug of water is
poured into the borehole and the subsequent fall of the water level is measured (Kruseman
and De Ridder, 1994). This is very useful to determine the transmissivity of the upper soil
layers at the irrigation site where no water level occurs. If these values are compared to those
of the layers below where conductivity values were obtained by the point dilution method, the
conductivity values for the whole profile can be established.

In South Africa slug tests are conducted for the following two reasons:

o To estimate the hydraulic conductivity (K) of the aquifer in the vicinity of the borehole
(Van Tonder and Vermeulen, 2005) and

o To obtain a first estimate of the yield of a borehole (Vivier et a/., 1995).

As we are only interested in the hydraulic conductivity (K) of the aquifer in the vicinity of the
borehole, only the applicable theory will be dicussed. Usually the Cooper method (Cooper et
al, 1967) or the Bouwer and Rice method (1976) is used to estimate the K-value (or T-value

in the case of the Cooper method).

In the FC program, developed by Van Tonder et a/, 2002, the Bouwer and Rice method
(1976) was applied to calculate these conductivity values. The method applies to unconfined

conditions and is based on the Thiem equation. The Bouwer and Rice equation reads:

2
kol In( R, /rw)l_lrl h_o
2d t h

!

Where:

r. = radius of the unscreened part of the borehole where the head is rising
ry = horizontal distance from the borehole centre to the undisturbed aquifer

R. = Radia! distance over which the difference in head h0 is dissipated in the flow system of
the aquifer

d = length of the borehole screen or open section of the borehole
he = head in the borehole at time=0

h.= head in the borehole at time t




The estimated K-value of Bouwer and Rice is dependent on the thickness open to flow d

which in this case refers to the different layers in the soil.

At all the irrigation sites a number of boreholes were augured to a depth just above the water
level. The boreholes were saturated with water to minimise the unsaturated flow conditions
discussed in Chapter 4 (water was poured down the augured holes for a number of times
over a period of two days). They were then filled with water, and the recession time was
measured, after which the hydraulic conductivity values were caiculated for the different

Zones.

5.11 Pumping Tests

Pumping tests are the most important experiments for aquifer investigation in the
groundwater industry (Van Tonder et al, 2002). They are the only method that provides
simultaneous information on the hydraulic behaviour of the well (borehole), the reservoir and

the reservoir boundaries, which are essential for efficient aquifer and wellfield management.
The general objectives of a pumping test are:

o A better understanding of the aquifer system,

o Quantification of its hydraulic characteristics and properties

The interpretation of pumping test data is based on mathematical models that relate the
drawdown response to the discharge of the pumped well. The results obtained from this short
duration test are then used to estimate the borehole performance over a period of many
months (or even years). The mathematical model could be solved by the application of
analytical or numerical techniques (Van Tonder et a/, 2002). If the aim is setting up a 3D
numerical model, a number of piezometers must be installed (to measure pressure heads
and vertical K-values for each layer).

Every borehole in a fractured-rock aquifer reacts differently, and therefore it is of no use to
give one general recipe on how to conduct and analyse pumping test data. If the objective of
the pumping test is to estimate aquifer parameters that are to be used in e.g. a numerical
management model, the constant rate test is most important and is set as minimum
requirement for parameter estimation. One of the most important factors of a constant rate
test in this case is selecting the abstraction rate during the test. The yield must be chosen in

such a way that no main water-yielding structures will be dewatered during the test.
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The FC (flow characteristic method) software was used (Van Tonder et a/, 2002) and
includes the following procedures to deal with the different types of flows and aquifers in
South Africa:

o Porous aquifer solutions (Theis, Cooper-Jacob | and |l and Hantush methods and
also a solution for water-table aquifers).

o Step drawdown and multirate analyses.
o Fractal pumping test analysis (Barker’'s Generalised Radial Flow Model).
o Slug test analysis (Bouwer and Rice method).

o Different diagnostic plots for flow regime identification (e.g. derivatives, second
derivatives, log-log (Theis)-plot, lin-log (Cooper-Jacob)-plot, square root of time plot,
fourth root of time plot, spherical and recovery plot).

A number of pumping tests were performed at each pivot site to determine the transmissivity
values. These values could then be compared with the values of the other flow zones higher
up in the profile, in order to determine the flow paths of the water over the total depth of the
aquifer measured. Very low pumping rates were used in all the boreholes (< 0.1L/s). The

data were analysed with the FC program, and transmissivity values calculated.

In Table 5-1 a summary of all the experiments and the sites where they were conducted, are
portrayed.
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Table 5-1: Summary of all the experiments.

Site Descripion
Kleinkopje 1 (Major) and 4

Syferfontein New

Vaal Borehole monitoring
Kleinkopje 1 (Major) and 4

Syferfontein New,

Vaal Pits and soil sampling

Kleinkopje 1 (Major) and 4
Syferfortein

XRD

Kleinkopje 1 (Major) and 4
Syferfontein
Optimum

ARF

Kleinkopje 1 (Major) and 4
Syferfontein
Optimum

Porous cups

Kleinkopje 1 (Major) and 4
Syferfontein
Optimum

Tensiom eters

Kleinkopje 1 (Major) and 4
Syferfont ein
Optimum

Poirt Dilution Tests

Kleinkopje 1 (Major) and 4
Syferfortein

Optimum Falling head tests
Kleinkopje 1 (Major) and 4
Syferfontein
Optim um Pumping tests
Laboratory Leaching columns -spoils
Leaching columns -
Laborstory adsorption
Leaching columns - salt
Laborstory leaching
Laboratory Leaching drums
Optimum - lab Humidity cells




























a very slow movement of the constituents in the irrigation water, and that these are
attenuated by different mechanisms between the surface and the aquifers, often in the
clay layers. The amount leaching through the soil is small enough to be easily diluted
by the regional groundwater flow. It thus appears that the soil type and morphology
plays a very important role in the vertical movement of the irrigation water
constituents.

o It is unknown how long this accumulation of salts in the upper layers can continue
before leaching into the underlying aquifers, but in the short to medium term, the
evidence from groundwater monitoring shows that irrigation with mine water does not
hold significant threats for the regional groundwater quality.

The irrigation water has, as yet, shown only a minimal impact on the groundwater. It is
important to consider reasons that the irrigation water is not represented in the groundwater.
The hydraulic and attenuation factors preventing the salts in the mine water used for irrigation
from being mobilised down the soil profile and into the aquifer are important considerations in
this process. The soil composition and associated sorption and hydraulic properties may be
informative. The amount leaching through from the pivots is small enough to be easily diluted
by the regional groundwater flow. The larger concentrations of nitrate are due the agricultural
activity at the pivot. Of concern is the fact that the relatively mobile constituents (e.g. nitrate)
are able to move through the soil profile into the groundwater and results in quality
degradation.

6.3 Soil analysis

To determine the soil composition and texture, which is important in understanding the
downward flux of the irrigation water, trenches were dug and core drilling was done in order
to sample the profiles at the different sites with depth. The soil was also analysed to
determine the salt balance in the profiles with depth.

6.3.1 Kleinkopje

To determine the soil composition and texture, two trenches were dug for inspection and soil
property analysed. The soil at Pivot 4 is fairly homogeneous (Hutton soil), whilst that at Pivot
1 varies with depth (Bainsvlei and Clovelly soils). The distinctive geological layers were
selected, sampled and soil properties were determined in terms of relative clay, sand, silt etc.

content. The results are shown in Table 6-5 and indicate clayey layers in the soils.
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Table 6-5: Soil properties at Kleinkopfe Pivots (%).

Pivot Name| Depth (m)] Sand[Coarse silt|Fine silt
1 0-0.4 79.19 5.18 9.34
1 0.4-0.8 78.39 9.74 462
1 0.8-1.0 73.74 10.30 13.93
1 1.0-2.5 61.11 16.46 9.29
1 25-28 66.33 15.37 924
4 0-0.6] 7250 9.20 460
4 0.6-1.0] 64.32 11.75 462
4 1.0-2.0f 56.06 10.80 13.93
4 2.0-3.0 50.50 15.29 460
4 3-3.2 53.27 19.49 462
4 3.2-3.5| 59.60 9.79 464

Three core boreholes were drilled at each of the pivots, two inside the pivot areas and one

outside for background values. The core samples were analysed for the major cations and

anions at the IGS laboratory. Figure 6-8 and Figure 6-9 shows the leaching of water-soluble

constituents for two cores inside the pivot areas.
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Figure 6-8: Soil leaching analyses with depth within Pivot 1.
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Figure 6-9: Soil leaching analyses with depth within Pivot 4.

From these figures it is clear that there is currently a build-up of salts in the soils above and
within the clayey layers, and that a limited proportion of the associated salts move through

into the groundwater.

6.3.2 New Vaal Colliery

Different activities were undertaken to determine the reason for the relatively deep water
levels:

1. Two trenches were dug inside the pivot area, and inspected. Water seepage is very

shallow, and occurred approximately 2.4m below surface.

The distinctive geological layers were selected, sampled and soil properties were determined
in terms of relative clay, sand silt etc content at Glen Agricultural College. Table 6-6 confirms

the clay layer below 2.4 m, which is also a reason for the water logging at this pivot.
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Figure 6-11: Soll leaching analyses with depth showing the dam’s influence.
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Figure 6-12: Soil leaching analyses with depth outside the pivot area.

These graphs (Figure 6-10 to Figure 6-12) show that there is a significant clay layer below
2.4 m in the pivot area (as also depicted in Table 6-6) and slightly deeper towards the dam.

This layer impedes downward migration of water and associated salts, which is associated

with the observed ponding in the pivot area.




3. Two piezometers were installed close to PV5 to study the influence of the clay layer

on the irrigation waters.

Table 6-7: Chemical analysis of water in the piezometers.

pH EC Ca Mg Na K PAIk MAIk
mS/m mg/L mg/L | mg/L | mg/L | mg/L | mg/L
8.33 232 118.55| 33.54| 407.63| 20.59 4.00 140
F Cl NO2(N) Br |[NO3(N)| PO4 S04 B
mg/L mg/L mg/L mg/L mg/L | mg/L | mg/L | mg/L
0.8 126 0.09 0.44 7.96 0 968 1.321

A chemical profile of the EC down the hole in PV5 (near the centre of the pivot), and the
piezometer hole adjacent to PV5, also shows vast differences in water quality (Table 6-8).
The very high EC values in the piezometer hole compared to the boreholes also indicate that

water does not migrate easily downwards through the clay layer at 2.4 m.

Table 6-8: Down-the-hole profiling of EC (mS/m).

Depth PV5 Piezo
1.47 148.7
2 242.2
12.78 17.3
13.5 17.9
14 37.3
15 39.7
20 37.9
25 37.9
285 35.9

Conclusion: There is a significant clay layer below 2.4 m in the pivot area and slightly deeper
towards the dam. This layer impedes downward migration of water and associated salts,
which give rise to the deeper water levels that are uncommonly deep for an irrigation site.
The installed shallow piezometers support these findings since the water quality measured in
these indicated elevated concentrations consistent with evaporated mine water that could not
migrate downwards (Table 6-7). The Durov diagram in Figure 6-13 illustrates these
differences in water quality between the monitoring boreholes (except PV2) and the

piesometers very clearly.
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of the soil layer and above the saprolite. Some soft lime concretions and planar
accumulations of calcite occur deep in the saprolite (>1500 mm).

The morphology is typical of well-developed Arcadias. It is high in swelling smectite clay
(See Section6.4.3.1). Smectite clay is physically very active. It swells when wet and shrinks
when dry. After rain it is swollen and only a few isolated macropores may exist. Water
movement is restricted to micro pore flow. Water infiltration in Arcadia soils can be lower
than 10 mm/h (le Roux, 2004 during site inspection). In these Arcadias the infiltration rate
and saturated hydraulic conductivity in the soil layer may be 1 mm/h. This is 175 mm in a

week. All additional rain will accumulate in poois and run off.

The underlying saprolite is coarser and micro pore flow is restricted. This results in the
accumulation of water in the bottom of the soil layer and the formation of mottles. A typical
Highveld thunderstorm may react slightly differently. After the dry winter, the soil is dry and
cracks form. The cracks extend as deep as the saprolite. During the first downpour the
water penetrates the cracks and drains through the saprolite quite quickly. It moistens the
underlying weathering rocks and initiates a new incidence of chemical weathering. This
process results in calcite formation. The limited amount of calcite is an indication that
weathering is slow or leaching is high. The low saturated hydraulic conductivity of the soil

restricts drainage and therefore the later alternative is unlikely.

o Leaching tests were also performed with deionised water through the cores drilled
inside and outside the pivot area. The leaching analyses on these samples can be
graphically represented (Figure 6-14 and Figure 6-15) to show the layers where
enrichment in soluble salts occurs. From these it is clear that the shallow layer under
the irrigated area has values that are far higher than those in the lower layers and
outside the pivot. The clays in the shallow zones appear to prevent migration and

attenuate the salts strongly in the upper profile.
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6.3.4 Conclusions

From the soil analysis it is clear that most of the salts are captured in the upper one or two

meters of the soil profile. The salts move along the profile in the soil water. The data indicates

that the clay layers, which play a major role in the vertical flux of the water, therefore also

have an influence on the salt distribution through the soil profiles. /n order to determine what

the salinity of the soil water through the different profiles is, soilwater sampling was

performed at the different sites.

6.4 Unsaturated soil sampling

6.4.1 Introduction

If gypsum accumulates in the upper meter of the irrigated soils, as predicted by Annandale et
al. (2002), there would still be downward movement of Mg and SO,, given that Mg will be

more exchangeable than Ca in the upper part of the soil profile and that the concentration of

SO, in the irrigation water is twice that of Ca. Furthermore, the solution that percolates from

the base of a gypsiferous zone is saturated with respect to gypsum (under equilibrium

conditions), and therefor soluble Ca must also be present in leachate from the zone

(Campbell, 2001). Even if irrigation is managed so that leaching is negligible during the dry

season, it is apparent from the data collected that significant movement of the solutes added

by irrigation would take place during the rainy season. This means that in the long-term

almost all of the Mg, at least half of the SO,, and some of the Ca added by irrigation must

enter the groundwater system. If sustainable gypsum precipitation does not take place, then

close to all the added Mg, SO, and Ca will move to the local aquifer.

Porous cups were installed at the depths of 4, 3, 2 and 1m respectively (Figure 6-17 and

Figure 6-17) at the different irrigation sites. This is to determine the movement of the water

and the dissolved solids in the unsaturated zone, and will thus give a good indication of the

ion movement, adsorption and ion exchange of the different ions in the soil. From the

saturation index values in Table 6-10 it is clear that the water is saturated with respect to

gypsum in the first meter of the soil at both sites, indicating the precipitation of gypsum.

Deeper down the soil water is undersaturated with respect to gypsum and should not
precipitate.



















encouraging. Analysis of the tensiometer data over time, continued groundwater and soil
water monitoring and detailed analysis of the soil characteristics in terms of hydraulic and
mass transport properties at each site, should allow the development of accurate conceptual

models of the interaction between irrigation and the underlying soils and aquifers.

6.4.2.3 XRD/XRF Analysis

Sixteen samples were sent to the Geology Department of the University of the Free State for
analysis (eight from each pivot), especially for gypsum and clay determination, with depth in

the soils.

Table 6-11. XRF analysis of the Kleinkopje soils.

NO. Depth [Si02 [TiO2 |AI203 [Fe202 [MnO [MgO |CaO [Na20 |K20 |[P205 |H20- |LOI (|TOT

P1-1 0-0.2 84.56 (049 (486 (2.71 0.04 |0.13 |0.53 |0.12 |0.33 [0.06 [0.9 5.05 |99.78

P1-2 0.2-04 8507 |042 |463 |2.54 |[0.03 [0.18 [0.41 (012 |0.3 |0.04 0.84 [4.58 [99.16

P1-3 04-08 |(86.13 |045 |471 (259 |0.03 (0.12 [0.15 (012 0.3 |0.04 |0.67 (3.79 [99.1

P1-4 0.8-1.0 (8569 |0.53 |562 {348 |0.02 [0.11 [0.08 [0.13 |0.33 |0.04 (06 3.1 199.73

P1-5 1.0-1.5 73.27 |0.59 |8.82 |11.09 |01 016 |0.07 |0.12 049 0.06 (1.03 }4.53 |100.3

P1-6 1.5-20 |74.02 |0.73 |10.36 |8.14 [0.05 [0.22 |0.07 |0.12 [0.66 |[0.05 (1.23 (4.42 [100.1

P1-7 2.0-2.5 {76.81 [0.77 |10.24 |5.51 0.04 |0.21 0.08 |0.13 [0.82 |0.03 |1.01 [3.98 [99.63

P1-8 2.5-2.8 (7891 |0.58 811 |573 (0.2 [0.18 [0.07 (0.15 [1.18 |0.03 (095 (3.12 [99.21

P4-1 0-0.3 86.11 |0.49 |54 272 [0.02 (012 (017 [0.13 [|0.16 [0.05 |0.52 (3.14 (99.03

P4-2 0.3-06 (8369 |06 6.83 |3.556 |0.03 |0.14 (0.08 [0.12 (0.2 |0.04 |0.79 ([3.17 [99.24

P4-3 06-1.0 18215 |067 {768 |3.84 |0.03 |0.18 0.08 |0.12 |0.23 (0.05 |0.85 [3.43 [99.31

P4-4 1.0-1.25 [79.78 |0.78 [9.13 446 |[0.02 [0.22 (0.08 [0.13 |0.24 [0.05 [0.97 (3.87 [99.73

P4-5 1.25-1.5 |80.06 (0.77 [9.07 [476 [0.04 |0.2 0.07 012 |[0.24 [0.05 [0.898 ([3.91 {100.3

P4-6 1.5-1.75 |76.63 [0.84 (1066 [4.89 |0.04 |0.2 0.08 [0.13 |0.27 [|0.04 (0.9 4.35 199.04

P4-8 2.0-25 ([76.37 |0.84 [10.89 (5.4 0.04 |0.09 |0.06 [0.11 0.3 10.05 [0.77 |4.49 [|99.41

It is evident from Table 6-11 that there are indications that gypsum precipitation should occur
since Ca values are far higher in the shallow portions, while Mg values are more evenly
distributed. This suggests that the distribution is chemically controlled rather than by surface
interactions since these two ions should have similar sorptive capacities. This is supported by

the Na values, which are evenly distributed with depth.

The XRD analysis in Table 6-12 the clay to be kaolinite, which theoretically, should adsorp
sulphate (Mott, 1981).
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Table 6-12: XRD analysis of Kleinkopje soils.

NO. Quartz |Orthoclase |Hematite|Plagioclase |Kaolinite |Gypsum |Montmorillinite
P1-1 XX <X X <X
P1-2 XX <X _ X <X
P1-3 XX <X X <X
P1-4 XX <X X <X
P1-5 XX X X <X
P1-6 XX X X <X
P1-7 XX <X X X <X
P1-8 XX <X X X <X
P4-1 XX

P4-2 XX <X

P4-3 XX <X

P4-4 XX X

P4-5 XX X

P4-6 XX X

P4-8 XX X

Dominant XX >40%
Major X 10 - 40%Accessory <x 1-2%

Minor X 2-10% Rare <<x <1%

6.4.3 Syferfontein

Four porous cups and tensiometers were installed at the depths of 4.8, 3.5, 2 and 1m
respectively. This is to determine the movement of the water and the dissolved solids in the
unsaturated zone. Seven sampling runs were done. The results with depth are illustrated in
Figure 6-24. Figure 6-24 illustrates the soil leaching analysis of sulphate with depth for the
different positions within and outside the pivot area.
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Annandale et a/. (2006) stated that saturated paste extracts are generally accepted as an
approximation of the soil solution composition, ion activity and solution speciation. However,
Campbell (2001) pointed out that the gravimetric water content of the samples collected is
generally far from that of a saturated paste extract. The increase in the water content of the
samples will definitely result in the dissolution of gypsum and an underestimation of the solid
phase gypsum. Calculations with PHREEQC showed that for a specific sample the volume

increase could result in the dissolution of approximately 10.1 mmol

, using the default K,
for gypsum in the Minteq. v.4 database file (10*%"). The concentration of the soil solutions to

field moisture levels increased the gypsum saturation from 0.00 to 0.64.

According to Annandale et a/. (2006), gypsum quantification of the irrigated soils was initially
based on the difference between total extractable Ca and SO, and a certain Ca and SO,
sorption capacity. The assumption is that before gypsum precipitation will occur, a certain
sorption capacity must be filled. However, this approach was abandoned because the
determination of a certain sorption capacity of Ca and SOy in the laboratory is difficult to

extrapolate to the field for various reasons:

o The sorption capacity of a soil is a function of pH, ionic strength and ion composition
of the soil solution (Rietra et a/, 1999). The experimentally obtained sorption capacity
is therefore a conditional sorption capacity, and not necessarily true for all conditions.
Concentration the soil solution through drying and dilution of the soil solution as a
result of rain will influence this sorption capacity. The solution, with which the soil is
equilibrated, should be similar to the water quality of the irrigation water, which means
that soil samples should be equilibrated with neutralised acid mine drainage (NAMD).

o Surface precipitation can occur in the double layer despite the fact that the bulk
solution is undersaturated with respect to the pure mineral. The NAMD is saturated
with respect to gypsum, which basically means that it is impossible to determine
whether the decrease in Ca and SO, in solution after equilibration was the result of

precipitation or adsorption.

A thermodynamically more sound, and analytically easier approach was therefore chosen by
Annandale et a/ (2006). The saturation range was determined for the saturated pastes
extracts. If the saturation range indicated that the solution was saturated with respect to
gypsum water extractable Ca was taken as gypsum. A lesser error is involved when water
extractable Ca is used to calculate gypsum because the water extractability of exchangeable
Ca is lower than that of SO, More than 50 % of the Ca immobilised in the soil was
exchangeable at both Pivot 1 and Pivot 4. Total Ca immobilised in the soil profile at Pivot 1
was 23.9 mol m?of which 11.4 mol m?was gypsum. At Pivot 4 the total Ca immobilised was
25.9 mol m™ of which 10.9 mol m?was gypsum. The amount of gypsum precipitated at Pivot
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Major was equivalent to 19.6 tons / ha and that at Pivot4 to 18.9 tons / ha. (This is in line with

the findings of this research).

Annandale et al. (2006) concluded that there is thermodynamic proof, in the form of
calculated Ca and SO activities, that gypsum is present in the soils irrigated with NAMD. The
saturation ranges were the same as those reported for natural gypsiferous soils in the
literature. The authors stated that over the last four years gypsum accumulated in the soils to
such an extent that the solutions were saturated with gypsum.

6.5.2 Determination of the presence of gypsum in irrigated soils

A number of soil samples were collected at shallow depths at Kleinkopje Pivot Major and
Pivot 4. Some of the samples were scraped from surface where white precipitate was in
abundance, usually in lower lying areas. These samples were sent to the Geology
Department at the University of the Free State for X-ray diffraction analysis to determine the
presence of gypsum.

No gypsum was detected in any of the samples, even those that consisted mostly of
precipitate scraped from surface. Gypsum has hk! Miller indices of 1111.21, 1111, 462, 1111,
460, 2101 and 424, which did not correspond with any of the diffractograms obtained.
However, further research has revealed that bassanite, the hydrous form, CaSO,4 0.5H,0, or
calcium sulfate hemihydrate, is present in most of the samples. The hkl Miller indices of 824,
741, 1002 and 628 corresponded accurately with those of the diffractogram of bassanite
(Figure 6-30). Gypsum can be transformed into bassanite upon heating. It reaches a level
corresponding to the semi-hydrate bassanite at 70-90°C. However, dehydration starts at
40°C. Heat build-up definitely occurs between the densely populated plants in the irrigation
area, and probably dehydrates the gypsum sufficiently to transform it into bassanite in the
upper soils. This may be the reason why Campbell (2001) also did not detect any gypsum in
the soils. Precipitated CaSQ, is thus definitely present in the soils, although it exists in its

dehydrated capacity as bassanite.
















After the last leaching procedure, the columns dried out over a period of a month, after which

they were cut lengthwise. The soil was sampled at each layer to correspond with the clay
analysis. These were then analysed to determine sulphate adsorption. Normally all the
leaching methods were developed to determine total plant -available sulphate (Tabatatai,
1982 and deJager, 2005). De Jager developed a method to determine the dissolved and
exchangeable/adsorbed sulphate in the soil as a result of irrigation activities, which was used
to analyse the soil with:

A suspension of 5g soil and 50 ml of water was shaken for 4 hours and left to settle for 16
hours. It was filtered with Whatman No1 filter paper. The extract was then analyzed by ion
chromatography to determine the precipitated part of the sulphate. The soil residue from the
filter was dried, and a suspension of 5g soil and 50 ml potassium-orthophosphate as then
treated the same way.

The results in Table 6-18 indicate:

o An average sulphate adsorption of 24.9% of the total extracted sulphate. The rest
(water extracted) is precipitation. This means that not all sulphate will be leached by
excessive irrigation or rain. It must be noted, however, that desorption can occur and
that the 25% sorbed sulphate will not be irreversibly fixed in the soil profile.

o  What is also significant from these data is that the highest adsorption values occured
in the layers where the original soil chloride values (see Table 6-16, and also Table
6-18) were high. The graphs are plotted in Figure 6-34. There is no direct correlation
between the clay content of the soil and the adsorption values, but the increased
values are definitely a function of the hydraulic properties of the soil. The layer with
increased clay content retards the downward movement of the water at 2.5m, and this
result in the increased water content above 2.5m. As a result of this, the “natural”
chloride values are elevated, andthis also results in increased precipitation and

adsorption of ions from the irrigation water.

o As was found by Campbell (2001), the phosphate-extractable sulphate data appeared
to be independent of pH (Table 6-16). However, this can only be determined from

sorption experiments in which the soils are equilibrated with sulphate solutions at

various pH-values.










good ceramic contact). Results vary in the degree of success, with the tensiometers at
Kleinkopje 4 being the most successful.

The tensiometer data can be interpreted as follows:

o The higher the tension values above 0 bar, the drier the soil.
o At 0 the soil is saturated.

o Below 0 ponding may occur.

Kleinkopje 1.

At Kleinkopje 1 (Figure 6-35) the one-meter tensiometer initially malfunctioned. However,
when auger holes were drilled during the summer and the winter, a visible difference in
moisture content could be observed, with the summer period being wetter. At 2m, the
tensiometer indicates wet conditions during the summer rain period and drying-out conditions
during the winter irrigation period. During September there was again an increase in moisture
when the area was flooded due to a malfunctioning pivot. The 3 m tensiometer is very close
to the water level and indicates very wet conditions (even ponding conditions). The 4 m
tensiometer is below the water level and indicates wet conditions similar to the 3m one.

From these data, it is clear that even at a site with such a shallow water level there is a visible
decrease in soil moisture during winter when effective irrigation is being practiced. This will
result in salts retained in the upper layers of the soil, as indicated by the soil analyses and the
soil water analyses.
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In South Africa the International Soil Science Society particle size classification is used, with

the addition of a medium sand fraction. The limits are:
o Clay <0.002mm
o Silt 0.002-0.02mm
o Fine sand 0.02 - 0.2mm
o Medium sand 0.2 - 0.5mm

o Coarse sand 0.5 -2mm

A balanced soil (loam) contains about 40% sand, 40% silt and 20% clay and is preferred for
growing crops. The soil particle diameter of clay is < 0.002mm, that of silt between 0.002mm
and 0.05mm, sand 0.05mm to 2mm, with gravel >2mm).

Textural classes were defined by Loxton (1961). The textural triangle was adapted from that
of the USDA Soil Survey (Hutson, 1983). The textural triangle converts the relative
percentage contribution of each separate (by weight) into a textural class or name such as
loam, clay, silty clay loam and so on. For example: a soil which contains 45% sand, 25% clay
and 30% silt is a loam. Note that silt is determined by difference: % silt = 100% - (45% sand +
25% clay). (see Figure 6-33.)

SAND GRADE CHART 100 TEXTURE CHART 100,

Noto: Valuas are axpressed g0 coarse sand 2.0 - 05 mm
as porcentages of medium sand 0.5 - 0.25mm
1he total sand, fine +very fine song

0.25 - 0.05mm

sand 2,0 -0.05 mm
slit 0,05 -0,002mm
clay <0,002mm

% COARSE SAND

Figure 6-38. Texture chart (Soil classification working group -1991, Hillel, 1982).

Clay mineralogy plays an important role in determining the physical properties of soil
(Hutson, 1983). Clays increase the total surface area and are usually the cause for swelling
or shrinking. Highly exchangeable sodium levels can lead to extreme swelling and particle
dispersion. The structure of most soils changes to some extent during wetting and drying

cycles. The extent of this change (or structural stability) depends on the composition of the
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soil material. Sandy soils in South Africa generally have a high structural stability during
wetting and drying, while the stability of soils containing swelling clays or high exchangeable
sodium levels have low structural stability. Air-to-water permeability ratio (AWR)
measurements were introduced by Reeve (1953) as a method of evaluating structural
stability. A completely stable porous material has an AWR of 1 while 20 roughly indicate the
instability threshold in soils. These high AWR values may be caused by swelling of the soil.

A large number of published regression equations relate moisture retention to particle size
distribution and bulk density (Petersen et a/,, 1968; Rivers and Ship, 1978, Hall et a/., 1977,
MacVicar et al, 1977 and Motram et a/., 1981).

Soil is composed of solid particles (minerals and organic matter) and pore space (air and
water). The characteristics of the soil are determined by the size, distribution and shape of

the solid particles in addition to the size and number of pore spaces.

Bulk density is the weight of a given volume of soil, which includes the pore spaces. It can be
easily measured by gently pressing a small cylinder into the soil, removing the core and
weighing after drying to remove the water contained in the pore space. Average values would
be 1.3 -1-75 g per cm®. Coarse textured soils will usually have a higher bulk density because
they have less pore space than fine textured soils. Bulk density is an important property of
soils since it affects how easily plant roots can penetrate the soil when they propagate. Real
Density is the weight of a given volume of the soil solids only. It would be equivalent to the

average density of the soil minerals and the organic matter.

According to Hutson (1983), particle size distribution, organic matter content and bulk density
accounts for between 60% and 90% of moisture retention. He combined data from several
sources in South Africa to derive equations relating water content at several potentials with
different particle size criteria and bulk densities. In this research project, where moisture
content data down to the water level was needed, and as it is very difficult to sample intact

soil cores to that depth, this method of Hutson is very practical and convenient.

As pressure potential () decreases, the proportion of the variance of water content
(8) accounted for by regression increases since moisture retention increases. Of the
independent variables included in the regression, clay content accounts for the greatest
proportion of variance in € and y. Silt content increases in importance as potential increases
but bulk density has a negligible influence until saturation is approached. At saturation water
content is related solely to bulk density.

Factors that have an influence on soil water retention are particle shape, bulk density, clay
mineralogy, organic matter content, structure and degree of aggregation. According to

Hutson (1983) some of these factors defy precise quantitative description, and consequently
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their effect on retentivity may be assessed in qualitative terms only. Using data from a wide
spectrum of physical environments he developed a model, in equation form that is based on
clay and silt percentages together with bulk densities, which may be applied to South African
soils.

This is needed to calculate the salt balance in the soil. The soil texture analyses done on the
Kleinkopje and Syferfontein soils (sand, silt and clay content were compared to these
regression equations) were derived for stable soils by Hutson (1983) with an air water ratio of
10-100 (Hensley, 2006). The tensiometer data at the irrigation pivots were then used to

calculate the soil moisture at the different depths. The water content is calculated as follows:

Eq1l. 6.4 = 0.0558 + 0.0037Cl + 0.0055Si + 0.0303D,, with the assumption that 8Aps is

linear between V, and 6.5, on the moisture retention curve.

Eqg2: 63 =0.0150 + 0.00384CI + 0.00572Si + 0.0463D,, with the assumption that 8A4p; is
linear between 6.,y and 6.3 on the moisture retention curve. This equation is being used

where the tension from the tensiometer data is above 1000mm.

Where:

6= volumetric water content (m*/m *)
Y = moisture potential

V, = pore volume
D, = bulk density of sail

The saturated volumetric content of the soil was derived from the bulk density of the soils,
using the formula (Hensley, 2006):

Os=1-(Dp/2.65)
From Eq1 and Eg2 the moisture content can be calculated for the pivots in relation to the soil

composition obtained from the soil analysis done at Glen (Table 6-19 and Table 6-20

Table 6-19: Kleinkopje 1 (Bainsviei / Clovelly soil).

Eq1: 6.4
Estimated 06,% Estimated | Eq2: Estimated

Depth Db at ¢s= 1000mm | % 6V, at 0,% at ys=
(mm) Si Clay (mg/m¥ | water saturation | 3000mm water

1000 258 18.6 1.65 31.7 37.7

2000 25.8 18.6 17 31.8 35.8 286

3000 246 9.2 1.75 27.8 34

4000 Below the water table.
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Only the 2000mm depth graph rose above 1000mm tension, therefore the 8.3 equation was

used to calculte the moisture values at 3000mm tension.

Table 6-20: Kleinkopje 4 (Hutton sofl).

Eq1 . 6.10
Estimated 0,% Estimated | Eq2: Estimated

Depth Db at ys= 1000mm | % 6V, at 0,% at ys=
(mm) Si Clay (mg/m® | water saturation | 3000mm water

1000 25 19 1.65 31.4 377

2000 20 28 1.7 321 358

3000 24 23 1.75 32.6 34

4000 14 23 1.75 271 34 234

(Only at a depth of 4000mm, which lies between &.;pand .35, s> 1000mm).

From these caiculations the moisture content at different depths and moisture potential

values are extrapolated and estimated in Table 6-21 and Table 6-22 (Hensley, 2006) and

displayed in Figure 6-39 and Figure 6-40:

Table 6-21: Kleinkopfe 1 estimated moisture content:

Depth
(mm) Estimated Ov% at different ¢s values (mm water)
Saturation 500 1000 1500 2000 2500 3000
1000 37.7 347 317
2000 35.8 338 31.8 31 30.2 294 28.6
3000 34 30.9 27.8
Table 6-22: Kleinkopje 4 estimated moisture content:
Depth
(mm) Estimated 6v% at different ys values (mm water)
Saturation 500 1000 1500 2000 2500 3000
1000 377 34.6 31.4
2000 35.8 34 32.1
3000 34 33.3 32.6
4000 34 30.6 27 1 26.2 25.3 243 23.4
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included, but will be less accurate because the tensiometers did not function as well as those

at Kleinkopje.

To obtain these averages per specific depth, the number of days that the tension was for
example saturated, between 250mm and 750 mm was calculated against the 500mm tension
moisture content, the number of days between 750mm and 1250mm against the 1000mm
tension moisture content up to the highest tensions obtained. These values were then

devided between the total period of days to obtain an average for a specific depth.

Table 6-23: Average estimated moisture content with depth.

Depth 1000mm [2000mm |3000mm (4000mm

Kleinkopije 1 0.32 0.373 0.34 0.34
Kleinkopije 4 0.358 0.339 0.34 0.28
Syferfontein 0.384 0.35 0.274 0.262

It must be kept in mind that the profile above Tm will be less moist than at 1m. Therefore the
conditions above one meter will be much more favourable for gypsum precipitation, and more
will be precipitated in relation to what will be in the soil water deeper down in the profile

where the moist conditions will be less conducive to the precipitation of the salts.

6.6.2 Salt Balance of the profile

One of the critical issues in successful irrigation with the coalmine waters is how much of the
salts are retained in the soil profile over the medium term. A salt balance is used to measure
the amount of salt that is being introduced into the soil, the amount that is being removed,
and the amount currently present within the soil and ground water (Szabolcs, 1986). Salts
accumulate in soils where evapotranspiration (combined evaporation from soils and
transpiration by plants) exceeds combined precipitation, and will follow the water flow in the
event of excessive irrigation and high rainfall events. As saline groundwater approaches the
land surface, plants begin to show signs of salinity damage and may die from salty water in
the root zone and waterlogging, basements may flood, water levels may rise into landfills,

and underground pipes can be damaged.

If a high percentage of the salts precipitate (Annandale et a/, 2006) and also adsorb (for
example 25% of the retained sulphate, see Section 6.5.3) in the soil, irrigation with the mine
waters will not have a significant influence on the groundwater except if these salts leach out

rapidly. (see Section 6.6.3 on leaching).

As explained in the previous section, soil is composed of solid particles (minerals and organic
matter) and pore space (air and water). The characteristics of the soil are determined by the
size, distribution and shape of the solid particles in addition to the size and number of pore

spaces. The soil hydraulic characteristics of a vast range of soil, including that of the irrigation
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sites, were performed by Lorentz et a/ (2001), using the Van Genuchten, Brooks-Corey and
the Campbell parameters. An average of these bulk density values was used in the
calculation of the salt balance. (A spreadsheet with the calculations is in Appendix D).

To calculate the salt balance in the profile, the following data are needed:
o lIrrigation quantity and quality (from Annandale et a/., 2006).
o Bulk density of the soil (Lorentz et a/,, 2001).
o Volume of water in the soil pores (as discussed in Section 6.6.1).

o Quality of soil salinity (soil leaching data). This is the total salt, which includes
precipitated salts and sait in the soil water.

o Quality of soil water (porous cup and water sampling data).

To calculate the salts retained in the soil, the following calculations was made:

Bulk density * thickness of the layer * sulphate concentration in the soil

To calculate the percentage salts retained in the soil:

Sulphate retained / total sulphate applied over the period of irrigation

To calculate the sulphate retained in the soil water:

Sulphate concentration in soil water * thickness of layer * moisture content at that depth

From these calculations the following results were obtained per hectare of irrigation:

Table 6-24.: Salt balance calculations at the irrigation sites.

% Total sulphate [% of Total sulphate |% of Salts

applied through applied through retained that Sulphate in

irrigation retained |[irrigation in soil are in soil Sulphate in  |soil water
Site in vadoze zone water water soil (ton/ha) |(ton/ha)
Kleinkopje 1 67 56 83 56 47
Kleinkopje 4 77 60 77 48 37
Syferfontein 82 64 78 42 33
New Vaal 86 30 35 18 6

Because the calculations are so sensitive to the input parameters, they cannot be regarded

as exact figures, but rather in a range of £ 10 % accuracy. The value at Kleinkopje 1 is lower
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than the others, because a borehole near the test site drains into the mine underneath, and a
large amount of salts in the upper shallow layers was flushed down to the deeper systems
(personally observed). On average, between 75% and 80% of the salts are retained in the
pore water and the rest precipitates and is sorbed (Table 6-24). Hydraulic, adsorption and
attenuation factors prevent the salts in irrigation mine water from being directly and rapidly
mobilised down the deeper soil profile and into the aquifer. New Vaal is the exception where
a large amount of the salts is retained in the clayey soils deeper down the profile. In Table
6-25 the percentage salt per layer (in depth) in relation to the total salt in the profile is
depicted. From this table it is clear that most of the salts in the clayey soil of Syferfontein are
retained in the upper 0.6 m. At Kleinkopje 4 the salts have migrated a little deeper, with most
remaining at 1-2 m in the moist area above the clayey layer.

Table 6-25: Percentage salt in layers in depth through the profile down to water level.

Kieinkopje 1 Kieinkopje 4 New Vaal Syferfontein
Thickness (m) |% salt in layer |Thickness  |% saltin layer Thickness (m) % saltin layer [Thickness (m) {% salt in layer

0.2 315 0.3 15 0.3 0.6 0.3 63
0.2 27.1 0.3 9 0.3 0.2 0.3 25
0.4 100 - 0.4 20 0.4 07 0.4 9
0.2 4.1 1 52 1 11 1 0.7
0.5 8.9 0.5 0.1 0.2 2.6 1 0.7
0.5 5.3 0.5 2.8 0.2 5.0 1 1.2
05 4.5 1 0.1 06 15 1

1 8.2 0.5 1.1 1 14
0.5 0.3 3.5 40

L 11

What will happen when irrigation cease at the different sites? How long will it take for the
salts to leach out with rain, and at what rate? These questions will be addressed in the next

section.

6.6.3 Leaching of the salts in the profile

Campbell (2001) states that associations between sulphate retention maxima and zones
representing past or present regions of hydrological transition suggests that the accumulation
of sulphate in any particular region of the profile is significantly influenced by seasonal
variations in the soils” water content and water flow in the soils. In particular, the influx of
rainwater during each wet season appears to move the bulk of sulphate present in the upper
part of the profile to the top of the saturated zone. The high-intensity, short-duration
rainstorms results in the rapid movement of significant volumes of rainwater through the
unsaturated zone in these sandy soils. Since sulphate adsorption, especially on kaolinite
edge sites, tends to be reversible (Mott, 1981) rainwater passing through the unsaturated
zone would cause sulphate to desorb and be transported down to the water table. More
stagnant water flow conditions at the water table will cause a net accumulation of dissolved
sulphate.
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the same rate as the Highveld soils at Kleinkopje. It can thus be assumed that the New Vaal
soil profile will also leach in 44*(20/56) years, i.e. 16-18 years.

To test these values, they can be compared with a vertical K-value calculation. If assumed
that porosity is 35%, there will be 0.525 m?* per m? of water for the first 1.5m of the profile,
where most salts are currently retained. If the vertical K is 1*10™ m/d for diffusive flow, it will
take 0.525 / 1*10™ days for the water with the salts to move through the profile, which will be
14 years.

It must be kept in mind that these leaching figures are derived from the absolute optimal
conditions, with 100% diffusive flux through the soil profiles. In reality it will take much longer
(and with a non-linear decrease in gypsum) because of the macropore flow. According to
Table 6-34 in the following section 25% of the water applied through irrigation will reach the
water level. This will mean that under the same conditions (wet irrigation conditions) and with
an annual rainfall of 750 mm, it will take 30 years to leach the gypsum. The conditions in the
soil will however be drier under normal cultivating conditions, and recharge will maximum be
5-6% (Usher et a/, 2006). Then it will take more than a hundred years to leach the sulphate
from the soil. /n the following section (Section 6.6.4) calculations will show that most of the

recharge through the profife is along preferred pathways.

6.6.4 Identification of the aquifer parameters and flow zones through interpretation of point
dilution, slug and pumping test data (See Sections 5.9t0 5.11).

6.6.4.1 Kleinkopje 1:

This borehole had very low salinity water with a background value almost below the detection
limit of the EC-measuring instrument. As a result, only 20g of NaCl (circulated in the volume
of water of the borehole) was enough to increase the EC of the tested section by about 250%
during the point dilution test. The water level was at 2.45 m and the test conductive to a depth
of 12m.The point dilution test clearly indicates a high flow zone at 6 m, because of the dilution
that occurs at this level (Figure 6-47), and also one at 8-9m.
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when used, groundwater estimates of the method is independent of whether recharge is
focused or diffuse (Bazuhair and Wood, 1996). The method is useful because long-term
average precipitation and chloride concentrations in rain and groundwater entail less
uncertainty and are generally less expensive to acquire than physically based parameters

commonly used in analysing recharge via water balance approaches.

Chloride is used for recharge estimation because of its conservative nature and the relative
abundance in precipitation. The application is based on a comparison of the chloride
deposition rate at the soil surface with the concentration in the soil water or groundwater.
The CI concentration increases relative to the concentration of rainwater as a result of

interception, soil evaporation and/or root water uptake by the vegetation.

The theory is that solutes will be transported downwards through the unsaturated zone at
rates that depend on precipitation amounts. Some of the solutes may be removed from the
soil water by a variety of secondary processes, such as plant root uptake, mineral
precipitation and adsorption. Conversely, some of the solutes may also be released by the
decay of dead plant material, by mineral dissolution, or by desorption (Edmunds et a/., 1988).
A prerequisite in the use of a chemical tracer is that only tracers that are not subject to
chemical reactions, and for which there is no net release or storage from the soil matrix on
their way down, are considered.

The chloride balance method, developed by Eriksson and Khunakasem (1969), compares
total chloride deposition at the surface with the soil water concentration below the active root
zone or the concentration in groundwater. Under diffusive or piston flow conditions, CI
increases in the root zone, until a constant value is reached below the root zone (Allison,
1988). Under steady-state conditions of piston fiow, the flux of Cl at the surface is equal to
the flux of Cl below the active root zone, and the conservation of mass leads to (Eriksson and
Khunakasem, 1969):

PCl, =R Clsy
Where:

P = mean annual precipitation

R =recharge (mm/a), and

Cl, = mean ClI concentrations (mmol/l) in precipitation
Clsw = mean CI concentrations (mmol/l) in soil water

Sharma and Hughes (1985) provide a slightly more complex estimation of recharge. They
introduce a bimodal model including a bypass flow component. If it is assumed that

soilmoisture movement occurs through the soil matrix as well as through preferred pathways,
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then the total recharge can be evaluated as a two-component system. Soilmoisture transport
in such a flow regime consists of a slow diffusive and quick preferential flow component.
Preferential flow may well extend beyond the root zone. Bypass flow in the root zone may
become more diffuse in the percolation zone, but it is also possible that it persists all the way
down to the water table. If the profiling depth is limited to within the unsaturated zone, only
the diffuse recharge component is estimated.

The basic assumptions of the method are that:

o There is no source of chloride, other than that from precipitation in the soil water or
groundwater.

o The chloride ion behaves conservatively and is thus not adsorbed by nor is it leached
from vegetation, unsaturated zone sediments and/or aquifer formations (Edmunds et
al., 1988).

o Diffuse and/or preferential flow often needs to be critically examined. Soil moisture
and solutes may be transported through the unsaturated zone by preferred pathways

(macro-pores).

Under preferential flow or bypass flow conditions some of the precipitation water (with
relatively low chloride concentration) will flow directly along the preferred pathways to below
the root zone. This bypass flow component, unaffected by evapotranspiration, dilutes the soil
water that has been concentrated by transpiration, resulting in relatively low concentrations in
the percolation zone with respect to the concentrations encountered in the root zone.
Assuming conservation of mass in such a bimodal flow situation, total recharge (/7 can be

partitioned into two components as (Sharma and Hughes, 1985):
Rr= st'f'Rpp
and

Rr*clng RSW'*CISW + Rpp *C/pp

where R, is recharge attributed to diffuse flow (mm/a); R,, is recharge attributed to
preferential flow (mm/a), Clw, Cl, and Cl, are the Cl concentrations in mmol/l of
groundwater, soil water and bypass flow, respectively. C/,, is assumed equal to the Cl
concentration of precipitation. When Cl, is close to Clg,, the total recharge is approached by
the diffuse recharge component. Conversely, when Cl, is higher than Cl,, diffuse recharge

is not the only recharge component and bypass flow occurs as well.
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If the chloride concentration of the preferential flow component (Cl,,) is nearly identical to the
chloride concentration of the precipitation, then enrichment of soil moisture solutes by plant
uptake becomes negligible.

For these equations, it is assumed that the two flow components of water are thoroughly
mixed upon groundwater recharge to the aquifer. Rapidly decreasing chloride concentrations
below the root zone may be an indication of preferential flow. If the chloride concentrations

become constant with depth, the moisture flux can then be calculated.

6.6.5.3 Bimodal Flow calculations for the irrigation sites

The chloride values at all the different irrigation sites showed a decrease in chloride values
with depth, indicating bimodal flow (Sharma and Hughes, 1985). The values of the chloride
with depth are illustrated in Table 6-31. These values were obtained from the porous cup
data, the monitoring data as well as from Annandale et al, 2006. The values were averaged

over time.

Table 6-31: Chloride values with depth at the irrigation sites (mg/L).

Cl value of
Weighted irrigation groundwater outside | 1m depth | 3m depth | Cl value
Site water Cl value irrigation area Clvalue | Clvalue at WL
Kleinkopje 4 42 20 130 100 33
Kleinkopje1 13 20 48 42 23
Syferfontein 24 28 72 55 28
New Vaal 34 8 79 130 41

The calculations were derived according to chloride values at 1m (just below root zone), at
the 3m level and at the water level (van Tonder, 2006). (These calculations are illustrated in

the spreadsheet named “Irrigation flux” in Appendix D). This implies:

1. Diffusive flow (Q,) at the root zone level. At this level there is an increase in

chloride concentration due to evapotranspiration.

2. Bimodal (or bypass) flow, i.e. vertical as well as preferred pathway flow (Qg,) at
3m. This component portrays the pollution flux that reaches the water level. The
chloride value has decreased from the value just below the root zone, and can
only be attributed to dilution due to preferred flow, where water that is not
evapotranspirated (water that moves directly through along pathways) mixes with

diffusive flow water.

3. Lateral flow (Q) at water level. This indicates the groundwater component of
water (lower Cl) that flows laterally which plays a role in the mixing fraction of the

salts.
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The calculations are as follows:
1.

Cl,., , Rain+ Irrigation

Q=
Ci,, 365days

Where:

Clig= chloride value in the rain
Cl.= chloride value at 1m, just below the root zone
Rain = total annual rain

Irrigation = total annual irrigation

Clirri r
Qo= Clsn *[(Q,-Clz) Q] / £

3m

Where:

C/5, = chloride value at 3m depth

wil

Q = [[%] " Ql} * [(le:m - C'lw/ )* QV] / (Cl“’l B Clgl"Side)

Where:

Cl,s= chloride value at water level

Clousige = chloride value of aquifer outside the pivot area

From these formulas the vertical and the lateral flux components that contribute to the mixing
values of the chloride could be calculated (Table 6-32).







From these fluxes the % flux moving down into the groundwater in relation to the water
applied to the pivot sites, as well as the actual volume of water that reaches the groundwater,

were calculated as illustrated in Table 6-34.

o Also portrayed in the table is the K-value derived from these fluxes (Qy + Qg,) at
each of the sites.

o The value for Kleinkopje 1 is small in comparison with the other sites (9%). This is

due to the fact that water is lost due to drainage down the borehole into the mine.

Table 6-34: % Flux that reaches groundwater.

% Flux of total water Total water that
apllied that moves reaches WL
Site down to WL K-value (m*/hald)
Kleinkopje 4 24.07 0.001004 10.0
Kleinkopje1 9.39 0.000391 3.9
Syferfontein 25.55 0.001066 10.7
New Vaal 24 .47 0.000865 97

The salinity increase in the monitoring boreholes does not always reflect the downward
movement of the water. This strengthens the belief that most of the monitoring boreholes are
constructed incorrectly. The boreholes known to be constructed correctly (PV1BH2 at
Kleinkopje 1, PV4BH2 at Kleinkopje 4 and OBD6D at Syferfontein) show an increase in salt
concentration as portrayed by the downward fluxes, whilst the other boreholes e.g. PV1BH7
at Kleinkopje 1, PV4BH6 at Kleinkopje 4 and OBHS5 at Syferfontein show unrealistically low

values of salts in the aquifer (see

Table 6-35) and is graphically illustrated in Figure 6-51. The borehole at Syferfontein situated
outside the pivot, but next to the dyke (OBH2) running through the pivot, shows elevated
values, which implies that some of the water drains along the dyke. At New Vaal, the high flux
value is due to the sandy nature of the soil. Monitoring (see Section 6.2.2.1) indicates an
increase in sulphate in the Borehole PV5 in the middle of the site. /t is thus very important to

know what is being measured at a monitoring site.
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Where:

6,= residual moisture content

Os = saturated moisture content

K(6) =unsaturated K
Ks = saturated K

To help geohydrologists obtain an estimated unsaturated K-value that will be applicable to
the deeper layers below the root zone, a spreadsheet was set up to calculate the unsaturated
K-value according to the equation above. To determine the K{6) (unsaturated-K) value for a
specific moisture content (6) derived from a tensiometer reading at an irrigation site (See
Section 6.6.1), the following is thus needed (see spreadsheet “Unsaturated K” in Appendix
D):

1. Residual moisture content

2. Saturated moisture content

3. Saturated K- value

The unsaturated K-value at the irrigation sites will differ from that under normal field
conditions in the sense that the soil will always have a higher moisture content, resulting in
swelling of clays (if present), thus decreasing the flux, and subsequently the unsaturated K-
value.

1. It was decided to use the 0.1500 regression equation (thus at 15 bar matric pressure) from
Hutson (1983) as a default value to determine the residual moisture content, as suggested by
Van Genuchten (1980).

According to the regression equations derived by Hutson (1983) in relation to the soil texture
(sand, silt and clay content) this can be calculated from:

0.1500 =0.0602 + 0.0032CI + 0.0031Si - 0.026D,

2. The saturated volumetric content of the soil can be derived from the bulk density of the

soils, using the formulae (Hensley, 2006):

;= 1- (D,/2.65)
(Where 2.65 is the average density of soil minerals).

3. Saturated K:
To determine the Ks for different clay percentages at the irrigation sites, the diffusive flux

obtained from the calculations for each site in Section 6.6.5.3 and illustrated in Table
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6-33was plotted against the clay content at each site (Figure 6-52). From this a relationship
with a correlation of 74% was obtained:

y = 0.00008 x + 0.000971
Where:
x is the clay content and y is the diffusive flux (saturated K-value).

These K-values are very low (10* m/d) and indicate that vertical movement in the moist
irrigation soils is very slow. This equation was calculated for and will be valid for average clay
contents up to 40%, but with individual layers up to 65%.

Diffusive flux/Clay

0.0012

0.001 - o
2 0.0006 - y = -0.000008x + 0.000971
E] R? = 0.738532
5 0.0004 -

0.0002 -

0 : . :
0 10 20 30 40
Clay

Figure 6-52: Clay percentages against the diffusive flux.

o Work by Campbell (1985) revealed an equation where clay and silt fractions were
used to calculate the saturated-K. The equation reads:

° Ks = 2*10-3e-4.26 (ms+mc)
(Where mq is the silt content and m. the clay content in fractions).

o This equation was further developed by van Tonder et a/ (2002) for borehole
protection zones in the Bainsvlei area outside Bloemfontein and reads as follows:
Ks = 30*Exp(-0.3*Clay)

This formula is suited to normal field conditions where the soil does not have a high
moisture content, and the prediction of saturated K-values will be too high for irrigation

soils where the high moisture content will cause swelling of the clays, thus reducing the

flux.







6.7 Conclusion

Geochemical modeling has indicated that the soil water in the top one meter is saturated with
gypsum, and precipitation should occur. In the deeper moist layers the water is still
undersaturated with regard to gypsum. The salt balance calculations revealed that 80% of
the sulphate applied during irrigation since 1999 (2001 at other sites) has been retained in
the soil profile (also as gypsum), most of it in the upper two meters. 80% of this retained
sulphate is in the soil water. After irrigation ceases, it will take more than 15 year to leach the
sulphate from the soil profile under optimal conditions. Due to bimodal flow and low recharge
it can be more than 100 years.

The chloride values at all the different irrigation sites showed a decrease in chloride values
with depth, implicating bimodal flow. Twenty five percent of the total volume of water applied
through irrigation reaches the water level. There is a direct correlation between clay content
of the soil and the diffusive component of the bimodal flow. Due to the moist conditions at
irrigation sites, swelling of the clay results in a very low vertical conductivity value of 10™ m/d.
This correlates well with the findings of Campbell (1985).

Due to lateral flow in the weathered saprolite zone, dilution occurs (lateral flow contributes
approximately 85% towards the dilution process). Water will move along the weathered zone,
and part of the salinity will move deeper down into the fractured aquifer, some will daylight or
seep into adjacent strata. This means that the release of salinity into the groundwater is a

very slow process, which makes irrigation a viable option over the short to medium term.

It is very important to construct the boreholes at irrigation sites correctly. Otherwise a false
picture of what really happens regarding the increase in salinity in the underlying aquifer
emerges.
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7 IRRIGATION AT OPENCAST COLLIERIES (SPOILS)

7.1 Scenarios considered for spoils irrigation

The range of potential interactions in spoils is highly variable; the fact that the on-site
observations will not provide a complete picture, several methods can be carried out by

applying a series of laboratory investigations was undertaken, including the following:

o Leaching columns of spoil material (spoils is waste material from the mine and can be

potentially acid generating and non-acid generating)

o Humidity cells of spoil material (potentially acid-generating and non-acid generating

scenarios were run)
o Columns within the spoils
The different scenarios considered by these tests therefore included:
o Irrigation with high quality water
o [rrigation with mine water
o Irrigation with re-circulated mine water

o Inundation of spoils through over-irrigation or irrigation where water could not

drain away.

In addition to these alternatives, geochemical modelling was used to illustrate factors

of fundamental importance.

7.2 Laboratory testing of spoils irrigation

7.2.1  Humidity cells

Humidity cell tests are performed to evaluate the long-term acid-producing potential of mine
waste rock, tailings or residual ore. The test simulates the accelerated weathering of the
sample by passing moist air through the sample chamber, followed by dry air; moist air is
used for three days, followed by dry air for three days, and distilled water on the seventh day.
The leachate is analysed for pH, conductivity, sulphate, acidity and dissolved alkalinity. This
one-week cycle is typically run for 20 weeks. Samples are usually selected to represent the
various lithologies at the mine, along with a range of ABA and/or NP/AP values. Therefore,
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humidity cell results can be used to identify or confirm the AMD risk associated with a range
of ABA values.

7.2.1.1 Methodology

A degree of standardisation has been attempted in the USA, with the adoption of the ASTM
standard methodology. In Designation: D5744-96 Standard Test Method for Accelerated
Weathering of Solid Materials using a Modified Humidity Cell (ASTM, 1996), a cell 203mm

(8.0 in.) in height by 102 mm (4.0 in.) diameter is specified for material crushed to 100%

passing 6.3 mm (crushed core or waste rock and coarse tailings).

In a typical test, a seven-day cycle is employed: three days of dry air, three days of humid air,
followed by leaching on the seventh day. The next cycle is started on the 8" day of the test by
carrying out the humidity cell tests as long as possible (as discussed in detail in Chapter 5). It
is normal for data to be quite erratic over the first few cycles, before consistent results are
obtained. This is due to the removal of readily soluble components from prior oxidation and
weathering. It is not unusual for humidity cell tests to continue for several months, or even

more than one or two years (Lawrence and Day, 1997).
The different weekly methodologies were as follows:

o Cells 1 and 4 were leached each week by the addition of mine water (first order

analogue to irrigation)

o Cells 2 and 5 were leached each week by the leachate from the columns themselves,

made up to 500 ml by mine water (to illustrate the effect of recirculation)

o Cells 3 and 6 were leached each week by the addition of deionised water (Response

of spoils under natural conditions, which forms the baseline for comparison)
o An additional two cells were filled with water and sealed off to similute flooded
opencast pit conditions.
7.2.1.2 Results

The key objectives of laboratory kinetic tests are (a) long-term stable reaction rates under
kinetic conditions and (b) depletion times for acid-generating, acid-neutralising, and metal-
leaching minerals. Test interpretations therefore focus on calculating these values.
Recommended equations by Morin and Hutt (1997) are listed in Appendix D.
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7.2.2 Leaching columns

7.2.2.1 Methodology

Three duplicate sets of 2 m columns with a diameter of 160 mm were packed with raw spoils
obtained directly from the mines. After thorough mixing, equivalent amounts of spoils were
sequentially loaded into each column by hand.

The columns were loaded until each contained 50 kg of material. Initially the cells were
leached with 5 litres of water to completely inundate the column and leach out the
accumulated oxidation products.

The different weekly methodologies were as follows:
o Columns 1 and 4 were leached by the addition of 1 litre of mine water each week.

o Columns 2 and 5 were leached by the the leachate from that column, made up to 1
litre by mine water each week.

o Columns 3 and 6 were leached by the addition of 1 litre of deionised water each
week.

The EC and pH of each column were measured weekly with full analyses of the leachate in
each column every four weeks.

It is very important to note that the water to spoils ratio in the columns is far lower than in the
humidity cells. The reaction progress is therefore much slower and the secondary mineral
influence becomes more pronounced (Morin and Hutt, 2001). These columns are, however, a
better real-time analogue to the field, since the water:spoils ratio and rates of water addition
were adapted to mimic field conditions.

7.2.2.2 Results

7.22.2.1 Initial data (Potentially non-acidic spoils)

Acid-base accounting was performed on the spoils obtained from the Optimum site to obtain
an indication of the acid-generating potential of the spoils. Results are given in the Table 7-1
below:








































To support this, Lichtner (1996) states: “Computer models can provide, if not a direct
quantitative description, at least a far better qualitative understanding of the geochemical and
physical processes under investigation than might otherwise be possible.”

The geochemical model, PHREEQC (Parkhurst and Appelo, 2001) was used to assess the
minerals that exert control over the observed water quality. The results were entered into
PHREEQC, so that an indication of the saturation state of each sample, relative to common
minerals within the South African coalfields, could be determined. The approach was the
widely recognised saturation index determination, wherein the saturation state of each water

is compared to the theoretical solubility of the minerals, as defined by its K, value.

Work in other coal mining areas in South Africa indicates that the carbonate minerals, calcite
and dolomite are important controls on the pH in water, and that secondary minerals such as

gypsum and ion hydroxides are important in controlling the concentrations of these species.
The evaluations for these waters are presented in the sections below.

To obtain a generalised indication of what could occur at a typical opencast spoils site, a
case study from Usher (2003) is discussed. Geochemical modelling was applied, using
PHREEQC to speciate the water and determine saturation indices. At the encountered
colliery, gypsum saturation acts as a control on the maximum sulphate conc%ntrations,
whereas calcite and dolomite are the principal buffering agents as far as pH is concerned.
Eary ef a/. (2003) used a similar approach, in terms of ABA, saturation considerations and

simplified modelling, to characterise the hydrochemistry of a coal mine.

Geochemist's Workbench (Bethke, 1996) was used to obtain a profile of the expected water
quality over time. The data used in this simulation are derived from the average acid and
base potentials for the ABA boreholes and extensive mineralogy on the 73 core borehole
samples. From this detailed mineralogy, the principal minerals are characterised as quartz,
kaolinite, illite and montmorrilinite, with lesser quantities of K-feldspar, calcite, dolomite, pyrite
and Ca-plagiocase minerals. The data used in this simulation are derived from the average
acid and base potentials for the ABA boreholes and detailed mineralogy on the samples. The
values used are: AP: 2.8% pyrite; NP: 2% dolomite; clay (kaolinite with some illite) in excess,
in the presence of oxygen and water. The results demonstrate the expected sequence of
events, but there were no detailed determinations of the reactive surface area. Oxygen is
only fully available on the outside of rocks in the spoil. The rocks are saturated with water on
the inside and pyrite does not oxidise. For oxidation to take place inside a rock, it has to
disintegrate through weathering. This could take many years, depending on specific
circumstances. Based on these principles, the conclusion is that the outside of a spoil

boulder (at excess acid potential and above the water table) could acidify within a matter of
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can lead to more accurate predictions of water quality, even when key parameters have not
been measured. An important caveat is that the time graph is not specific; the profiles
indicate the expected evolution, but not its timing.

For any particular spoils area, it is possible to generate similar hydrochemical evolution

diagrams, if the correct data are collected.

7.4.1.1 Neutralisation of AMD

The expected mechanism of AMD neutralisation in the spoils is of great importance, since it

will show the effect of irrigation with mine water.

The system attempts to buffer acidity, generated by AMD, as far as possible. In both the
underground and opencast areas, minerals such as calcite and dolomite, which occur within
the Karoo lithogies as cementation material or veinlets (observed in shales, coal and
sandstone) and the alkalinity of the influent water, provide the necessary buffering (Usher,
2003).

Calcite neutralisation reaction (calcite dissolution by sulphuric acid):
H,SO, + CaCOj; = CaSO, + H,0 + CO,

Dolomite neutralisation reaction (dolomite dissolution by sulphuric acid):
2H,S0O, + CaMg(CO;) ; = CaSO, + MgSO, + 2H,0 + 2CO,

In the opencast, the influent water consists of rainfall and fairly inert groundwaters with
limited alkalinity, while the irrigation mine water may be either devoid of, low, or high in

alkalinity, such as at Syferfontein.

The concentrations obtained, also provide a vital understanding of the expected system
response. Depending on where along the early part of the reaction path the system is when
sampled, completely different ion ratios will be obtained. In the early part of the reaction path,
the system contains a typical Na-HCO; water, showing an enrichment in sulphate relative to
bicarbonate (Figure 7-48). The sodium content remains constant, with the water becoming
progressively more calcic as the reaction proceeds. As the reaction continues in the longer
term, sulphate and calcium will be constrained by gypsum precipitation for as long as calcium
is released by caicite buffering. When this ceases, the system rapidly acidifies and sulphate
concentrations rapidly rise, since no more gypsum can be produced to remove sulphate from
solution (Usher, 2003).
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Figure 7-58: Associate mineral saturations with reduced recharge.

One of the key points to highlight is that the recharge reduction has very little effect on the pH

profile. Only if the recharge contains a significant amount of alkalinity or acidity will this

significantly alter the pH profile.
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Figure 7-59: pH profile with reduced recharge.
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7.4.2.4 Inundation resulting in order to lower pyrite rate

The effect of inundation on the spoils chemistry is also of importance. Here it is assumed that
the initial system is started with the same conditions as previously but with oxygen excluded.
It was shown that pyrite oxidation decreases due to the exclusion of oxygen and the
decrease in activity of Thiobaccilus ferrooxidans when oxygen values are depleted.

The data in Figure 7-60 show that 7. ferrooxidans activity ceases when O, is depleted.
However, bacterial activity resumes even under extremely small increases in O, content, and

reaches a maximum at approximately 0.01 mole or 1% of O, (Jaynes et a/., 1984).
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Figure 7-60: The influence of O, concentration on relative activity of T. ferrooxidans (Jaynes
etal, 1984).

The effect of this response was simulated and the results indicate that, if the pyrite oxidation
rate or activity is inhibited, the system will dilute (Figure 7-61). Pyrite oxidation and the
resulting acidity, sulphate production, neutralisation and solubility effects are the principal
drivers in the system. When the pyrite effects are reduced, the other minerals also react far
less aggressively.

Equally important is the fact that, under these conditions, the pH will very quickly become
neutral and then increase as the carbonates equilibrate with the available P, (Figure 7-62).
The result is that the system reaches equilibrium with calcite and will remain neutral. The
calcite and dolomite are also not depleted rapidly, since the system is not placed under
stress by the added acidity under full pyrite oxidation kinetics (Figure 7-63).
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7.4.2.8 Geochemical modeling with Optimum Colliery water

The final three scenarios consider the result of leachate from irrigation. Three simulations
were run with the foliowing water qualities:

o The Optimum irrigation water (Table 7-4) evaporated by 85% (Table 7-5), as
determined by PREEQC (this is in line with the expected ET at the pivot site). The
simulation after evapotranspiration is illustrated in Figure 7-74.

Table 7-4: Optimum irrigation water quality (before evaporation).

pH EC Ca Mg Na K PAIk
mS/m mg/L mg/L mg/L mg/L mg/L

7.99 309 376 313 112 19.1 0
MAIk F Cl NOZ2(N) Br NO3(N) SO4
mg/L mg/L mg/L mg/L mg/L mg/L mg/L
185 0.62 34 <0.01 0.16 0.18 2290

Table 7-5: Optimum irrigation water quality (after evaporation).

pH Ca Mg Na K [Malk Cl |S0O4
7.78 426 835 234 21 26 146 5995

o The water that was sampled in the 2m column in the spoils at Optimum. (The original
irrigation water quality is the same as in Table 7-4. This water has moved pass the
root zone of the grass planted on top of the column and probably indicates the most
accurate scenario. The high nitrate value is due to fertilizer application. The simulation
after evapotranspiration is illustrated in Figure 7-75.

Table 7-6: Optimum 2m column water quality (after evapotranspiration).

pH EC Ca Mg Na K PAlk
mS/m mg/L mg/L mg/L mg/L mg/L
6.53 496 504 986 291 18.6 0
MAIk » Cl NO2(N) Br NO3(N) S04
mg/L mg/L mg/L mg/L mg/L mg/L mg/L

31 0.2 43.39 <0.01 0.04 17.76 5423

|

o Water quality from Soil Water Balance program simulations, i.e. water that moved
passed the root zone. The simulation after evapotranspiration is illustrated in Figure
7-79.
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Where the mine water used for irrigation is largely gypsyferous, the recirculation scenario is

feasible under the correct conditions (e.g. impermeable floor rocks). Where this water
contains many other elements, such as the sodium bicarbonate waters at Syferfontein, the
solubility limits become far higher due to the increase in ionic strength of the percolating
water. Under these conditions, concentrations will continue rising to very high levels. This
continuous rise is confirmed not only by theoretical considerations and geochemical models,
but also by observations from laboratory tests. The implication is that the nature of the spoils
must be considered in terms of what the likely soluble concentrations of different elements
will be.

Where mine water of relatively consistent quality is used, the changes in longer-term quality
will be far less dramatic. The system reaches an equilibrium state and can continue in this
state for long periods of time. The nature of the mine water is important in terms of the
alkalinity, acidity and total ionic strength. The former two parameters will play a role in
determining the depletion of the neutralisation capacity of the rock, which in turn will
determine the relative reactivity and generated salts. Where mine water containing some
alkalinity is used, this will decrease the salt loads in the long term, provided that the alkalinity
is mostly associated with calcium-containing carbonates. Where this is not the case, the ionic
strength effects of the co-existing dominant cation will result in the benefits of added alkalinity

being offset and concentrations rising steadily in the longer term.

The complexity of the interactions makes it necessary to consider several factors
simultaneously in terms of the feasibility and effects of mine water irrigation on spoils.
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8 CONSOLIDATED MODELS OF MINE WATER IRRIGATION FOR
VIRGIN SOIL IRRIGATION

8.1 Introduction

Irrigation with mine water is currently one of the most promising uses of excess mine water.
However, there is continuing concern, especially from the regulatory authorities regarding the
long-term impact that larger-scale implementation of this practice may have on water
resource (specifically groundwater) quality and quantity. Other options for the use of the
water e.g. the treatment of water for human consumption are being investigated. If this
becomes a reality, irrigation will only be an option at collieries wheré there is excess water,

thus reducing the area of irrigation drastically.

Opencast: About 75 000 ha of opencast will finally be rehabilitated in the Mpumalanga
region. As the annual water use to irrigate 1 ha is 5 000 m?, then the excess of 20000 ha

could be irrigated for a single crop.

Underground: For shallow mines every 7-14 ha will provide enough water to irrigate one
hectare. These values are also applicable to stooped areas. For deep underground bord-and-
pillar areas 18 hectares will provide enough water through recharge to the underground
workings for one hectare of irrigation.

Because the overall water quality trend in the deeper aquifer indicates that the water quality
does not show significant deterioration over time the aim of the research was to determine
the feasibility of irrigation with coalmine water, and what the effect will be on the groundwater.
From all the work at the test sites and in the laboratory, detailed models of the water and salt
migration at the different sites could be established.

8.2 \Virgin soil model
Based on the earlier chapters, a general model for irrigation sites is as follows:

o Tensiometer data indicates that the soil throughout the profile is high in moisture
content, with the exception of the top 0.5 - Tm. On average the moisture content is
above 30%. The tensiometer data also indicates that the deeper layers dry out

during winter.

o The clay rich layers play an important role in the moisture content, with a build-up of

moisture above these layers. This indicates that clay does play a role in the vertical

flux.
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The decrease in chloride values with depth in the profile (obtained from the porous
cup data) indicates that preferential flow occurs at the irrigation sites together with
the diffusive flow. Between 80% and 90% of the water needed for the dilution
resulting in the chloride values at water table comes from lateral flow. (This
calculated lateral flow corresponds with the calculated Darcy flux).

At least 90% of the water that moves past the root zone reaches the water level.
Due to lateral flow in the higher conductivity zones in the weathered saprolite zone,

water moving past the root zone will have a lower concentration of salts.

There is a definite relationship between the clay content and the vertical K-value.
The vertical saturated K-value calculated is 10 m/d on average. This low value is
the result of the swelling of the clays due to the moist conditions below the irrigation
sites. The values obtained from these sites correspond with those obtained by other
researchers. The unsaturated K-value derived from these findings indicates a value
one order smaller than the saturated K, at the infered soil moisture contents

measured from tensiometer data.

Data from soil analysis with depth through the profile indicates that most of the salt
is contained in the top 2 m of the profile. Chemical modelling of the soil water
indicates saturation of the water with respect to gypsum above one meter, implying
gypsum precipitation. Deeper down the soil water is unsaturated with regard to
gypsum. Approximately 80% of the salts applied over the years of irrigation are
retained. There is thus not a high degree of continuous leaching due to preferential
flowpaths. Data from soil water analysis obtained from the porous cup sampling
indicates that most of these salts occur in the soil water (about 60% of the total salts
applied), and that the balance precipitates in the soil or gets adsorbed. This implies
that over the short to medium term the irrigation with coal mine water does not
influence the aquifers to a great degree. Dissolved salts leach to the aquifers at a
very low rate and are diluted at such a fast rate because of lateral groundwater flux.

As a result low concentrations are detected through borehole sampling.

When irrigation ceases, it will take more than 15 years under optimal diffusive
conditions to leach the salts out of the profile again. Due to the fact that preferential
flow occurs, it can be more than 100 years. Of the sulphate captured in the soil, 25
% is adsorbed. This means that not all sulphate will be leached by excessive
irrigation or rain.

Irrigation with gypsiferous water:
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Gypsum, more than any other single product on earth, uniquely helps soils to be more
productive and fruitful (see Appendix C on Gypsum in soils). It also improves the soil
structure and replaces harmful salts like sodium, which are detrimental to plant growth
and development since they rupture and destroy plant cells. If gypsum is added, this
will lead to a decrease in exchangeable sodium percentage (ESP). The calcium ions
replace the sodium ions on the clay particles, ‘stickiness’ increases and sodicity
decreases.

According to this research gypsum precipitates in the first meter in the soil profile. Salts
are released very slowly into the groundwater, and the addition of water due to lateral
flow dilutes it to such an extent that very little influence on the groundwater can be
detected.

Recommendation: Irrigating with gypsiferous type water (s an option over the short to
medium term (10 years).

o |rrigation with sodium water:

However, the high sodium water at Syferfontein influences the ESP. High levels of
sodium make the clay particles less ‘sticky’, so they do not adhere, or hold together,
very well. Following rain in which the electrolyte concentration is relatively low, the
combination of sodicity and raindrop action causes the clay particles to disperse
instead of remaining in their original arrangement. The disruption of the soil structure,
together with clay dispersion, greatly reduces the soil permeability since the larger
pores are blocked.

Recommendation. Irrigating with sodium-type water is not an option over the medium to
long term (> 10 years).

It is recommended that monitoring continue at the sites that are still in operation to study

further trends.

8.3

Detailed site evaluation for virgin soil sites

In this section a detailed description and evaluation of each site will be dealt with. A reference

to each section discussed is as follows:

o

]

Water levels - section 3.3.4

Groundwater monitoring - section 6.2
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Soil analysis - section 6.3
o Unsaturated soil sampling - section 6.4

~ o Gypsum precipitation - section 6.5
o Measuring moisture potential - section 6.6.1
o Salt balance - section 6.6.2
o Leaching of sulphate - section 6.6.3
o Identification of aquifer parameters - section 6.6.4
o Determination of the flow hydraulics - section 6.6.5

o Influence of clay on vertical conductivity - section 6.6.6

8.3.1 Kleinkopje 1

The soil at Pivot 1 varies with depth (Bainsvlei and Clovelly soils) and is underlain by
sandstone and coal. The area below the pivot is undermined. The soil is on average 4m deep
with a 4 - 6m weathered sandstone zone beneath itt. The soil texture at this site varies greatly
with depth and there is a distinctive clay-rich layer at 2m (18.6%). Above this layer the clay
content is <4% and below this layer the clay content is 9%.

The water levels, as expected at an irrigation scheme, are very shallow (approximately
2,8m). The time variation of the water levels indicates that they fluctuate in correspondence
with the seasons. Typically, the water level drops during the mid- to late winter months, and

then recovers again during mid- to late summer.

The total water that is applied to this site is 1500mm annually, of which 700mm is rain. The
irrigation water applied is 800mm with a sulphate content of approximately 2200 mg/L. The
gypsiferous type water results in an increase in the soil salinity, with most of this in the upper
0.7m of the profile. The data for the soil water monitoring from the porous cups shows a
steady decrease in sulphate concentrations with depth (decreasing from 4700 mg/kg at 1m to
260 mg/kg at 3m - this is more than at the other sites. Irrigation at this site commenced a few
years before the other sites, indicating movement down the soil profile, resulting in the larger
concentrations of salts deeper down). Calcium decreases much more than the other cations,
indicating gypsum precipitation in the upper drier soil. However, most of the salts in the moist
layers 0.7 meter and deeper are retained in the soil water. Tensiometer data show a moisture
content of 0.32 at 1m and 0.37 at 2m. The total mass of salts retained in one hectare of
irrigated land is 56 ton, of which 47 tons is in the soil water (84 % of the total salts retained).




The decrease in the chloride values down the soil profile confirms preferential flow in the

unsaturated and weathered zones. Under preferential flow or by-pass flow conditions some
of the precipitated water (with relatively low chloride concentration) will flow directly along
these preferred pathways to the water level. This bypass flow component, less affected by
evapotranspiration, dilutes the soil water that is concentrated by transpiration, resulting in
relatively low concentrations in the percolation zone with respect to the concentrations
encountered in the root zone. Sharma and Hughes (1985) introduced a bimodal model
including a bypass flow component. From a variation of this model it was calculated that the
diffusive flux attributes 14% to the mixing process (of diluting the salts) and the lateral flux
86%. Of the total volume of water applied to the site, 9.4 % reaches the groundwater. This
results in a build-up of salts in the profile above the water level, but there will also be an
increase in salinity in the water below the pivot, as has been illustrated with the well
constructed boreholes. This water will move through the weathered zone into the deeper
fractured aquifer along vertical fractures, or laterally. Some may also daylight in streams or

as springs.
Water balance:
o Total water applied /day (irrigation + rain) = 42 m*/d

o Total volume of water per 1 ha that reached aquifer below irrigation pivot = Q,+Qg, =
3.9 md

o Lateral flux along 1 ha = Qh = 0.25 m®d (estimated from Cl mass balance). Darcy
estimate of lateral flux along 1 ha =T**L=3*.001*100 = 0.3m%/d, which is in agreement
with the Cl mass balance estimate.

o 35% of the water that moves past the root zone (after ET) reaches the water level.
This is 9% of the total water applied daily (3.9 m*ha/d). This value is lower than at the
other pivot site, probably because a large amount of the water drains down to the
undermined area near to the test site.

Salt balance:
o Total salts applied (ton/ha) = 83 ton/ha

o Total salts retained in profile = 56 ton/ha. 67% of the total salts applied to Pivot 4 is
retained in the soll

o Total retained salts in soil water = 47 ton/ha, which is 56% of total salts applied.

A summary of the detailed model at Kleinkopje 1 is illustrated in Figure 8-1.
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° Totalsvolume of water per 1 ha that reached aquifer below irrigation pivot = Q,+Qg, =
10 m°/d

o Lateral flux along 1 ha = Qh = 0.54 m*d (estimated from Cl mass balance). Darcy
estimate of lateral flux along 1 ha =T**L=5*.001*100 = 0.5 m%d, which is in
agreement with the Cl mass balance estimate!.

o 88 % of the water that moves past the root zone (after ET) reaches the water level.
This is 24% of the total water applied daily (10 m*/ha/d).

Salt balance:
o Total salts applied (ton/ha) = 62 ton/ha

o Total salts retained in profile = 48 ton/ha. 77% of the total salts applied at the pivot 4
have been retained in the soil.

o Total retained salts in soil water = 37 ton/ha, which is 56% of total salts applied.

A summary of the detailed model at Kleinkopje 4 is illustrated in Figure 8-2.
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8.3.3 Syferfontein

The geology at Syferfontein is relatively homogeneous with the weathered sediments up to
10m deep. The strata mainly consist of 2 - 6 m Arcadia soil, followed by weathered dolerite
and shale to 10m. The shale is underlain by fresh sandstone with a white appearance. At the
depth of 32-35 m the sandstone is underlain by shale. The Arcadia soil at Syferfontein varies
with depth. The soil texture at this site varies greatly with depth, with a high clay content. The
clay % at the top is 63%, decreasing to 31% at the water level of 4m. Below the water level it
decreases to 26%.

The water levels, as expected at an irrigation scheme, are shallow and vary between 3 m and
5 m. The water levels fluctuate in correspondence with the seasons.

The total water applied to this site is 1500mm annually, of which 700mm is rain. The irrigation
water amounts to 800mm with a sulphate content of 1370 mg/L. The sodium sulphate water
results in an increase in the salt content of the soil, with 95% occuring in the upper 1m of the
profile (41ton/ha). The data for the soil water monitoring from the porous cups shows a sharp
decrease in sulphate concentrations with depth (decreasing from 6400 mg/kg at 1m to 17
mg/kg at 3m). Most of the salts are retained in the soil water. Tensiometer data showed a
moisture content of 0.384 at 1m and 0.35 at 2m. The total mass of salts retained in one
hectare of irrigated land is 42 ton (82% of total salts applied), of which 33 tons are in the soil
water (64% of the total salts applied, or 78% of the salts retained).

The decrease in the chloride values down the soil profile confirms preferential flow in the
unsaturated and weathered zones. From a variation of the Sharma and Hughes model it was
calculated that the diffusive flux attributes 2% to the mixing process (of diluting the salts) and
the lateral flux 98%. Of the total volume of water applied at the site, 26% reaches the
groundwater. Most of the salts build-up in the profile above the water level, but there will also
be an increase in salinity in the water below the pivot, as illustrated with the well-constructed
deep borehole inside the pivot. (The sulphate value in the water is 150-175mg/L).

Note: For a long period during the duration of the research project, the pivot was broken

down. Due to flooding directly onto the irrigation site very near to the experimental site,
the lateral flux values obtained may be exaggerated.

Water balance:

o Total water applied /day (irrigation + rain) = 42 m*/d

° Total3vo|ume of water per 1 ha that reached aquifer below irrigation pivot = Q,+Qg, =
11 m°/d
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Lateral flux along 1 ha = Qh = 5 m*/d (estimated from Cl mass balance). Darcy
estimate of lateral flux along 1 ha =T**L=7*.005*100 = 3.5 m*®/d, which is in
agreement with the Cl mass balance estimate.

94% of the water that moves past the root zone Safter ET) reaches the water level.
This is 26% of the total water applied daily (11 m°/ha/d).

Salt balance:

Total salts applied (ton/ha) = 51 ton/ha

Total salts retained in profile = 42 ton/ha. 82% of the total salts applied at the pivot
have been retained in the soil.

Total retained salts in soil water = 33 ton/ha, which is 64% of total salts applied (or
78% of the salts retained).

A summary of the detailed model at Syferfontein is illustrated in Figure 8-3.
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8.3.4 New Vaal

At New Vaal the profile is a very sandy soil with a clay layer of 24% above 3m. Above this
layer the clay content is 4%, and 14% below it. Drilling at the site indicated that the sand is
quite clayey deeper down, which will retard the vertical movement of water. The clay layer at
3m results in the retardation of the vertical movement of the water, and causes a build up and

ponding on surface during periods of high irrigation.

The water levels at the irrigation site are deeper than at the other sites. They vary between
10 m and 12 m and shows a downward trend over time, which implies that the water drains

away.

The total water that is applied to this site is 1500mm annually, of which 640 mm is rain. The
irrigation water amounts to 800mm with a sulphate content of 450 mg/L. The sulphate-rich
water results in an increase in the salt content of the soil. It is evenly distributed down the soil
profile up to the water level, with some build-up above the clay layer at 3m. In the upper 1m
very little salts are retained, with less than 200kg/ha in the soil. Only 36% of the salt are being
retained in the soil water, indicating less moist conditions than at the other sites, which
implies that the water moves down the soil profile relatively quickly. (The chloride in the
aquifer indicates a recharge of more than 10% for the vicinity). The total mass of salts
retained in one hectare of irrigated land is 18 tons (85% of total salts applied), of which 6.5

tons are in the soil water (30 % of the total salts retained).

In the upper layers an increase in chloride with depth occurs, which implies that no
preferential flow occurs, or that the salts are being retained in the clayey layers. The
decrease in the chloride values down the deeper soil profile confirms lateral flow in the
unsaturated and weathered zones. From a variation of the Sharma and Hughes model it was
calculated that the diffusive flux attributes 27% to the mixing process (of diluting the salts)
and the lateral flux 73%. Of the total volume of water applied to the site, 25% reaches the
groundwater. There is a slow increase in salinity in the water below the pivot, as illustrated
with the borehole inside the pivot. (The sulphate value in the water is 93 mg/L).

Water balance:

o Total water applied /day (irrigation + rain) = 39 m®/d

° Total3volume of water per 1 ha that reached aquifer below irrigation pivot = Q,+Qg, =
10 m°/d

o Lateral flux along 1 ha = Qh = 0.26 m*/d (estimated from Cl mass balance).

o All the water (100%) that moves past the root zone (after ET) reaches the water level.
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Salt balance:
o Total salts applied (ton/ha) = 21 ton/ha

o Total salts retained in profile = 18 ton/ha. 85% of the total salts applied at the pivot
have been retained in the soil.

o Total retained salts in soil water = 6.4 ton/ha, which is 30% of total salts applied.

A summary of the detailed model at New Vaal is illustrated in Figure 8-4.
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8.4 Summary of Results

In Table 8-1 a summary of all the experiments, the results as well as the implications for the

research are portrayed.

Table 8-1: Summary of all the experiments.

Site

Description

Results

Implications

Kleinkopje 1 (Major)
Kleinkopje 4
Syferfontein

New Vaal

Borehale monitoring

1. The majorily of the groundwater constiluents at KK Pivot 1 and 4 and
Syferfonrein have not shown increases over time. This indicates that these
macro constituents are not reaching the groundwater. Very little, if any,
pollution are detected in the groundwater.

2. PV5 within the New Vaal pivot area is showing signs of consistent water
quality degradation, with increases in most of the constituents. The
piesometers show high salt values in the water above the clay layer.

3. The water levels at all the sites are elevated.

1. Itis clear at KK that there is currently a build up of salls in the soils
above and within the clayey layers, and that a limited proportion of
the associated salts move through into the groundwater.

2. The clay layers in the sands of NV are very important in the
retardation of the movement of soil water and constituents down into
the aquifer. Do we
measure correctly? Is the leakage into the aquifer quick enough?

Kieinkopje 1 (Major)
Kieinkopje 4
Syferfontein

New Vaal

Pits and soil sampling

KK1: Sandy soil but shows a marked increase in clay content below the depth
of 1m (18%). Calcium decreases with depth, while magnesium and sodium are
affected by probably the clay layer just below one meter. Potassium also
decreases with depth. KK4: The magnesium initially increases, and then
decreases. This may be the result of sorption at the clay layer at 3m depth,
Sodium and potassium level out al 3m, but do not decrease in value. Syfer:
High sulphate concentrations in the upper one meter of soil. It can be
concluded that all the cations move through the clayey Arcadia soils at the
same degree, with sodium obviously at higher molar concentrations because of
the composition of the irrigation water. The magnesium is a lot less in the water
than calcium and potassium. NV: Calcium and magnesium concentrations
increase drastically in the clay layer at 2.4m depth. Even the potassium, which
has a far lower concentration in the water, increased in the clay layer. Chloride
and sulphate follow the same pattern as all the major cations except sodium.

1. There are hydraulic and atlenuation factors preventing the salts in
the mine water used for irrigation from being mobilised down the soil
profile and into the aquifer. The soil composition (especially the clay)
and associated sorption and hydraulic properties may be informative.
2. The results point to several potentially important findings for the
wider application of mine water irrigation. It would appear that where
the soils are richer in clay content, there is a significant attenuation of|
salls in the shallower zones. The groundwater monitoring results
indicate that this attenuation makes mine water irrigation a viable
option in the short to medium term where gypsum rich waters are
used. The clays play an important role in retaining the salts to the
upper few layers of the profile. The comparison between the soil
leaching and porous cup data supports this. 3. The clay layer in
the sandy soil results in very little movement of salts pass the layer.
This is conirmed by piesometer measurements. The clays results in
ponding. Soil texture is important in soil moisture calculations.

Kleinkopje 1 (Major)

No gypsum could be detected in any of the samples, even those that consisted
mostly of precipitate scraped from surface. It has been revealed that bassanite,

Heat built-up definitely occurs between the densely populated plants
in the irrigation area, and probably dehydrates the gypsum enough to
be transformed to bassanile in the upper soils (dehydration starts at

Kleinkopje 4 the hydrous form, CaS04 0.5H20, or calcium sulfate hemihydrate, is present in|40°C). Gypsum is thus definitely present in the soils, may it be in a

Syferfontein XRD most of the samples. more dehydrated form of bassanite.

Kieinkopje 1 (Major) KK: There are indical_ions that gypsum precipilation should occur since Ca KK: This would suggest that lhe dislribulion is chemically controlled

Kieinkopie 4 values are far higher in the shallow portions, while Mg values are more evenly [rather than by surface interactions since these two ions should have
e Pl . distributed. similar sorptive capacities. This is supported by the Na values, which

Syferfontein Syfer:The sulphur values obtained from the XRF are of interest since they have an even distribution with depth. More gypsum present in upper

Optimum XRF indicate a strong atienuation in the shallowest layers of the profile. layers.

Kleinkopje 1 (Major)

KK1: It is clear that calcium decreases a lot more than the other cations in
depth, indicating gypsum precipitation. Syfer: There is sorption and ion
exchange between magnesium and potassium because potassium increased in
depth and magnesium decreased. The reason why sodium does not exchange
is because the sodium content of the irrigation water is already very high.The
sodium sulphate water results in high sodium and sulphate content in the upper

The results of the soil tests suggest that the porous cup results are
consistent with the trapped pore water, precipitates and adsorped
ions at each of these levels. The fac
that the data coliected from the porous cups, the soil salinities and
the groundwater quality indicate the same trends as the soil analysis
is encouraging, in light of the continuing research. Decrease of salts

K'e"‘k°ple‘ 4 layers of soil, which decreases with depth. The conservative chloride anion in depth, most precipitates in upper layers - not enough leaching to
Syferfontein moves through the different layers al the same degree, without any dilute the salts. Will need high rainfall events (more than evaporation
Optimum Porous cups precipitation or adsorption. factor to leach the salts in soil water. Is lateral movement > vertical.

Kleinkopje 1 {Major)

The tensiometers at the virgin soil as well as the spoils idicate a decrease in

Controlled irrigation {less than 20mm at a time) will result in the salis
not moving down the soil profile in large quantities.In the case of
irrigation with colliery water, the quality of the water is such that it will
not leach the salts in the soil, but will resultin the accumulation of

Klemkome, 4 soit moisture content in depth during the “drier" winter months when the volume |more salts. Effective irrigation will result in salts accumulating in the
Syferfontein of water apllied are more controlled. The distinct clay layers in lhe sail results in Jupper soil layers with less effect on the groundwater. Leaching will
Optimum Tensiometers ponding above these layers after large rainfall events. only result after heavy rainfall events or after over irrigation.

Kleinkopje 1 (Major)

1. At all the pivots flow zones were determined in the saprolite zone.
2. Darcy velocities were calculated for all zones in the profile, varying greatly in

The water follows the path of least resistance. This means that most
of the water (from the vertical as well as the lateral component) flows
away along these flow zones until it daylights or where it reaches a

Klelnkop}e. 4 the different zones. The flow zones indicated conductivity values as high as in  |fracture, then moving downwards into the fractured rock aquifer. This

Syferfontein excess of 100m/d in the main flow zones. is the reason why so little increase in salinity in the groundwater

Optimum Point Dilution Tests 3. The clay layers have very small conductivity values. oceurs.

Kleinkopje 1 (Major)

Kleinkopje 4

Syferfontein The upper soil zones have very small concuctivity values, less than Tm/d and | This implicates that very liitle water movement occurs in these upper

Optimum Falling head tests as small as E-2m/d. zones. Most of the flow is along preferred pathways.

Kleinkopje 1 (Major) These valueg indicate that the deepgr rocks are nqt as wealhereq as
. . o o is the case with the shallower saprolite. Recharge into these aquifer

Kle'“k‘)ple_“ Normat transmissivity values for Karoo aquifers were obtained in all the will be @ Iot less than the lateral movement of water, implicating that

Syferfontein boreholes. These values ranges from 0.2 to 0.8m%d, with most of them in the very litle pollutants will move down into these deeper parts of the

Optimum Pumping tests order of 0.2m?/d. aquifers.
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Laboratory

Leaching columns -spoils

1. The EC and sulphate variations over time reveal a very inleresting
phenomenon, namely that, where clean waler irrigation is employed, the values
decrease over time. The reason for this lies in the fact that the spoils have been|
oxidised prior to the experiment. Since they represent the results of the in-sitw
spoils at Optimum, it can be expected thal oxidation has occurred in these
spoils over time and the secondary products from oxidation reactions and the
subsequent neutralisation would be contained in the spoils. 2. The deionised
cells become undersaturated as secondary products are flushed out, bul where
leachate is recircutated or mine water used, the values remain close to
saturation. 3. As can be expected in these columns, the carbonates are not
stressed in the reaction period and calcite and dolomite are ai or above
expected equilibrium.

1. The laboratory columns are useful as they provide a betle
understanding of the real rates at which the processes occur and}
thus provide a closer “reaktime” analogue of the field situation,
alihough the volumes of water added reflect a far longer time o
irrigation than is usually the case in the field. The good comparisor
with the field situation is encouraging in this regard. 2.1
does indicate that the initial salt loads in such a system would be]
very high, with stabilisation occurring in time.

Laboratory

Leaching columns -
adsorption

1. There is a definite decrease in sulphate in both columns. The change in
these values is not very significant, but may be due 10 some adsorption.

2. An average sulphate adsorption of 24.9% of the total suiphate exiracted. The
rest (water extracted part) is precipitation.

1. This means that not all sulphate will be leached by excessive
irrigation or rain. It must be noted, however, that desorption can
occur and that the 25% sorbed sulphate will not be irreversibly fixed
in 1he soil profile. 2. The acidic conditions in the soil also enhance
sulphate adsorption. 3. There is no direct correlation between the
clay content of the soil and the adsorption values, but the increased
values are definitely a function of the hydraulic properties of the soil.

Laboratory

Leaching columns - sait
leaching

Most of the soils are leached in the first few years, but more than 6000mm witl
ba needed to flush the soil.Calculated saturated K value is 0.4 m/d

Without taking evapotranspiration into account, it will take nearly 20
years to leach the salts. Check against John's figures for these
values to calculate a time. Not all adsorped sulphates willl leach -
some will never be retained (40% of 25% total sulphates wilt
remain in soil)

Laboratory

teaching drums

Calculations with PHREEQC indicate that all the leachate are saturated or over
saturated with respect to gypsum. Moist soil results in the leachate being under
salurated with respect to gypsum. The increase in Ca and SO4 can only occur
up to a point, where the aqueous solubility of these ions becomes limited by the
solubility of gypsum. The sulphate concentrations in the leachate were all in this|
range. When the soil is wet, $oil water not saturated with respect to gypsum

In the case of irrigation with colliery water, the quality of the water is
such that it will not leach the salts in the soil, but will result in the
accumulation of more salts. The only way to leach the salts is with
heavy rainfali events.

This means that the maximum quantity of gypsum leached from the
soil, is bound by the gypsum saturation of the water moving through
the soil. Calculating the suiphate (1800-2000mg/L) and calcium (600
700mg/L) concentrations in the leachate indicales that, if 20 tons
gypsum / ha precipitated in the upper layer of soil, at least 40 - 50
heavy rainfall events (75mm) will be needed 10 leach the precipitated
salts from the soil. Soil type not very important -solubitlity in water
more important, as well as movement through soil -eg. clay will ieach
at same tempo if clay dry out, resulting in cracks. Tilling of soil will
also play a role in leaching, as well as soil water content..

Optimum - lab

Humidity cells

1. The sulphate response is of great interest and shows that, when the recycled
water contains significant ions other than Ca and SO4, the sulphate can
increase to very high values over time.

1. Geochemical composition of spoils is the most important
characteristic. .
Irrigation with waler with elevated alkalinity will assist in preventing
acidification. 3. lriigation
with gypsiferous water will result in the drainage quality being very
similar to that expecled without irrigation in the long term.

4. irrigation wilhout water which is high in non-gypsiferous
constituents will result in enhanched solubility of minerats and
therefor poorer drainage quality.

5. In systems where water will be recirculated, there will be a steady

decline in quality.
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9.2.1 Identifying land suitable for irrigation (le Roux, 2006)

9.2.1.1 Background

Soil is often the only medium for dumping saline water. Using waste water for crop
production under irrigation seems like a perfect solution as it can be financially beneficial as
well. However, the soil is not always the perfect sink and the environment must be protected.
Protection of the environment is often seen as a good reason to pollute the soil with degraded
water, assuming that the soil is a perfect sink and/or the soil is not part of the environment.
The extent to which the soil serves as a good sink varies. Soil can effectively remove
environmental hazards without polluting the soil or the surrounding environment but usually
either the soil or the groundwater is polluted.

Irrigation of soil with gypsum-rich water is an example where the soil may serve the goal well.
If the composition of the irrigation water is favourable for precipitation of gypsum in the soil,
the gypsum may be removed from the water effectively. After precipitation the impact of the
salt on crops are drastically reduced. In the dissolved condition the severity of divalent

salinity is very low compared to sodium chloride solutions.

9.2.1.2 Irrigation requirements of soils
The suitability of soils for irrigation primarily depends on four factors.

o Firstly the final infiltration rate of the soil must be high enough to prevent run off. The
final infiltration rate is mainly determined by the soil texture, soil surface structure and

slope.

o Secondly irrigation soil must have good internal drainage. The water must move
through the root zone freely to avoid water logging. The factors controlling internal
drainage are complicated but fortunately the soil morphology, as accommodated in

the South African soil classification system, is a good indicator of internal drainage.

o Thirdly irrigation soil must have good external drainage as excess water, needed for
leaching, must be able to move out of the system and either joins the groundwater or
surface water in rivers and wetlands. The factors controlling the external drainage are
even more complicated than internal drainage. Soil morphology, specific redox
morphology, also serves as a good indicator of external drainage and therefore the
soil types of the South African soil classification system are classified according to the
degree of drainage. Limited drainage is aggravated by the position in the landscape

or terrain morphological unit (TMU) and an example is illustrated in Figure 9-3.
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o Fourthly the water holding capacity (WHC) of a soil must be large enough to hold

water for one irrigation cycle, usually one weak. This limitation can be reduced by
systems that can irrigate more often. Mechanical irrigation like drip and micro
irrigation must be avoided as they are probably unsuitable for use with saline water as
the leaching factor can not be upheld with them.

The principles applied in developing these soil suitability ratings were modified to fit the
requirements of the area and quality of the irrigation water. Several factors contribute to the
decision to make the drainage requirements stricter. The rainfall of the area is high,
increasing the risk of water logging. The criteria for soil depth are therefore more strict than
usual. Saline water combined with water logging increases the risk of salinisation and puts

more emphasis on soil depth.

The WHC is mainly determined by the depth and texture of the soil. The texture of the well-
drained soils of this area is in the optimum range and hold 120 mm of plant-available water
per meter of soil. Soils shallower than 500 mm cannot hold enough water to supply the peak
water use in late summer with ET reaching 10 mm per day in a mature crop stand. This
limitation can be addressed to some extent with more frequent irrigation cycles if the system

permits. Shallow soils are also sensitive to water logging and accelerated salinisation.

The degree of management required for successful production of cash crops under irrigation
increases significantly with increased clay content. In clay soils the final infiltration rate is
lower, distribution of water is uneven and workability is poor. The increased aggregation
caused by gypsum in saline waters may improve this parameter to the extent that the
negative effect of high clay content is negligible. Except for differentiating between soil types
in terms of drainage, soil depth and the terrain morphological unit (TMU) are also taken into
account (Figure 9-3). Drainage can be improved by artificial drainage but at a cost roughly
equal to the cost of an irrigation system. Fertility is not considered as a factor in the suitability
of soils for irrigation as fertilisation and/or liming and/or adding gypsum can usually address
it. Salinity is not considered either as the salinity and impact on crop production must be

monitored continuously.
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Soil suitability rating

The soil types present in these land types are divided in three groups according to natural

drainage namely the well drained, moderately drained and poorly drained.

[+]

The group of well-drained soils are soils of the Hutton (Hu), Clovelly (Cv), Oakleaf
(Oa), Arcadia (Ar), Valsrivier (Va), Swartland (Sw), Bonheim (Bo) and Dundee (Du)
forms. Exceptions to this rule is that all series (subdivisions of the forms in the 1997
edition) of the Oakleaf, Valsrivier, Swartland, Bonheim and Dundee forms with signs
of wetness and all families (subdivisions of the forms in the 1991 edition) of the
Swartland, Bonheim and Dundee forms of the South African soil classification system
should be considered as moderately drained. Soils of the Dundee form have layered
subsoil deposits and therefore its suitability varies over short distances. lts suitability
should be evaluated by intensive soil survey. The criteria used in the land type survey
make it impossible to evaluate the depth of soils of the Swartland and Valsrivier
forms. Although few of these soils occur in the land types they are not taken into
account for their contribution to land suitable for irrigation making the figures slightly

conservative.

The moderately drained soils are all the series (1977) and families (1991) of the
Bainsvlei (Bv), Avalon (Av) and Glencoe (Gc) forms of the South African soil

classification system.

Poorly drained soils are all series (1977) and families (1991) of soils of the Westleigh
(We), Longlands (Lo), Wasbank (Wa), Estcourt (Es), Kroonstad (Kd), Katspruit (Ka),
Rensburg (Rg) and Willowbrook (Wo) forms of the South African soil classification
system.

The soils are classified in four suitability classes namely very suitable (S1), suitable (S2),

barely suitable (S3) and not suitable (N). The suitability classes are defined as:

> 81 - Very suitable soils are the soils which are easy to manage under normal irrigation

practices and do not restrict crop production for optimal yields. They have a low risk
of water logging and salinisation but soluble salts that do not precipitate under these
conditions in the soil will leach through the soil and contaminate the ground water.

S2 - Suitable soils are soils that require improved irrigation management systems.
These include mechanical systems of irrigation, artificial drainage and/or a high level
of irrigation expertise for example advanced irrigation scheduling.

S3 - Soils barely suitable should be avoided if possible. Multiple irrigation problems
may occur. The risk of reduced crop yields, water logging and salinisation is a short-
term hazard.

N - Soils not suitable for irrigation are soils and land where the cash crops generally
produced in that area cannot be produced economically even with the best irrigation
practice and most profitable crop generally grown.
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Table 9-1: Soil suitability rating guide for well-drained soils.

Soil factor Soil rating guide Limitation
S1 S2 S3 N

Depth (mm) >1200 | 1200-800 500-800 <800 | WHC

Texture (clay %) <35 35-55 >55 Management

TMU 1+3 4 5 Drainage

Table 9-2: Soil suitability rating guide for moderately drained soils.

Soil factor Soil rating guide Limitation
S2 S3 N

Depth (mm) >1200 >800 <800 | WHC

Texture (clay %) <55 >55 Management

TMU 3 1+4 5 Drainage

The following soils and land types are not suitable for irrigation for several reasons namely
rock, Mispah (Ms), Glenrosa (Gs), Mayo (My), Cartref (Cf) and stream beds.
9.2.2 Procedures for selecting land for irrigation

1. Select a land type with a high percentage of land suitable for irrigation.

2. Select a terrain morphological unit in the landscape containing the highest percentage
of land suitable for irrigation. Take into consideration that the percentage may be
high and the area covered quite low.

3. Take slope into account. Different irrigation methods accommodates slope differently.
4. Do a detail soil survey.

5. Select the best land for irrigation.

6. Select crops resistant to salinisation.

In Table 9-3 the percentage of suitable land in the Mpumalanga coalfields for the different
land types as well as the actual size in hectares are portrayed for the different suitability
ratings.
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Table 9-3. Distribution of soils suitable for irrigation in different land types of the area.

Distribution of soils suitable for irrigation in different land types of the area.

Percentage (%) Area (ha) Total
TMU §1 82 83 S1 82 3 (%) (ha)

Ab9 1 65 X 5 8779 X 675
3 55 5| 15 13619 1238 3714
4 X| 40| 30 X 1801 1350

5 X X X X X X 69 31176
Ba19 1 0 10| 20 8084 2694 5388
3 25 5[ 10 6736 1347 8083
4 10 10} 25 1010 1010 2526

5 20 X X 674 X X 55 36880
Ba3 1 5 X X 464 X X
3 30 X X 8349 X X
4 40 X X 2783 X X

5 20 X X 464 X X 26 12062
Ba37 1 B 10 10 14368 4105 4105
3 30 10 5 6717 2239 1120
4 5/ 20| 20 373 1493 1493

5 X X X X X X 98 73239
Ba5 1 X| 60 X X 9320 X
3 X| 65 X X 30290 X
4 X | 45 X X 5242 X

5 X X X X X X 58 44852
Bb3 1 40 X| 35 17873 X 15639
3 25 X| 35 17555 X 24576
4 X| 10| 10 X 638 638

5 X X X X X X 60 76919
Bb4 11 15 X | 50 10562 X 35209
3| 10 X[ 70 14083 X 98583
4 X X | 10 X X 4108
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Bb11

Bb12

Bb13

Bb14

Bb16

Dc3

Ea5

Ea8

X X X X X X 64 148462
45 X| 15 6374 X 2125
40 X| 15 4249 X 1593
X1 25| 10 X 2478 992
X X X X X X 50 17812
45 X1 15 10444 X 3481
40 X| 15 6962 X 2611
X1 25| 10 X 4062 1625
X X X X X X 50 29185
50| 15 X 8063 2419 X
40| 35 X 7256 6348 X
X | 30 X X 1209 X
X X X X X X 50 25296
X X X
20 X X X X X
X X X 1988 X X
X X X X X X
10 X 30 X X X 6 1988
X X| 25 1840 X 5520
X X X X X 4140
X X X X X X
X X X X X X 31 11500
X X X X X X
X X1 10 X X X
X x| 33 X X 98
X 20 X X X 98 3 196
30| 10 X X 2790 X
X X| 9 8372 2790 X
X X1 40 X X 10045
X X X X X 1116 30 16741
X X X X X X
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Ea20

4 X X! 10 X X X
5 X x| 30 X X 14
1 X X X X X 85 4 198
3 X X X X X X
4 X1 10 X X X X
5 X X X X 1746 X
X X X 1 1746

Land types Ib15, Ib24, Ib35 and Fa8 do not have land suitable for irrigation.

9.2.3

Site specific and more general data.

The first criteria required when evaluating each site considered for irrigation is if it is virgin
soil or spoils.

9.2.3.1 Virgin soils:

The baseline information that will decide if land will be feasible and suitable for irrigation is

the following:

1.
2.
3.

SA

® N o

11

Name of the colliery and the name of the irrigation site.
Irrigation area size (ha)
Water quality
pH EC Ca|] Mg]| Na K PAIK MAIk] CI| sSO4

Landtype

Geology and structures: If a dyke (barrier or preferred pathway) is present, a warning
should occur. The impact on receptors should be investigated.

Water level at the site
Depth of soil

Annual rainfall
Irrigation volumes

. Crop type

. Distance to closest community - is the site up gradient or down gradient
12.
13.
14,
15.
16.

Community dependence on groundwater

Is pivot site in area of land instability?

Is there an underlying dolomitic aquifer?

Is area undermined? Type of mining: Bord and pillar or high extraction
Aquifer classification must be provided
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17. Environmental data: - River systems and base flow
- Distance to closest receptor
- WQO: user specified or SANS 241:2005 - (TDS, EC, SO4)

- Sensitive site: Will a wetland, nature reserve, Ramsar site or
springs be influenced

18. Current Monitoring systems: - Number of boreholes
- Distance from site
- How many down gradient
- Monitoring frequency
- Current groundwater quality

9.2 3.1.1 Ciritical Flaw list:

A set of critical flaws for mine water irrigation has been established. These flaws are
situation-related to the location, water quality and receiving environment. If any of these
criteria occur on site, mine water irrigation should only be allowed after the Department of
Water Affairs and Forestry (DWAF) water use permitting system has been followed.

The critical flaws have been defined as follows:

1. No irrigation is allowed with potable water (defined as TDS < 900 or EC< 150)
for basic human needs (BHN).

2. Aquifer classification: If the irrigation is planned on a shallow sole source
aquifer, it is critical flaw.

3. Area of irrigation: If the area is greater than 150 ha, DWAF water use
permitting guidelines rather than the criteria used in this document must be
followed since no current research has been done on such a scale. The
success of current irrigation is also due to the relatively small scale of
application.

4. Water quality: The irrigation water must be suitable for crop production. If the
irrigation water pH < 5, or if (Ca+S04+HCO3) in meq is < 60% of the total ionic
composition (unless EC < 200 mS/m), or if the irrigated water is less than one
and a half times that of the background EC, then irrigation cannot be allowed.
Also if the SAR > 15, then this is a critical flaw and irrigation should not be
allowed.

5. Land type: If the assessment for soil suitability is N, this is considered to be a
critical flaw. If there is a clay layer with a clay % more than 10% greater than
the average from that soil type and this occurs less than1im below the root
zone, this is a critical flaw.

Water level: If the groundwater level < 1.5 m, critical flaw.
Depth of soil: Less than 0.5 m soils, critical flaw.

Community dependence on groundwater: If community dependence on
groundwater > 80%, it is a critical flaw unless community > 2km away or up
gradient of the proposed irrigation or irrigation is planned for a very short period
of time.
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DWAF guidance for different types of environment is provided below:

Environment No. Holes Distance From Waste Monitoring Frequency
Mines - Reactive Environment S les f borehal 6 ths. Sample
Slimes {Slurry) 1-3 50-250 m downstream amples from boreholes every 5 monihs. Samp

monthly from streams above and below mine. If

Ore discards 2-5 50-500 m downstream and above e - . ;
Rock discards (opencast) 1/250 ha into water accumulations pollution from mine occurs, n stall recorde;s ':1
Rock discards (other) 1-3 50-200 m downstream " S“E%ms Zbol:e Sand blelc;w mine. Mea;ulre "a;yk
Mine water (impoundment) 2-6 50-1000 m downstream ow, £ and pri. Sampie tarmers boreholes 1-5 km
Farmers' boreholes within 1-5 km from mine workings radius, initially and when problems are expected.

Mines - Inert Environment

Slimes (Slurry) 0-1 Monthly samples from sireams above and below mine
Ore discards 0-1 If pollution from mine occurs, install recorders in
Rock discards (opencast) 0-1 streams above and below mine. Measure daily flow,
Rock discards (other) 01 EC and pH. Samples farmers’ boreholes 1-2 km
Mine water (impoundment) 0-1 radius initially and when problems are expected.
Farmers’ boreholes within 1-2 km from mine workings

Coai Fired Power Stations Samples from boreholes every 6 months. Monthly
Coal stockpiling 2-3 50-500 m downstream from streams above and below power station. Ii
Ash disposal (wet) 2-3 50-500 m downstream pollution occurs in streams, install recorders in
Ash disposal (dry) 23 50-500 m downstream streams above and below power station. Measure
Dirty water systems 23 50-500 m downstream daily flow, EC and pH. Sample farmers’ boreholes
Private boreholes within 1-5 km from power siation 1-5 km radius, initially and when problems arise.

General Waste

Large {>500 t/d) 3-6 20-200 m surrounding Samples from boreholss every 6§ months or as
Medium (150 - 500 ¥/d) 2-3 20-200 m 1 up- and 1 downstrear  specified in permit. Sample water-supply boreholes
Small (25 - 149 vd) 2 20-200 m 1 up- and 1 downstream 1-5 km radius initially and when problems are
Communal (<25 t/d) 1 20 m downstream expected. Sample surface waler as specified in
Private boreholes within 1 km from wasie permit. Sample monthly for leachate, if any.
Sewage

Unlined maturation ponds 1 20-50 m downsiream Samples from boreholes every 6 months. Samples
Sludge 1 20-50 m downstream monthly from streams above and below sewage works|
Hazardous waste 5-10 10-200 m surrounding Site-specific consfituents at frequencies

recommended by impact siudy

Waste Irrigation 3-6 50-500 m 1 up- and 1 downstrean  Samples from boreholes every 6 months. Monthly
samples from streams above and below.

Agriculture - feed lots 2-3 50-200 m 1 up- and 1 downstreawr  Samples from boreholes every 6 months. Monthly
samples from stream above and below.

Agriculture - diffuse sources 0 Samples from exisling water-supply boreholes
when praoblems are expecied.

Septic tanks and pit latrines 0 Samples from exisfing water-supply boreholes
when problems are expected.

Urban development 0 Monthly EC in streams above and below development

Based on this guidance it is recommended that mine water irrigation be dealt with in the
same manner as “Waste Irrigation” or General Waste, where the monitoring suggested
should be similar to that of a small to medium waste site. The DWAF guidelines are the
absolute minimum requirement that should be adhered to. To properly understand the

interactions on the site, a more extensive monitoing program Is recommended.
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Based on the observations from the research and the DWAF Minimum Monitoring

Requirements, it is suggested that for each pivot where mine water irrigation is undertaken,

the following groundwater monitoring is recommended:

-}

<]

]

Before installation of monitoring boreholes a detailed conceptual model of the
expected site geohydrology should be constructed so that appropriate monitoring is

put in place.

As the system is installed, detailed measurements and observations of the geology,

aquifer characteristics (using techniques such as slug or pump testing etc) and should
be done, and the conceptual model verified. This data will also allow a more accurate

determination of the expected impact of the irrigation activities.

At each pivot site at least one upgradient and two down-gradient boreholes should be

installed, together with a borehole pair near the centre of the pivot itself.

The boreholes on the outside of the irrigation must be constructed in a manner which

is consistent with DWAF’s Minimum Requirements document.
The borehole pair within the pivot should be installed as follows:

o 1 Shallow borehole that is drilled down to the top of the hard rock underlying
the irrigation area, to below the weathered zone. This borehole should have a
very short length of solid casing followed by slotted casing or a borehole
screen to the bottom of the borehole. If the material is not competent, it is
recommended that a slotted piezometer be installed with a gravel pack to
ensure that the shallow groundwater can be accurately characterized.

o In close proximity a deeper borehole should be drilled into the Karoo
formation. This borehole should be cased off with solid casing to below the
weathered zone.

o At these boreholes proper sanitary seals and/or other preventative measures
should be put in place to prevent the irrigation water from flowing directly into
the boreholes.

The following parameters should be measured in each borehole:

o Water levels on a monthly basis

o Groundwater sampling for the macro-constituents at /east 6 monthly, and
before and after each crop is planted and harvested. The analytical
constituents should include pH, EC, Ca, Mg, Na, K, SO,, HCO;, CI, NO; and
PO,.

Data should be compiled into a database and handled as prescribed in DWAF’s
Minimum Requirements (2005).
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v - groundwater seepage velocity (ft/day),

X, ¥, Z - coordinates to the three dimensions (ft),

Dx, Dy, Dz - dispersion coefficients for the x, y, z dimensions (ftz/day),respectively.

To solve equation (1) analytically, under conditions of the steady-state source and finite
continuous source dimension with one-dimensional groundwater velocity, three-dimensional
dispersion, and a first order degradation rate constant, the analytical solution can be
expressed as (Domenico 1987):

y

- g ‘ N 7
=X = exp: ; ]l—{1+4l%a’r ] erf - lerf Z -
l - v Ha)? | | Max)

(%]

Where:

Cx - contaminant concentration in a downgradient well along the plume centerline
at a distance x(mg/L),

Co - contaminant concentration in the source well (mg/L),

x - centerline distance between the downgradient well and source well (ft),

(x, {y, and (z - longitudinal, transverse, and vertical dispersivity (ft), respectively,
Dx=<X-< , Dy=<Y'< , Dz= <z< ,

| - degradation rate constant (1/day),

| =0.693/t1/2 (where t1/2is the degradation half-life of the compound).

{- groundwater velocity (ft/day),

Y - source width (ft),

Z - source depth (ft),

erf - error function,

exp - exponential function.

The Domenico Analytical Model assumes:
(1) The finite source dimension,

(2) The steady state source,

(3) Homogeneous aquifer properties,

(4) One dimensional groundwater flow,

(5) First order degradation rate,
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amount leaching through the soil is small enough to be easily diluted by the regional

groundwater flow. It thus appears that the soil type and morphology plays a very important
role in the vertical movement of the irrigation water constituents. However, in the sandy
aquifer at New Vaal the analyses show that there is a steady and consistent rise in the
electrical conductivity in the groundwater underlying the pivot. This indicates that the
irrigation water is slowly leaching through the more clayey sand layers and is influencing the
groundwater quality directly below the irrigation area.

10.3 Soil and Soil Water Analysis

The soil analysis indicated that most of the salts are captured in the upper one or two meters
of the soil profile. The salts move along the profile in the soil water. The data indicates that
the clay layers, which play a major role in the vertical flux of the water, therefore also have an
influence on the salt distribution through the soil profiles.

According to the soil water quality the water is saturated with gypsum in the first meter or two,
indicating gypsum precipitation. The calcium decreases much more than the other cations,

indicating the gypsum precipitation.

XRF/XRD analysis indicated that gypsum precipitation occur since Ca values are far higher in
the shallow portions, while Mg values are more evenly distributed. This suggests that the
distribution is chemically controlled rather than by surface interactions since these two ions
should have similar sorptive capacities. This is supported by the Na values, which are evenly
distributed with depth. Research has revealed that bassanite (CaSO, 0.5H,0, or calcium
sulphate hemihydrate) is present in most of the samples.

Sulphate adsorption: Leaching column experiments indicated sulphate precipitation as well
as adsorption. This means that not all sulphate will be leached by excessive irrigation or rain.
It must be noted, however, that desorption can occur and that the sorbed sulphate will not be
irreversibly fixed in the soil profile.

Soil moisture: Even at sites with shallow water levels there is a visible decrease in soil
moisture during winter when effective irrigation is being practiced. This will result in salts
retained in the upper layers of the soil, as indicated by the soil analyses and the soil water
analyses. The clay layers are important in the downward movement of the soil water. This will
also have an effect on the salts being attenuated in the soil layers above the saprolite zone.
The profile above 1m is less moist than at 1m. Therefore the conditions above one meter will

be much more favourable for gypsum precipitation.
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Salt balance: One of the critical issues in successful irrigation with the coalmine waters is

how much of the salts are retained in the soil profile over the medium term. Geochemical
modeling has indicated that the soil water in the top one meter is saturated with gypsum, and
precipitation should occur. In the deeper moist layers the water is still undersaturated with
regard to gypsum. The salt balance calculations revealed that 80% of the sulphate applied
during irrigation since 1999 (2001 at other sites) has been retained in the soil profile (also as
gypsum), most of it in the upper two meters. On average, between 75% and 80% of the
sulphate retained are in the pore water (more than 60% of the total sulphate applied) and the
rest precipitates or is sorbed. Hydraulic, adsorption and attenuation factors prevent the salts
in irrigation mine water from being directly and rapidly mobilised down the deeper soil profile
and into the aquifer. New Vaal is the exception where a large amount of the salts is retained
in the clayey soils deeper down the profile. Most of the salts in the clayey soil of Syferfontein
are retained in the upper 0.6 m. At Kleinkopje 4 the salts have migrated a little deeper, with

most remaining at 1-2 m in the moist area above the clayey layer.

Leaching: The conditions in the soil will be drier under normal cultivating conditions (after
irrigation has ceased), and recharge will maximum be 5-6%. It will thus take a very long time

to leach the sulphate from the soil (probably more than a hundred years).

10.4 Hydraulic behaviour in the unsaturated zone

o The chloride values at all the different irrigation sites showed a decrease in chloride

values with depth, implicating bimodal flow.

o Twenty five percent of the total volume of water applied through irrigation reaches the

water level.

o There is a correlation between clay content of the soil and the diffusive component of
the bimodal flow. Due to the moist conditions at irrigation sites, swelling of the clay

results in a very low vertical conductivity value of 10™* m/d.

o Due to lateral flow in the weathered saprolite zone, dilution occurs (lateral flow
contributes approximately 85% towards the dilution process). Water will move along
the weathered zone, and part of the salinity will move deeper down into the fractured
aquifer, some will daylight or seep into adjacent strata. This means that the release of
salinity into the groundwater is a very slow process, which makes irrigation a viable

option over the short to medium term.
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10.4.1 Kleinkopje 1

In the short to medium term there is a build-up of salts in the soil profile, with most of it (83%)
retained in the soil water. A portion of these salts moves through to the groundwater, which

will limit long-term sustainability of irrigation from an environmental perspective.

Note: The salinity concentrations at this site are a conservative estimate, because the test
site is situated close to a borehole that drains into the mine, thus leaching some of the salts
that build-up in the upper profile, down the mine during high rainfall or irrigation events.

10.4.2 Kleinkopje 4

In the short to medium term there is a build-up of salts in the soil profile, with 77% of it in the
soil water. A portion of these salts moves through to the groundwater, which impact
negatively on a long-term irrigation project. However, the build-up is slow due to dilution
because of the lateral movement of water, which in the short to medium term will not impact

negatively on the aquifer.

However, gypsum improves the soil structure, especially in clayey soils, and replaces salts
like sodium (See Appendix C for an explanation). This make the irrigation option with
gypsiferous type water even more viable.

10.4.3 Syferfontein

In the short to medium term there is a build-up of salts in the soil profile especially in the
upper 1m, with little movement down the profile. A portion of these salts does move through
to the groundwater (as can be seen from the water quality in the well-constructed borehole),
which impact negatively on a long-term irrigation project. Although the swelling clay
(smectite) of well developed Arcadias at Syferfontein can restrict water movement to micro
pore flow, it shrinks when dry. This can cause large cracks in the upper soil profile (Soil
Classification Working Group, 1991) which allows for large volumes of water to enter the soil
at the start of a rainfall event. This is a reason for the higher than expected percentage water

that moves through this very clayey soil profile.

Due to the high sodium content of the water at this very clayey site, the feasibility of irrigation
Is questionable. The disruption of the soil structure, together with clay dispersion, greatly

reduces the soil permeability since the larger pores are blocked (See Appendix C).

10.4.4 New Vaal

In the short to medium term there is a slow but definite build-up of salts in the groundwater.
Most of the salts are retained in the shallow clayey layer and the deeper clayey soils because
of the movement of the water through the profile. The salts that move through to the
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groundwater will impact negatively on a long-term irrigation project. However, the build-up is

slow due to dilution.

10.5 Detailed site evaluation for opencast (spoils) sites

[+]

Models indicate the great importance of the reactive nature of the spoils on which
irrigation will occur. The potential for acid generation should be a very important
consideration of where to apply mine water irrigation, while it is also clear that in high
sulphide areas, the irrigation will enhance reactions and therefore lead to higher salt
loads.

The re-use of irrigation in certain systems has both advantages and disadvantages.
The advantages of a “closed” or semi-closed loop means that the salt is not released
into the environment. It has also been shown that secondary minerals solubility
constraints will limit the possible upper values. |t is therefore clear that the nature of
the recirculating water is important. Where mine water used for irrigation is largely
gypsyferous, the recirculation scenario is feasible under the correct conditions (e.g.
impermeable floor rocks). Where this water contains many other elements such as
sodium chloride, the solubility limits become far higher due to the increase in the ionic
strength of the percolating water. Under these conditions, concentrations will continue
rising to very high levels. This continuous rise is confirmed not only by theoretical
considerations and geochemical models, but also by observations from laboratory
tests. The implication is that the nature of the spoils, and the irrigation water quality,
must be considered in terms of what the likely soluble concentrations of different

elements will be.

Where mine water of relatively consistent quality is used, the changes in longer-term
quality will be far less dramatic. The system reaches an equilibrium state and can
continue in this state for long periods of time.

Recommendation:

The complexity of the interactions makes it necessary to consider several factors

simultaneously in terms of the feasibility and effects of mine water irrigation on spoils. One of

the important factors seems to be the time of year (during winter when it does not rain) and

the management of the irrigation schedule (not to over-irrigate and wet the spoils too much).

Field tests have indicated that during winter the spoils dry out in depth in the profile, which

will result in an increase of acid generation. Overall the modeling, laboratory tests and field

tests indicate that mine water irrigation on spoils will lead to a further deterioration of spoils

water quality, when compared to rainfall infiltration into the spoils. Where mine water of

relatively consistent quality is used, the changes in longer-term quality will be far less
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dramatic. It is suggested that irrigation with water containing enough buffering potential be

used for irrigation on spoils.

10.6 Overall Recommendation

Irrigation with mine water must be implemented such that the environmental impacts are
minimized. Based on the slow expected salinity build-up observed at the different sites, it is
recommended that irrigation be done on an alternating basis (i.e. alternating between two
pivots over time), If site criteria selection has been adhered too (See Chapter 9), and that
mine water irrigation should not be done for periods exceeding 10 years in any particular
area. A non-negotiable prerequisite is that appropriate monitoring must be put in place at
such a site. These boreholes must be constructed in such a way that they monitor all the

different flow zones and aquifers at these sites.

It is imperitave that the guidelines outlined in Chapter 9, being adhered too. The guidelines

provided should lead to sustainable mine water irrigation.

It is unknown how long this accumulation of salts in the upper layers can continue before
leaching into the underlying aquifers, but in the short to medium term, the evidence from
groundwater monitoring shows that irrigation with mine water does not hold significant threats

for the regional groundwater quality.

To determine the impact of the viability of irrigation with coal mine water in the long term, it is
suggested that monitoring continues at the various test sites. Monitoring should be done as
described in Chapter 9.3.

Due to the relatively short period of research, there are still uncertainties regarding the long-
term sustainability of irrigation, which may be answered if monitoring at these sites continues.

This wil address the following issues:

o The amount of gypsum that can precipitate in the soil, and for how long this will this

sustainable.
o The effect of the gypsum build-up on the structure of the soil?

o How much of the applied salts can precipitate into the upper layers of the profile.
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o How much of the salts will leach out, and at what rate. If irrigation ceases at some of

the sites (as is the case at New Vaal), this should be investigated. This will also

indicate how the salts will affect the groundwaterover the long term.

This study has shown that it is possible to irrigate with coal mine water in such a manner
that the impacts on groundwater resources is minimal. Therefore it is imperitave that the
regulatory agencies and water managers consider the potential socio-economic benefits

when evaluating coal mine water irrigation.
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Summary

Key words: Virgin soils, spoils, gypsiferous water, irrigation, precipitation, diffusive and

bimodal flow, leaching, monitoring.

Huge volumes of mine water, impacted on by acid mine drainage, are presently produced as
a result of mining activities. These waters are mostly neutralised either as a result of seepage
through neutralising geological strata, or artificially by the addition of lime. Mine drainage is,
therefore, often saturated with gypsum. Gypsiferous mine water can thus be regarded either
as one of the greatest problems associated with mining, or as a potential asset. Large
amounts of waste water could be made available to the farming community, and utilised for
the irrigation of highly productive soils in the coalfields. Concentrating the gypsiferous soil
solution through evapotranspiration, thereby precipitating gypsum in the soil profile, will
reduce environmental pollution, as these salts are removed from the water system. However,
the regulatory authorities have raised some concerns regarding the possible impact of larger-

scale irrigation on water resources. This research attempts to provide meaningful answers.

Five different irrigation sites were selected for research. Monitoring indicates that very little
salinity applied on surface during irrigation reaches the water table. Soil analysis indicates
that most of the salts are captured in the upper one or two meters of the soil profile. The data
indicate that the clay layers, which play a major role in the vertical flux of the water, also have
an influence on the salt distribution through the soil profiles. The porous cups data suggest
that the majority of the salts is currently contained within the uppermost portions of the soil
profile, showing a steady decrease in sulphate concentrations with depth. Geochemical
modelling indicates that soil water in the uppermost meter is saturated with gypsum, and

precipitation occurs.
Virgin solils:

The chloride values at all the different irrigation sites showed a decrease value with depth,
indicating bimodal flow. The saline water moving through the soil profile contributes
approximately 15% or less to the mixing process of the water. Lateral flow in the highly
conductive F zones on the contact of the weathered zone with the solid rock, results in
salinity dilution. Twenty-five percent of the total irrigation water volume reaches the water

level. There is a direct correlation between the clay content of the soil and the diffusive
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component of the bimodal flow. Due to the moist conditions at irrigation sites, swelling of the

clay results in the very low vertical conductivity value of 10 m/d.

The average estimated moisture content with depth is:

Depth 1000mm [2000mm [3000mm [4000mm

Kleinkopje 1 0.32 0.373 0.34 0.34
Kleinkopje 4 0.358 0.339 0.34 0.28
Syferfontein 0.384 0.35 0.274 0.262

The salt balance revealed that 80% of the sulphate applied during irrigation is retained in the
soil profile, most of which occurs in the upper two meters. 80% of this retained sulphate
occurs in the soil water. After irrigation ceases, it can take more than 100 years to leach the
sulphate from the soil profile, due to bimodal flow and low recharge.

Conclusion: In the short to medium term, irrigation is feasible on virgin soils, as most of the
salinity is captured, and little is released in the groundwater.

Spoils:

The tests and models indicate the great importance of the reactive nature of the spoils on
which irrigation will occur. Where mine water of relatively consistent quality is used, the
changes in longer-term quality will be far less dramatic.

Based on the slow salinity build-up at the different sites, it is recommended that irrigation be
alternated (i.e. between two pivols over time) If site criteria selection has been adhered to,
and that mine-water irrigation should not be done for periods exceeding 10 years in any

particular area. A non-negotiable prerequisite is that appropriate monitoring must be in place.
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Opsomming

Groot volumes water, geimpakteer deur suurvorming, word huidiglik geproduseer as gevolg
van mynbou aktiwiteite. Hierdie water word meestal geneutraliseer as gevolg van vloei deur
geologiese strata wat neutralisering aanhelp, of deur die toevoeging van kalk. Water
afkomstig van mynbou is dus dikwels versadig met gips. Hierdie gipsryke water kan beskou
word as een van mynbou se grootste probleme, of as ‘'n potensiéle bate. Groot hoeveelhede
afval water kan tot die beskikking van die landbou gemeenskap gestel word vir gebruik in
besproeiing op die hoé-potensiaal gronde van die steenkoolveld. Deur die gipsryke water te
konsentreer deur evapotranspirasie, kan gips in die grond gepresipiteer word. Dit sal die
omgewingsbesoedeling verminder deurdat soute verwyder word uit die waterstelsel. Die
betrokke owerheid is egter besorg oor die impak wat grootskaalse besproeiing kan hé op die

grondwater reserves. Hiedie navorsingsprojek poog om sulke vrae te beantwoord.

Vyf verskillende besproeiings persele is geselekteer vir die projek. Monitering van die persele
oor tyd toon dat baie min van die soute wat deur die water op die grond toegedien word, die
water tafel bereik. Grond analises toon dat meeste van die soute in die boonste twee meter
van die grond profiel vasgevang is. Die klei lae speel ‘n groot rol in die vertikale beweging
van die water. Analises toon ook dat dit ‘n invioed het op die sout verspreiding deur die
grond profiel. Poreuse koppie data het hierdie bevinding bevestig, en aangetoon dat daar ‘n
afname van sulfaat konsentrasie met diepte is. Geochemiese modelering toon dat die
grondvog in die boonste meter van die profiel versadig is met gips, en dat presipitasie

plaasvind.

Onversteurde grond:

Die chloried konsentrasie by al die verskillende persele wys ‘n afname in konsentrasie met
diepte. Dit dui op voorkeur vloei. Die soutryke water wat afbeweeg in die profiel dra ongeveer
15% of minder by tot die vermenging van die water om die laer chloriedwaardes te verkry.
Die hoé geleidingsones op die kontak tussen die verweerde sone en die soliede rots
veroorsaak die laterale viloei van water wat bydra tot die verdunning van die
soutkonsentrasie. Vyf-en-twintig persent van die toegediende besproeiingswater bereik

die water tafel. Daar is ‘n direkte verband tussen die klei inhoud van die grond en die

diffusie komponent van die bimodale vioei. As gevolg van die natter toestande op
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