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Irrigation with poor-quality mine water in Mpumalanga

EXECUTIVE SUMMARY

The mining industry in South Africa produces large volumes of mine-impacted water and the agricultural
industry requires large water inputs to improve and maximise crop yields. A noteworthy opportunity,
therefore, arises for the use of mine water for irrigation, if monitored and correctly managed, to facilitate
sustainable mine closure. It could also provide an alternative strategy for operating mines, and for the
use of mine water, with or without treatment, depending on the quality.

Success with mine water irrigation has been demonstrated in several previous Water Research
Commission (WRC) studies. However, this approach to using suitable mine water has not received
traction, partly due to the difficulty of authorising such use, which is partially due to a lack of confidence
in the viability of this practice. Chapter 1 gives a brief overview of irrigation with mine-impacted waters,
and the objectives of this project to address key issues regarding this practice.

This project evaluates and demonstrates successful irrigation with untreated mine water on a single
unmined site, and evaluates issues associated with setting up irrigation on a rehabilitated site. In
addition, factors that are likely to affect the success of using untreated acid mine drainage (AMD) and
partially treated AMD for irrigation are investigated in depth. The economic viability of mine water
irrigation projects is analysed, which leads to the development of a technical guideline to assist mines
and regulators to establish irrigation projects using mine water.

Chapter 2 reports on the monitoring results of three successful summer maize cropping seasons and
one winter rye season at the Mafube pivot on unmined land. The Mafube unmined pivot provides a
platform for the longer-term quantification, monitoring and modelling of salt and water balances when
irrigating with poor-quality mine water.

The recently developed irrigation water quality decision support system (DSS) makes use of soil-water
balance (SWB) model simulations to predict the long-term water and salt balances of site-specific
scenarios. It can, therefore, predict the sustainability of irrigation with different types of mine-impacted water
under various cropping system and water management scenarios. Chapter 3 covers the DSS modelling of
two cropping systems using the water quality supplied for irrigation at Mafube. Long-term estimates of salt
and water balances were made using weather data from a nearby weather station, showing that roughly a
third of the salt applied to the profile is expected to precipitate as gypsum, thereby keeping these salts out
of adjacent water sources. In addition, if the water quality were to remain unchanged over time, no
meaningful reduction in crop yield is expected using this particular water for irrigation.

Many mines have large areas of rehabilitated lands. These often have complex soil profiles with large
spatial variability in chemical and physical properties. It is important to ascertain what is required to get
rehabilitated land to an irrigable potential as, apart from the availability of such land in close proximity
to mine water, the impact of irrigating such fields with mine water may be considered more
environmentally responsible than the irrigation of unmined lands. This is because it is easier to control
the fate of solutes moving beyond the root zone on rehabilitated profiles. Chapter 4 summarises the
progress of the establishment of the pivot on rehabilitated land at Mafube over the project period.
Although no crop production has taken place on this pivot on rehabilitated land yet, a better
understanding of the field conditions required to commence irrigation on rehabilitated land has been
obtained. Specifically, it is important to fill in any surface depressions resulting from subsidence in order
to ensure that the water will not pond in the field, but rather be able to run off site in a controlled manner.
In addition, filling and levelling can cause compacted layers that need to be ripped to at least 300 mm
with heavy mine equipment. Normal agricultural tractors and rippers are likely to be ineffective. This
valuable research site is now almost ready to test the irrigation of such fields.
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Chapter 5 outlines the planning, design, equipment installation and field plot establishment at the
Kromdraai mine site, where irrigation with untreated AMD or limed, but unclarified mine waters would
have occurred. Unfortunately, due largely to safety and deteriorating security situations, the site was
never irrigated, so no field trial results could be obtained. Using limed soil as the “treatment plant” for
AMD under field conditions, if feasible and sustainable, could eliminate the need for a high-density
sludge (HDS) processing plant. This would save enormous capital and some of the running costs of
operating an HDS plant. If this is not feasible, and there is still a need to neutralise AMD in a liming
plant, irrigating with unclarified, neutralised mine water, if feasible and sustainable, would eliminate the
need for the clarification of limed water and sludge disposal (which is an expensive operation). Studies
on crop and soil response to irrigation with AMD and with unclarified and clarified, neutralised mine
water for irrigation are clearly still needed, and the planning, design and installation done so far will aid
in setting up future trials of these novel concepts.

Because the research team experienced difficulties accessing the site and establishing a safe
environment in which to work, many detailed laboratory and glasshouse studies were executed in
support of the concept of irrigating crops with untreated or partially treated AMD.

Chapter 6 outlines the use of high-density sludge as a soil amendment in support of the concept of
irrigating crops with unclarified, neutralised AMD, where large loads of sludge will accumulate in soll
profiles. A detailed study is made of the hazardous status of several local HDS products to assess their
potential impact on crops and soils. South African hazardous waste guidelines were found to be
somewhat impractical, with several published thresholds against which to measure constituents of
concern being below typical method detection limits. In addition, the inclusion of manganese in local
guidelines may be unnecessary, with several leading international guidelines not considering this
element. Using HDS products as soil amendments can improve soil fertility through the increase of the
soil pH by the residual lime they contain and can increase calcium and sulphur concentrations in
deficient soils. In addition, potentially toxic transition metals may be sequestered by iron hydroxides. It
is clear that careful attention will need to be paid to crop nutrition under irrigation with unclarified,
neutralised AMD, as the availability of phosphorus may be reduced.

The possibility of irrigating crops directly with AMD on soils that are strategically limed has been identified
as a potentially fruitful research area. One of the questions that arises when considering this unusual
practice is whether or not crop foliage will be scorched, thereby reducing photosynthetic leaf area, and
reducing production to below economic levels. Chapter 7 considers the scorching of two
monocotyledonous and two dicotyledonous crops in the seedling and later growth stages. It is concluded
that cowpea, soybean and sorghum exhibit significant morphological defects as a result of foliar wetting
with simulated AMD in the early seedling stage, but field-planted crops were resistant to foliar wetting with
synthetic AMD after the seedling stage, and no reduction in crop growth was observed. Possible methods
to restrict seedling damage in the early stages are suggested, as are future research opportunities.

Chapter 8 evaluates the water quality guidelines and food safety implications when irrigating with water
rich in arsenic and lead. Crops grown in soils or irrigated with water-containing, elevated levels of
potentially hazardous trace elements, such as arsenic and lead, have repeatedly exceeded international
food safety guidelines. The primary objective of this study was to evaluate whether the uptake of arsenic
or lead present in irrigation water, or built up in the soil as a result of irrigation, results in edible plant parts
exceeding food safety thresholds for those elements. The outcome indicated that the South African
Irrigation Water Quality Guidelines (Department of Water Affairs and Forestry, 1996) for arsenic and lead
need to be revised, so as to negate all possible future contamination of fresh produce resulting from
irrigation inputs. Of specific concern is that published food safety guidelines did not exist when the
irrigation water quality guideline thresholds were established. In addition, foliar uptake of constituents of
concern was shown to be an important uptake pathway. This is not included in any water quality guideline.
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The strategic liming of the field before irrigation is essential if crops are to be irrigated with untreated AMD.
In essence, the idea is to turn the limed field into an AMD neutralisation reactor. To optimise such
management practices, one needs to better understand the neutralisation reactions. Chapter 9 summarises
key findings around the limestone neutralisation of synthetic acids in an aqueous environment and sand
columns. This study assesses calcitic limestone as a neutralising agent and whether a soil profile containing
limestone can act as a reactor and aid the neutralisation of acid mine water percolating through soil
columns. Limestone particle size is crucial in determining the efficiency of neutralisation, and the surface
application of limestone ensures the effective neutralisation of infiltrating AMD.

Manganese is present in many mine-affected waters. There are widely adopted, but costly processes
to remove manganese from mine-impacted waters, and more affordable alternative options are
required. Irrigation with Mn(ll)-rich water on soils that are able to immobilise manganese is possibly one
such alternative solution. Chapter 10 summarises the quantification and comparison of the abilities of
different soils to oxidise and immobilise Mn(Il). Soils have varying Mn(ll)-oxidising potential (MOP). The
MOP of soils is an index that indicates the Mn(ll) oxidation effectiveness of different soils. A soil's MOP
and its ability to accept electrons will determine how effective it is in immobilising Mn(ll), as is required
when irrigating with manganese-rich mine waters.

A key consideration when selecting a mine water treatment or utilisation option is that of cost
effectiveness. Chapter 11 provides a summary of the economic feasibility of irrigating with mine-
impacted water. Irrigating with poor-quality mine water is economically viable but may not always be
financially feasible without additional capital contributions. It was also noted that increasing salinity
levels leads to decreased yields, which proves, as one would expect, to have a negative impact on
economic viability. It is clear from this economic study that productive use can be made of mine water
suitable for irrigation, and that sustainable livelihoods can be created.

It is concluded that, based on available evidence, suitable mine water, if well managed, can be used to
successfully and sustainably irrigate crops. The technical guidelines developed provide a tool for
defining how to approach such projects. Additional research is urgently required to develop guidelines
for the irrigation of complex rehabilitated soil profiles. In addition, the novel concept of irrigation with
untreated or partially treated mine water on suitably limed soils appears to be a very promising research
opportunity that will pay great dividends if successful.
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CHAPTER 1: INTRODUCTION

JG Annandale, PD Tanner and SN Heuer

A major water management problem, in addition to water scarcity, is that South Africa has large volumes
of decanting mine-impacted waters. The coalfields of Mpumalanga are critical to the production of
electricity for South Africa. This large energy requirement has major knock-on environmental effects.
One such effect is the production of acid mine drainage. There is large uncertainty regarding the
volumes of mine-impacted water being produced in coal mines in Mpumalanga and the rate at which
these mine-impacted waters are being decanted into catchments. In cases where mine water from
operating and closed coal mines is of too poor a quality to be discharged into rivers, water treatment
processes such as high-density sludge plants and reverse osmosis are often used. The degradation of
river water quality has been observed in Mpumalanga, and can, at least partly, be attributed to mining
activities in the Crocodile and Olifants river catchments.

The South African mining industry produces large volumes of mine-impacted waters, and the
agricultural industry requires large water inputs to improve and maximise crop yield. Therefore, a
noteworthy opportunity arises, providing consumptive use of the water, and any environmental impacts
are acceptable. As a result of Mpumalanga’s erratic rainfall, this region is highly dependent on irrigation
to produce crops economically. The availability of large volumes of mine-impacted water and large
tracts of unfarmed land owned by mines creates an opportunity to utilise this poorer-quality mine water
for irrigation. The application and reuse of mine-impacted waters not only addresses some
environmental issues, but also contributes to the growing demand for food, and provides much-needed
employment. Irrigation with poor-quality mine water to sustainably produce a range of crops and reduce
mine water salt loads to catchment water bodies through gypsum precipitation in the root zone has
been well researched for coal mine water in South Africa.

Current water treatment technologies are energy intensive and expensive processes with a high carbon
footprint. The generation of electricity for this process has additional environmental impacts and leads
to the need for more mining. Using mine-impacted water for irrigation may alleviate water treatment
costs during mining operations, as well as post-mine closure. An additional and supplemented water
supply may assist in the reclamation of valuable agricultural lands. Due to the large scale at which
irrigation with mine-impacted waters could be practiced in Mpumalanga, there is a need for more
extensive information regarding the fate and impact on the environment due to such irrigation.

This research project had five main objectives:

e Demonstrate irrigation with mine water over a longer period in order to create a successful production
site that others interested in mine water irrigation or needing to authorise such use can refer to.

e Investigate issues associated with the irrigation of rehabilitated land. This is important because
there are large tracts of such land available in close proximity to mine water sources, and it is
expected that the off-site environmental impact of mine water irrigation may be somewhat less than
is expected when irrigating unmined lands.

e Evaluate the concept of irrigating with untreated or partially treated AMD on strategically limed soil
profiles in order to save on water treatment costs.

e Establish the economic viability of mine water irrigation as a sustainable mine water management
option, where water quality is suitable for irrigation.

e Generate technical guidelines for the establishment of mine water irrigation projects to assist
potential irrigators and those required to authorise such practices.

In general, these objectives were largely met, except that much detailed laboratory and greenhouse
work was required in lieu of some of the originally planned fieldwork, mainly due to challenges
experienced with water supply, and the safety and security of the research sites.
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CHAPTER 2: DEMONSTRATING THE SUSTAINABLE
USE OF UNTREATED CIRCUM-NEUTRAL MINE
WATER FOR IRRIGATION: UNMINED LAND

SN Heuer, JG Annandale, PD Tanner, C McGladdery and ZD Ronquest
2.1 INTRODUCTION

Coal mining is known to produce acid mine drainage with high amounts of sulphate and potentially toxic
trace elements (Johnson and Hallberg, 2005). Acid mine drainage is generated when sulphide-bearing
minerals (such as pyrite, which is commonly associated with coal mining) are exposed to oxygen and
water. This results in a reduction in pH, which allows metals to become more soluble (Mackie and
Walsh, 2015). Fortunately, these waters can be treated by adding hydrated lime (Ca(OH)z2) or limestone
(CaCOs) (Akcil and Koldas, 2006). The problem is that the treated water is now saline, often dominated
by calcium and magnesium sulphate, potentially polluting the environment and other natural resources.
However, studies on coal mines have shown that there is potential to use such mine waters for crop
irrigation (Jovanovic et al., 1998; Annandale et al., 2001; Annandale et al., 2006).

The main premise is that much mine-affected water contains large quantities of calcium sulphate. When
crops are irrigated with such gypsiferous waters, significant quantities of calcium sulphate are
precipitated out in soils, primarily as gypsum. As much as 70% of salts contained in mine waters can
be removed in this way, and the soils are not negatively affected by the presence of these precipitates
(Du Plessis, 1983). Because large volumes of such mine-impacted water are available, with large tracts
of unfarmed land available on both active and closing mines, with several key crops that are sufficiently
tolerant to saline waters, a clear opportunity arises to utilise this water for irrigation. Not only will this
drastically reduce mine water treatment costs, but it will enable sustainable livelihoods and food
production, particularly in the post-mine closure situation.

The aims of the Mafube irrigation with mine water study were to monitor and model field-scale water
and salt balances for a small-scale commercial mine water irrigation scheme in Mpumalanga in order
to predict the long-term impact and sustainability of gypsiferous mine water irrigation. The intention was
also to establish a demonstration site that could serve as a reference for potential mine water irrigators,
and those needing to authorise such practices.

2.2 TRIAL OVERVIEW

A field experiment was conducted at an unmined site at Mafube Colliery in Middelburg, Mpumalanga.
The trials took place from November 2016 to March 2020. The experimental site is located at latitude
25°48'25" S and longitude 29°45'48" E, and is 1,670 m above sea level. Soils in the northern section of
the field are classified as deep Glencoe, where lateral subsurface flow is expected to occur as water
reaches the deep hard Plinthic B horizon. The signs of wetness in this part of the field were not
concerning, as the soils are deep, and all indications are that water should drain to the wetland to the
west of the field. Soils in the southern and eastern areas of the field are deep Hutton soils, which have
excellent drainage and are ideal for crop production under irrigation. Dr Johan van der Waals of Terra
Soil conducted soil sampling and classification in September 2016.

A white maize, variety PHB 32B07BR (genetically modified with stacked gene for stalk borer and herbicide
resistance), was planted at a population of 80,000 plants per hectare each season (2017/18, 2018/19 and
2019/20). Adjacent to the pivot, dryland maize was planted at a population of 50,000 plants per hectare
to another white maize variety, DKC 7883R. In the 2016/17 season, only dryland maize was planted and
monitored, as some delays were experienced in commissioning the irrigation system.
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The Mafube unmined pivot summer cropping system was a long season white maize variety monocrop.
This cropping system selection was made to suit the collaborating leading commercial farmers’ needs
and business plan. Stooling rye was planted for half of the winter season of 2018, upon the request of
the research team, who were anxious to monitor the performance of a winter cereal small grain crop.

Four monitoring stations were established as far from the main road as possible to reduce the likelihood of
theft or vandalism, while remaining within the well- to moderately drained areas of the field. Careful
consideration was taken to protect monitoring stations from damage by farm machinery by placing them
away from the implement tyre and centre pivot tracks. The four monitoring stations, denoted as S1 to S4
in Figure 2.1, comprise two stations within the pivot area and two within the adjacent dryland area. The
stations were situated as follows: Station 4 was located in the well-drained dry land area of the field, stations
1 and 2 were in moderate drainage areas within the pivot, and Station 3 was located in the poorly drained
dryland area.

Mafube Colliery Unmined Site

Montoring Stations

Legend

8 Boreholes

@ Monitoring Stations 1 - 4
® Piezometers

«» Pivot Boundary

Google Earth

mage ® 2

Figure 2.1: Monitoring stations on Mafube unmined land. The letter S denotes soil monitoring stations,
BH refers to borehole monitoring sites, and Pz to piezometers.

These stations were set up to provide information on both the dryland and irrigated water and salt
balances and growth crop responses. The stations were all equipped with sensors (see Figure 2.2) to
facilitate accurate monitoring of the various parameters that are required for modelling purposes.

Each monitoring station was equipped with the following:

e A weatherproof enclosure housing a Campbell Scientific CR300 data logger and battery. The data
logger stored measurements from CS655 soil water and salinity/temperature probes at three
depths, as well as rainfall or irrigation from a TE525 tipping bucket rain gauge every hour.

e An automatic TE525 tipping bucket rain gauge monitored irrigation and rainfall with a resolution of
0.254 mm per tip.

e Three CS655 probes at depths of 30 cm, 60 cm and 90 cm monitored soil water content, dielectric
permittivity, bulk electrical conductivity (EC) and soil temperature.

e A manual rain gauge collected samples for water quality monitoring.
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Soil analyses were performed before and after each cropping season to assess salt loading and
accumulation within the soil as a result of mine water irrigation.

Manual rain
gauge

Soil monitoring station (S)

Equipped with an automatic
tipping bucket rain gauge
and CS 655 soil probes at
30, 60 and 90 cm deep.

Figure 2.2: Typical field monitoring station setup at the dryland and pivot sites. An automatic and manual
rain gauge, as well as the waterproof enclosure to house a data logger and battery for automated soil water
and salinity measurements of the profile can be seen.

A weather station (Figure 2.3) was set up in open land near the pivot in order to accurately monitor
changing weather conditions over the period of the growing season.

Wind speed and
wind direction Solar
radiation
( / sensor
Temperature /
and relative
humidity Waterproof
probe housing
containing
datalogger
Tipping and battery
bucket rain
gauge with
0.254 mm
resolution

Figure 2.3: Weather station situated at the Mafube unmined site
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Crop parameters (leaf area index, fractional interception of radiation, plant height, growth stage and
plant component dry mass) were sampled and measured every two weeks at the four monitoring sites
throughout the growing season. Along with crop data, chemical analyses were performed on irrigation
water and groundwater (see boreholes and piezometers in Figure 2.1). Consultants from the mine
analyse the water quality of the boreholes every quarter and the irrigation water every two weeks. The
research team conducted spot checks of the irrigation water quality throughout the season to
corroborate the chemical analyses.

2.3 WATER QUALITY MONITORING

The locations of the monitoring piezometers and boreholes, as well as the surface water monitoring
point (Beestepan Dam) can be seen in Figure 2.4. Changes in the quality of the groundwater of the
pivot and surrounds were monitored through four boreholes and two piezometers. Two boreholes were
drilled upstream and two downstream of the pivot to monitor any changes in groundwater quality. The
monitoring boreholes were denoted BH1 (upstream, deep +30 m), BH2 (upstream, shallow +10 m), BH3
(downstream, deep +30 m) and BH4 (downstream, shallow +10 m). There were two piezometers (PZm1
and PZm2) on the downstream side of the pivot. These piezometers were used to monitor shallow
groundwater movement and qualities. The piezometers, along with the boreholes, allowed the research
team to sample shallow and deep groundwater in order to analyse the potential impact of mine water
irrigation on subsurface water flow and salt accumulation.

The yellow dashed line in Figure 2.4 indicates the west-east cross-section, which indicates the points
of shallow and deep groundwater monitoring that is depicted in Figure 2.5.

Ground and surface water monitoring Legend

Mafube Unmined Pivot ® \Monitoring Boreholes
® Piezometers

©  Stockpile monitering boreholes

RZmil

Stockpile DMBH i

PZmF2

Beestepan dam

Google Earth

[z & 9020 [ periE sl gizs

24020 ARG (FLy) Ll

Figure 2.4: The location of surface and groundwater monitoring stations, as well as Beestepan Dam,
used for surface water quality monitoring on the Mafube unmined land
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Figure 2.5: A west-to-east cross-section from the coal mine stockpile through the adjacent wetland and across the Mafube unmined pivot indicating the various shallow
and deep groundwater monitoring points

17



Irrigation with poor-quality mine water in Mpumalanga

2.3.1 Groundwater quality

Monitoring piezometers

Two piezometers were installed at depths of around 3 m. These piezometers were placed in an
upstream (PZm 1) and downstream (PZm 2) location within the wet, westerly side of the field.

Water levels were measured using an electronic groundwater level detector and samples retrieved
using a bailer. In Figure 2.6, the changes in the water level of the upstream piezometer (PZm 1) can be
seen over the project period. For PZm 1, typical groundwater response curves are seen. The water
level increases sharply due to the rainfall experienced in the summer rainy months, after which it drops
and remains constant due to less precipitation in the winter months at a shallow groundwater level
(140 to 170 cm below ground level). Figure 2.7 shows the changes in the water level of the downstream
piezometer (PZm 2) over the project period. The groundwater response is similar to that for PZm 1.
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Figure 2.6: Water level (in cm) measured for the upstream shallow piezometer at the Mafube unmined
field over the project period
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Figure 2.7: Water level (in cm) measured for the downstream shallow piezometer at the Mafube
unmined field over the project period

In Table 2.1, average elemental concentrations of acidic runoff water from the discard dump, and from
both upstream (PZm 1) and downstream piezometers (PZm 2), are reported. A different chemical
concentration trend can be seen between the upstream and downstream piezometers. The
concentrations of the different constituents were higher at the downstream piezometer than the
upstream piezometer. This can be attributed to the acid surface runoff and water seepage through the
discard dump, translocated laterally towards the topographically low point, expressed as a wetland and

the maize field.

Figure 2.8(i) shows the eroded slopes of the coal stockpile situated next to the unmined field, caused
by rains. This reaction between the discard dump material and the rainwater produces acid mine water
runoff. Acid water runoff ponded near the downstream piezometer, combined with subsurface seepage
from the discard dump, it probably caused the altered water quality (Figure 2.8(ii)).
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Table 2.1: Summary of average elemental concentrations observed at the two piezometers of the Void 3

irrigation water and discard dump runoff water

Piezometer
Unit Parameter Vo Downstream Void 3 Discard dump acid
water runoff water
(PZm 1) (PZm 2)
pH 6.3 5.7 7.8 43
EC (mS/m) 78 293 198 331
Suspended solids 13 61 54 87
TDS 141 568 324 613
K 1.8 3.1 100 4.7
Mg 23 55 102 69
Ca 34 87 153 107
P 0.4 1.4 0.9 1.3
SO, 72 204 1098 179
S Na 24 252 93 261
E Cl 45 289 30 294
Fe 0.02 0.7 0.06 1.2
Al 0 0.1 0.12 0.3
Mn 0 0.5 2.7 0.8
Pb 0 0.02 0.005 0.04
Zn 0.02 0.05 0.01 0.06
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Figure 2.8: (i) Eroded slopes of the stockpile next to the unmined pivot; and (ii) the acid water runoff
ponding on the surface near the downstream piezometer (PZm 2)

Monitoring boreholes

Boreholes 1 and 2 are located in the well-drained eastern side of the field, and boreholes 3 and 4 are
located in the poorly drained western side of the field. The shallow boreholes (boreholes 2 and 4,
referred to as shallow upstream and shallow downstream, respectively) are about 10 m deep and the
deep boreholes (boreholes 1 and 3, referred to as deep upstream and deep downstream, respectively)
are around 30 m deep. These boreholes were sampled, analysed and reported on by Mafube Colliery
every quarter.

Comparing the data for the shallow upstream and downstream boreholes, it was observed that they
exhibited very similar chemical signatures. During the rainy season, when there were increased acid runoff
rates, the downstream monitoring point (Borehole 4) had much higher concentrations of most constituents
compared to any of the other boreholes. This can possibly be attributed to Borehole 4 intercepting acidic
runoff from the adjacent coal stockpile and therefore increasing these concentrations. The deep upstream
and downstream boreholes (boreholes 1 and 3) exhibited very similar groundwater chemistry, with slight
variations in EC, total dissolved solids (TDS), sodium and chlorine contents. The most likely explanation
for these observed elevated salt levels in the downstream boreholes (boreholes 3 and 4) can be due to
the acid water runoff from the discard dump adjacent to these boreholes. In August 2018, Mafube Colliery
installed two additional boreholes around the south-western border of the discard dump (discard dump
boreholes marked DMBH 10 and DMBH 11 in Figure 2.4), which will enable groundwater closer to the
discard dumps to be monitored, thereby reducing uncertainty around the impact of irrigation on
groundwater resources.
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Average constituent concentrations for each borehole can be seen in Table 2.2. Figure 2.9 presents a
Piper diagram of the four borehole waters, indicating the hydrofacies in which each borehole falls. The
boreholes show a similar groundwater chemical signature, mainly sodium chloride-dominated water,
indicative of the Ecca Group’s metamorphosed shales, mudstones and sandstones in which the
boreholes are drilled. Therefore, after three seasons, there is no sign of impact on groundwater quality
from the circum-neutral irrigation water.

Table 2.2: Summary of constituent concentrations of the four on-site boreholes for the Mafube unmined pivot

Borehole
Unit | Parameter Borehole 1 Borehole 2 Borehole 3 Borehole 4
(upstream — (upstream — (downstream — downstream —
deep) shallow) deep) shallow)
pH 6.8 5.97 6.7 6.5
EC (mS/m) 105 6.4 298 37.5
TDS 652 50 1869 163
Suspended 27 8.4 56 195
solids
S04 72 2 427 65
Ca 33 2.5 53 5.6
Mg 20 1.6 56 6
Na 135 5 459 80
o K 5.9 3.2 7.2 62
E’ Cl 238 7 628 158
Total P 0.4 0.3 0.3 0.6
Total N 6 1.9 3.6 6.5
Al 0.2 0.08 0.16 0.1
Fe 0.16 0.08 0.15 0.25
Mn 0.05 0.05 1.96 0.02
Zn 0.04 0.03 0.06 0.02
F 0.3 0.5 0.35 0.2
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Figure 2.9: Piper diagram of the four on-site monitoring boreholes for the Mafube unmined pivot

2.3.2 Irrigation water quality

The irrigation water is sourced from the Mafube voids, more specifically Void 3. Fluctuations in water
quality were observed due to dilution by rainfall, and at times the introduction of poorer-quality water from
Arnot Colliery. Table 2.3 shows the average irrigation water quality for October 2014 to December 2019.
The data reported in Table 2.3 is the water quality of the irrigation water used throughout the three
maize-growing seasons. A Piper diagram (Figure 2.10) indicates that Void 3 water has calcium sulphate
hydrofacies, confirming this to be a gypsiferous mine water quality.

Table 2.3: Average water quality of Void 3 used for irrigation at the Mafube unmined field over the
project period

Irrigation Void 3 water
. October October October October October
Unit | Parameter 2014 to 2015 to 2016 to 2017 to 2018 to
September | September | September | September | December
2015 2016 2017 2018 2019
mS/m EC 98.1 140.3 112.7 207.3 251.2
pH 7.2 6.9 7.4 8 8.1

K 10.3 14.1 14.6 31,2 22.5

Mg 57.2 93.7 71.4 153.5 84.4

Ca 74 118.6 94.2 217 142.2

mg/e ha-:'-g:\a:ss - - 743.4 1173.6 523.7

Na 31.2 46,3 43.1 65.1 157.2

Cl 20.9 27.0 23.6 21.7 40.4
S04 458 743.5 516.5 1098.6 1506.7
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Total N 1 0.8 1.9 4.1 1
Fe 0.1 0.1 0.1 0.1 0.01
Mn 6.8 9.7 29 24 0.1
Al 0.1 0.1 0.1 0.1 0.2
Pb - - - 0.005 0.006
Zn - - 0.03 0.01 0.006
Ni - - - 0.01 0.4
Cr - - - 0.003 0.006
Cd - - - 0.003 0.008
F 0.5 0.8 0.7 0.5 0.6

HCO, + C O,

Na+K bt ' CO+HCO,

Mg CATIONS Ca cCl ANIONS SO.

Figure 2.10: Piper diagram of the irrigation water (Void 3) used for irrigation at the Mafube unmined pivot

Figures 2.11 to 2.13 show the changing concentrations of various constituents of weekly Void 3 water
over the period of five years. The data supplied by Mafube Colliery of the Void 3 irrigation water quality
was assumed to be derived from correctly taken water samples that were accurately analysed, as these
measurements were undertaken by an independent South African National Accreditation System
(SANAS)-accredited laboratory.

The EC showed a steady increase from around 100 mS/m to almost 300 mS/m, while the pH remained
fairly constant at around 7 to 8. Both calcium and magnesium saw a steady increase in concentration from
October 2014 to August 2016, after which the concentrations dropped to a quarter of the peak
concentration (from 140 mg/t to 35 mg/f). This can perhaps be attributed to no water being pumped into
the void over this period. These two elements, along with the electrical conductivity and sulphate
concentrations, have seen a steady increase in concentrations from September 2016 to August 2020.
This is likely due to the importation of water from Arnot Colliery during times of water shortage at Mafube.
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Figure 2.11: Change in pH and electrical conductivity of the Vooid 3 water from October 2014 to August 2020
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Figure 2.12: Change in major cation concentrations of Void 3 irrigation water from October 2014 to
August 2020
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Figure 2.13: Change in electrical conductivity and sulphate concentration in the Void 3 irrigation water
from October 2014 to August 2020

2.3.3 Downstream surface water quality

The identified downstream surface water monitoring point (Beestepan Dam) was chosen as the point
where any potential impact of irrigation could be monitored. Sulphate was chosen as the identifiable
“flagging” constituent, and if a 20% increase in original concentration (before irrigation), attributable to
irrigation, was observed, irrigation would cease. This was, however, later realised to be a somewhat
ambiguous threshold, as the monitoring point is also downstream from one of the mines’ discard dumps,
and any increase in sulphate (or any other element) cannot easily be related to irrigation alone. In addition,
the deterioration in irrigation water quality over time, due to the import of water from Arnot Colliery,
confounds the situation still further. In practice, adaptive management will be required when responding
to approaching or exceeding such downstream surface water thresholds. Adaptive management practices
can include reducing the size of the irrigated area, intercepting the runoff or shallow groundwater flow and
then reusing and/or treating such waters. Understanding a specific site’s local hydrogeology and hydraulic
flow characteristics will allow for greater insight into setting site-specific thresholds.

Fortunately, the continuous monitoring has demonstrated that the threshold level was not reached, and
no action was required. Table 2.4 shows the average annual water qualities, as well as before and after
irrigation started in September 2017. Figures 2.14 and 2.15 show the changes in constituents of the
water in Beestepan Dam from 2016 (before irrigation commenced) to August 2020. The dotted red line
indicates when irrigation commenced.
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Table 2.4: Average water quality of Beestepan Dam used for monitoring irrigation impacts over the five-

year project period
Average Threshold Average Average Average Average
October (20% September | September | September | September
2014 to increa;e) 2017 to May | 2018 to May | 2019 to May | 2020 to
May 2017 2018 2019 2020 August 2020
©
[}
pH 7.1 2 8.1 7.93 7.7 7.59
[}
£
EC (mS/m) 115 g 70 102 105 95
o
SO,* 535 _5 642 282 406 402 378
E
Na o 52 E 30 45 45 39
I
Total P = 0.5 0.2 0.2 0.2 0.2
Total N 14 1.3 1.2 0.7 0.6

Figure 2.14: Changes in the pH and electrical conductivity (mS/m) in Beestepan Dam from December 2016 to August 2020
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Figure 2.15: Changes in the pH and electrical conductivity (mS/m) in Beestepan Dam from December 2016 to August 2020
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Figure 2.16: Changes in the major constituents in Beestepan Dam from December 2016 to August 2020.
The horizontal blue line represents the established threshold value for sulphate.
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2.3.4 Stable isotope study

Stable isotope studies help identify hydraulic connections between water sources. Changes in the
isotopic signatures of water sources can be due to the source being base flow or rainfall fed, affected
by evaporation rates, and surface and groundwater mixing (Mahlangu et al., 2020). Understanding the
connection between Beestepan Dam and the Mafube irrigation pivot is crucial when looking at the
transport and fate of constituents from the irrigation water (Void 3 water).

The underlying geology of the Mafube Colliery, unmined pivot and surrounding farmland is the Ecca
Group metamorphosed shales, mudstones and sandstones (Brink, 1983). The area of the Mafube
unmined pivot and surrounds is made up of the Glencoe and Hutton soil forms. The soil is generally
quite deep (x5-7m), as identified by the borehole logs, has a high clay percentage (x15% kaolinitic
clay) and cation exchange capacity (15 cmol(+)/kg). This means that if there is significant movement
of irrigation water from the unmined pivot towards the surface water resource (Beestepan Dam), it would
most likely be through the vadose (unsaturated) zone, and less likely via the fractured rock system of
the Ecca Group rocks.

Water D/H (3H/'H) and '80/'®0O ratios were analysed in the laboratory of the Environmental Isotope
Laboratory (EIL) of iThemba Labs, Johannesburg. The equipment used for stable isotope analysis
consists of a Los Gatos Research (LGR) liquid water isotope analyser. Laboratory standards, which
were calibrated against international reference materials, were analysed with each batch of samples.
The analytical precision is estimated at 0.5%. for O and 1.5%. for H.

Analytical results are presented in the common delta notation:

18 ~ /16
(*0/ ).yt _

&°0(%0) = { ®o/%0)

}XIOOO

standard

which applies to D/H (2H/'H), accordingly. These delta values are expressed as per mil deviation relative
to a known standard, in this case standard mean ocean water (SMOW) for 580 and &D.

The stable isotope analyses for all the water samples were well reproduced within the expected
analytical error limits. Figure 2.21 shows the water samples 580 vs 0D data, relative to the global
meteoric water line (GMWL) (Craig, 1961).
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Figure 2.17: Stable isotope data relative to the global meteoric water line (Craig, 1961).

Both the Void 3 irrigation and Beestepan Dam waters are surface waters. These waters have been
stored in open dams, and are both exposed to large amounts of evaporation. Both these samples plot
in the light isotope-depleted region, right of the GMWL (Craig, 1961). The groundwater samples show
less enrichment in lighter isotopes, indicative that these waters are not exposed to high rates of
evaporation (Abiye et al., 2015; Akwensioge et al., 2019; Butler et al., 2018).

The rainfall water is also enriched in light isotopes, providing evidence that both surface waters are
rainfed or experience some degree of rainwater recharge. Both surface water samples can also be
influenced by runoff recharge (Abiye et al., 2015). The isotopic signature of the discard dumps’ runoff
water is rainwater that now becomes acidic runoff water. This is the reason the discard dump runoff
water has a similar isotopic signature to rainwater. No clear distinction is made between the isotopic
signature of the rainwater, the discard dump water, irrigation water (Void 3) and the downstream surface
water source (Beestepan Dam).

The groundwater’s isotopic signature is due to base flow and not rainfall recharge, as their isotopic
signatures are very different. It can also be concluded that the irrigation water is not from the same
source water as the groundwater. With a fair amount of confidence, it can be concluded that the
irrigation water is not interacting with the groundwater in its vicinity.

It is noted that the stable isotope analyses are a conservative approach to contaminant studies. Factors
such as dilution, dissolution, mineral deposition, chemical reactions and cation exchange play a role in
the accuracy of isotope results. It is also highlighted that the impact and interaction of the discard dumps’
acidic runoff, located directly next to the Mafube pivot, are unknown and have not been quantified, as
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this is on the mine’s property. Interaction from the direct runoff and groundwater seepage may play a
role in the results of these isotope tracer tests.

Further recommendations for isotope tracer tests at the pivot include further seasonal interaction studies
to assess and identify if any further interactions occur. Any additional water input into the system should
be identified and samples analysed to increase the confidence in the findings of this study.

2.4 CROP GROWTH AND YIELDS

This section presents data on cumulative irrigation and rainfall, and the growth and development of the
maize crop over the course of this project at the unmined Mafube site.

The annual cumulative rainfall and irrigation amounts can be seen in Figure 2.17. Table 2.5 summarises
the total irrigation and rainfall the Mafube unmined pivot has received over the period of this project. In
conjunction with the fertilization programme, the farmer should take the loading rates of salts applied to the
irrigated field over the 28-month irrigated period into account and adjustments made to fertilizer application
rates. The total salts applied to the Mafube unmined field over all the growing seasons are as follows:
19 034 kg/ha SO4, 2 709 kg/ha Ca, 1 746 kg/ha Mg, 1 596 kg/ha Na, 431 kg/ha Cl and 1 770 kg/ha K.

M Irrigation @ Rainfall

1200
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.
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2016-2017 2017-2018 2018-2019 2019-2020

Growing season

Figure 2.18: Seasonal rainfall and irrigation throughout the maize-growing seasons at the Mafube
unmined site
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Table 2.5: A summary of seasonal irrigation and rainfall the Mafube unmined pivot has received over

the last three irrigated maize seasons and a shortened stooling rye growing season

Ve Growing season Irrigation amount Rainfall amount
(mm) (mm)
2015/16 Dryland maize - 480
2016/17 Dryland maize - 550
2017/18 First irrigated maize 304 (summer) 634
2018 Ha'f';eoisl'ﬁ]g ':;'Sated 236 (winter) -
2018/19 Second irrigated maize 503 643
2019/20 Third irrigated maize 360 540
Total 1403 2 847

Along with Leaf Area Index (LAI) and fractional interception of radiation, plant height, total above ground
dry mass and the phenological stage was observed every second week. Table 2.6 gives details
regarding maize growth stages. Knowing the phenological growth stage (Figure 2.18) of the crop helps
keep track of overall crop development. This is very important information when modelling crop growth
and production. Pictures of the crop have been incorporated into this diagram from various seasons to
indicate the visual status of the maize crop.

Table 2.6: Maize phenological stages

Physiological stage
Planting
VE
(Coleoptile emergence from soil)
V3/V4
V5/V6 Vegetat h
(Visible collar of the fifth and sixth leaf) egetative grow
stage
V(n)
nth node visible
VT
(Tasseling stage)
R1
(Silking stage)
R2
Blister stage
( ge) Kernel filling
R3 Reproductive
(Milk stage) growth stage
R4
(Dough stage)
RS Physiological
(Dent stage) maturity
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Figure 2.19: Phenological growth stages for the maize crop (He et al., 2010)
Note: VE = Emergence; V1-VT = Vegetative Phase; R1-R6 = Reproductive Phase
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Total above-ground biomass or total dry mass (TDM), together with grain yield, provides some insight
into the effect of mine water irrigation on crop production. Approximately 45% of the above-ground dry
biomass at harvest is partitioned into the maize grain under non-stress conditions (the so-called Harvest
Index) (HI). If the HI is much lower than this, it is indicative of stress (Unkovich et al., 2010). Under ideal
growing conditions, without water stress, the rate of dry matter accumulation from V7 to V16 should
increase exponentially until physiological maturity when there will be a sharp decline in the rate of dry
matter accumulation as the crop matures. This is associated with functional and visual leaf senescence.
This time period is critical to maintaining good yields, as all assimilates are partitioned to grain filling
from silking to maturity. Table 2.7 gives a full summary of the yields, TDM, HI and average cob length
for the three white maize irrigation growing seasons. A correction was made for the dry mass by 12.5%
for moisture loss.

Table 2.7: Summary of yields, total dry mass, Harvest Index and average cob length observed at the
end of each growing season

2018/19

2016/17 2017/18 *Hail damage 2019/20
Dryland Irrigated Dryland Irrigated Dryland Irrigated | Dryland
Yield (ton/ha) 4.1 13,5 4,5 11,6 55 14,3 4,9
TDM (ton/ha) - 29,6 18,1 251 16,6 37,9 27,8
HI (%) - 55,5 40,2 37,2 27,9 56,1 42,8
Average cob length (cm) - 19,5 17 19,5 17,2 21 17

Note: Total dry mass includes stalks, leaves, cob and grain mass. Yield is grain mass alone.

The values shown for the irrigated crop almost treble that of the dryland crop each growing season. The
immense value irrigation with mine water can present to the agricultural industry, as well as the water
management of mines in South Africa, is clearly demonstrated.

Crop biomass production is attributed to the following two factors: amount of photosynthetically active
radiation (PAR) intercepted by the canopy and efficiency of converting the captured radiation into
biomass, so called radiation use efficiency (RUE) (Louarn et al., 2008). Both leaf area and fractional
radiant interception are used in crop models to predict the accumulation of dry matter. Measuring the
LAI of the crop, as was done in the Mafube trial, considers the crop at a small sampling scale. If the
field is not very uniform, as is expected on rehabilitated ground, then considering the greater spatial
distribution over the whole pivot using satellite or drone imagery is useful.

The LAI measured at certain positions within the irrigated and dryland areas throughout the growing
seasons over the project period can be seen in Figure 2.19. The LAl is a measure of crop canopy cover
and is defined as the adaxial green leaf area per ground surface area, measured in m2 -m=. Destructive
sampling was done every two weeks from a 2 to 3 m? area, and analysed at the University of Pretoria’s
Experimental Farm within a few hours of collection. The LAI curve follows the expected general
sigmoidal trend for a maize crop for all growing seasons. A rapid canopy development is seen within
the first 30 to 40 days after emergence, until a peak LAl of 4.5 to 5.5 m? m2 £100 days after emergence,
when the crop reaches its reproductive growth stages. Maize is a determinate crop. Once it has reached
the reproductive stage, no further vegetative growth will occur. The LAl of the crop is then expected to
plateau, followed by a decline when physiological maturity is reached. This decline will be due to the
leaf senesce and the crop drying out in-field before harvest. During the 2018/19 growing season, severe
hail damage was experienced approximately 100 days into the season. This is reflected in the sharp
decrease in LAl due to loss in the photosynthetically active area of the crop.
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Figure 2.20: Average leaf area index of irrigated and dryland white maize on the Mafube unmined
field over the project period

Photosynthetically active radiation is measured at the bottom of the canopy, as well as above it. These
values (PARuottom and PARip) are then used along with the measured LAl to determine a radiation
extinction coefficient. With this coefficient, the fraction of PAR (Flpar) that is intercepted by the canopy
(Figure 2.20) can be modelled from the LAI, and is an important parameter for the partitioning of
available evaporative energy into that available for transpiration and that available for direct evaporation
from the soil. Fractional interception (FI) of PAR gives us insight into whether or not radiation is a limiting
factor in crop growth. The fractional interception can be seen in Figure 2.7 and all monitoring stations
follow an asymptotic curve. The FI of the crop is expected to plateau, followed by a decline when
physiological maturity is reached. This decline will be due to crop leaf senesce and the crop drying out
before harvest.

27



Irrigation with poor-quality mine water in Mpumalanga

0,9

0,8

0,7

0,6

0,5

0,4

Fractional Interception

0,3

0,2

0,1

@ 2017/18
O 2018/19
@ 2019/20
— Irrigated
= =Dryland

T T
o o
0 o

il

Days after planting

120
140

160 A
180 -

Figure 2.21: Average fractional interception of photosynthetically active radiation for white maize grown
at the Mafube unmined field

Plant height was monitored throughout the growing season and has followed the typical maize sigmoidal
growth pattern (Figure 2.21). A plateau in plant height is observed as the crop reaches the reproductive
stage, and assimilates are directed to grain filling.

During the 2018/19 growing season, severe hail damage was experienced approximately 100 days into
the season. This is reflected in the sharp decrease in crop stand area and leaf defoliation.

The difference in planting date between the dryland and irrigated maize has an impact on crop height,
biomass production and ultimately yield. Irrigated maize in Middelburg (Mpumalanga) has a
supplemented water supply. It is therefore expected that irrigated maize will perform better than a
dryland crop, especially in dry years, or when mid-summer droughts are experienced.
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Figure 2.22: Crop height measured for pivot and dryland areas for white maize grown at the Mafube
unmined field

2.5 COSTING REPORT: SEED, FERTILIZER AND PESTICIDE REGIME

The following section will discuss agronomic inputs and some of the budgeted costs to produce white
maize during the three growing seasons at the Mafube unmined site. The full summary can be seen in
Appendix A1. The total fertilizers added before, during and after planting per hectare each season
amounted to 290 kg nitrogen, 40 kg phosphorus, 64 kg potassium, and 10 kg sulphur. The farmer chose
to add a nitrogen (urea) top dressing after crop emergence. Herbicides and pesticides were applied via
broadcast sprayers prior to planting. The reasons for use of the crop protection chemicals are for the control
of annual broadleaf weeds, grasses, yellow nutsedge, cutworm, stem and stalk borers, and their larvae.

The University of Pretoria’s research team’s method of determining the predicted yield was by taking
whole maize plant samples at various growth stages during the growing season. The sampling procedure
was to use seven sampling points, where three 10 m row lengths were sampled, with £10 plants per row
length sampled. After sampling, the plants were stripped of their stems, cobs and leaves, and each plant
part was weighed separately. The separate plant parts were then oven dried at 70 °C for +7 days, or until
plant parts displayed a constant mass. The average masses determined were corrected for plant density
in order to estimate yield per unit surface area. The values reported in Table 2.8 are yield and profit/loss
estimates of the white maize crop for the three growing seasons.

The full summary of the annual costs of cultivation, harvest, transport, storage and labour can be seen
in Appendix A1. The total estimated cost per hectare for 2019/20 is around R19,700 for irrigated land
and R17,700 for dryland. Note that the irrigation cost would usually include another R5,000 for pumping
costs, but in this case, Mafube Colliery covered these.
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Table 2.8: Average tonnage, cost per hectare, maize price, profit or loss per hectare with and without
pumping costs for each cropping season.

2016/17 2017/18 2018/19 2019/20
Dryland Irrigated Dryland Irrigated Dryland Irrigated Dryland
Yield (ton/ha) 4.1 13.5 4.5 11.6 55 14.3 4.9
Cost per ha R9 100,00 | R18 000,00 | R16 000,00 | R18 770,00 | R16 800,00 | R19 980,00 | R17 900,00
Sl el R1 966,00 R2 103,00 R2 910,00 R2 450,00
price/ton
Profit/loss
per ha R1 039,00 | R10 390,00 | R6 540,00 | R12 000,00 | R4 600,00 | R15 055,00 | R5 900,00
(no pumping costs)
Profit/loss
_perha R1039,00 | R5390,00 | R6540,00 | R7 000,00 | R4 600,00 | R10 300,00 | R5 900,00
(with pumping
costs)

This demonstrates that dry land agronomic crop production can be extremely risky, and irrigation can
usually be expected to stabilise yields, but cannot mitigate against low commodity prices and high input
costs. Irrigation can certainly be used to cost effectively manage large volumes of surplus poor-quality
mine water, but this will definitely be a more resilient option if mines are able to somewhat assist growers
by, for example, agreeing to cover pumping costs. This is a reasonable request, considering that the
liability of managing the water rests with the mine, and alternative treatment options can be very
expensive. The benefit of being able to irrigate with mine water over these three seasons is clear.

2.6 GRAIN ANALYSES

For food and fodder safety analyses, one needs to determine the elemental composition of the edible
portions of the plant. For this, an acid digestion of milled plant parts is undertaken. At the end of each
growing season, the relevant plant samples were taken and analysed. Comparisons were made to
current food and fodder safety thresholds. The full chemical analyses can be found in Appendix A2.
When looking at the elemental partitioning throughout the maize plant over the three growing periods,
no major differences can be identified for the grain, stem and leaves. The elemental distribution within
the three parts remains similar. It is noted that leaves exhibit far higher concentration of most elements
when compared to the grain and stems (figures 2.22 and 2.23).

When looking at food and feed safety, we have to refer to the international, as well as local guidelines on
the safety thresholds for grains (see Table 2.9). Although most mine water contains a range of metals,
including iron, aluminium and manganese, the important potential elements of concern from a safety
perspective were identified as arsenic, cadmium, chromium, lead and mercury. It is therefore important to
identify specific elements of potential concern in each body of mine water with which one is proposing to
irrigate.
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Table 2.9: International guidelines and thresholds of selected elements for grain food and feed safety

Av.erage.Mafubg China European Upionl Ireland South African
Element white maize grain South Africa feed safety
ppm or mg/kg
As 0.5 - - 2
Cd 0.1 0.1 0.1 1
Zn - - - 150
Pb 0.2 0.2 0.1 10
Hg 0.02 - - 0.1

The Mafube unmined pivot grain falls well below all the identified constituents of concern in the identified
guidelines. The data collected from the white maize crop grown on the Mafube unmined site clearly
illustrates the opportunity created by the availability of mine-impacted water for irrigation. Under the
current irrigation conditions at the Mafube unmined site, the irrigated white maize is producing a good-
quality grain, well within the set threshold limits. In summary, the data collected from the white maize crop
grown on the Mafube unmined site during the 2017/18, 2018/19 and 2019/20 growing seasons illustrates
the opportunity created by the availability of mine-impacted water for irrigation. Under the current irrigation
conditions at the Mafube unmined site, the irrigated maize is producing maize grain, leaf and stem material
of a similar quality, in terms of elemental concentrations, as the dryland or control maize.
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Figure 2.23: Elemental distribution of irrigated maize from the Mafube unmined pivot
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Figure 2.24: Elemental distribution of irrigated maize from the Mafube unmined pivot
2.7 SOIL ANALYSES

A soil sampling grid was set up at the start of this project, with 14 sampling locations identified as
indicated in Figure 2.24, more or less evenly distributed throughout the pivot and dryland area. Soil
samples were taken at the beginning of each irrigation season in three 30 cm increments from the
surface down to 0.9 m. The analyses performed on the soils at the beginning of each irrigated season
are given in Table 2.10. The full chemical analyses of all sampling sites can be found in Appendix A3.

Mafube unmined pivot
Sol sampling shes

Google Earth

Figure 2.25: Map of soil sampling locations on the Mafube unmined land

32



Irrigation with poor-quality mine water in Mpumalanga

Table 2.10: Detailed soil analyses performed

Property

Method

Result

Sulphate as S
Ca, Mg, K, Na

Mehlich-3 extraction

This gives the extractable portion

Saturated paste

This gives the soluble portion

pH

KCI extract and pH
electrode

This gives the pH (KCI) of the soil solution

Phosphate as P

P-Bray 1 and P-Bray 2

This gives the extractable P

EC meter This gives the EC of the soil solution
ECe
Saturated paste This gives the EC of a saturated soil extract
This gives the EC measurements as the salts are “washed” out of
Total salt Dialysis, solution the soil with subsequent dilutions, and the EC decreases as the salt

accumulation

replacement and EC

content decreases. The EC can be related to the ionic strength of
the solution and thus give an indication of the salt (gypsum) content
of the sail.
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Figure 2.26: Soil profile at the Mafube unmined pivot indicating the change in pH, electrical conductivity (mS/m) and SO4 (mg/£), over an irrigation period of

three years, at three depths (30, 60 and 90 cm)
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Figure 2.27: Soil profile at the Mafube unmined pivot indicating the change in Ca (i), Mg (ii), Na (iii) and K (iv) (mg/£), over an irrigation period of three years,
at three depths (30, 60 and 90 cm).
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Appendix A3 presents the full soil elemental analyses table, as well as interpolation maps, where the
Kriging statistical analysis method was applied to show the likelihood that a certain concentration of a
particular element in the soil would occur within the set boundary.

The pH of the poorly drained western side of the Mafube unmined field increased from 5.3 to 5.7. The pH
of the well-drained eastern side of the field remained relatively constant over the three-year period, at 6.2.
As expected, there has been a slight increase in salinity (Figure 2.25) after the commencement of irrigation
with mine water. The EC in the 0 to 30 cm layer of the soil profile is mostly below the 170 mS m-" threshold
for maize (Maas and Hoffman, 1977), and therefore no significant yield reduction due to salinity is
expected at this stage. The reported EC (mS/m) of the dryland soils are elevated levels due to the
increased waterlogging on the western side of the field. This same trend is observed with both
potassium and sodium.

The water-soluble elements Ca, Mg and SOa increased in concentration with depth after irrigation
commenced. The soil is sequestering a large fraction of the salts applied to it, and is thereby keeping
these out of adjacent water sources. Although these increases can be attributed to mine water irrigation,
the fertilizer regime added before each planting season, as well as crop nutrient uptake, should also be
taken into account.

2.8 CONCLUSION

The increase in availability of water for irrigation is of benefit to both the mining and agricultural
industries. Large areas of agricultural land are located near mines in South Africa, so there is a great
opportunity for mine water-irrigated cropping to occur. Owing to the substantial treatment costs mines
face, this alternative water utilisation option has a benefit of treatment cost savings, creating
employment and empowering the local community through the production of mine water-irrigated crops.

This irrigation with mine-impacted water demonstration pivot at Mafube has shown, at least in the short
term, to be a profitable use of the mine water for irrigation. This ongoing research demonstrates the
sustainability of irrigating with mine water, and the opportunity presented by mine water irrigation practices.

Large amounts of salts can be immobilised in the soil profile when irrigating with gypsiferous water, as
is evident in the following chapter. It is important to monitor salt levels in the irrigation environment and
to stop or adaptively manage irrigation if any unacceptable impacts are encountered. One way to
estimate the long-term viability is by using models to simulate long-term effects in yield and the
irrigation’s fitness for use (Chapter 3).

The food and forage safety of the irrigated crops should be assessed for identified constituents of
concern to ensure that the thresholds are consistently met. If the food and forage thresholds are not
met, a biofuel or fibre crop can be considered. The grain produced at the Mafube pivot is safe for human
consumption, which makes grain production for human and animal consumption feasible.

The Mafube unmined pivot has demonstrated a cost-effective and productive utilisation of untreated,
circum-neutral mine water. This is a valuable demonstration for prospective mine water irrigators and
the regulators who will be approached to approve such projects. On a larger scale than this
demonstration, such irrigation projects are expected to contribute to job creation in the area. The
success of this project has clearly shown that productive mine water irrigation is possible, and with
further long-term studies, stakeholders such as the Department of Human Settlements, Water and
Sanitation, the Department of Agriculture, Land Reform and Rural Development, mines and farmers
can more confidently enter into the utilisation of mine-impacted waters for irrigation.
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CHAPTER 3: IRRIGATION WITH MINE-IMPACTED
WATERS: CROP, SALT AND WATER BALANCE
MODELLING

SN Heuer, JG Annandale, HM du Plessis, N Benadé and PD Tanner
3.1 INTRODUCTION

The SWB-Sci model (Benadé et al., 1995; Annandale et al., 1996; Annandale et al., 1999) that was
developed over many years with funding from the WRC and the mine industry was used to predict gypsum
precipitation in soil for several mine-affected waters under various cropping system and water management
scenarios. The model gives an indication of the amount of water crops will require through irrigation, and
the opportunity to sequester salt as gypsum in the profile, which will reduce salt loading to watercourses.

The South African Irrigation Water Quality Guidelines (DWAF, 1996) comprises one of the most widely
used tools in water quality management. It aids in the determination of water quality requirements for
irrigation water use, as well as quantitative fitness-for-use assessments. An important goal of these
guidelines is to maintain the productivity of irrigated agricultural land and associated water resources. A
revision of the guidelines was necessary to reflect the most appropriate and latest research and practices
in this field. Recently, a computer program-based decision support system (Du Plessis et al., 2017) was
developed to assess the fitness for use of bodies of water of different quality for irrigation. This DSS is
referred to as the South African Water Quality Guidelines for Irrigation (SAWQI). It makes use of a
simplified version of SWB to make predictions.

From regular sampling and monitoring, data is obtained that can be used to parameterise and validate
the SWB model to ensure that simulations with mine water irrigation are reasonable. Accurate
simulations will enable the potential effect of irrigation in the long term (more than 20 years), as well as
the prediction of if and when gypsum will precipitate, and at what depth in the profile it will take place.
Such simulations will give an indication of the sustainability of this practice.

3.2 SOIL-WATER BALANCE MODEL

The SWB model simulates crop growth and water and salt balances, using weather, water quality, and
soil and management data to give a detailed description of the soil-plant-atmosphere continuum. The
crop database includes several growth parameters that are crop specific, and values that are not given
can be estimated.

3.21 Crop parameter determination

The SWB model uses transpiration (corrected for vapour pressure deficit) to calculate dry matter
accumulation (Tanner & Sinclair, 1983). It also calculates radiation-limited growth (Monteith, 1977) and
dry matter partitioning. The partitioning depends on crop phenology, which is calculated with thermal time
(growing degree days) and is modified by water stress. Dry matter is partitioned to stems, roots, leaves
and grain (Annandale, Benadé, Jovanovic, Steyn, & Du Sautoy, 1999). Crop parameters required in SWB
are described in Table 3.1.

Table 3.1: Crop parameters required for SWB modelling

Crop parameter Unit
Radiation extinction coefficient (K. for solar radiation) -

Dry matter to water ratio (DWR) Pa
Radiation use efficiency (Ec) kg MJ-
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Crop parameter Unit
Base temperature °C
Optimum light limiting temperature °C
Cut-off temperature °C
Emergence day degrees d°C
Flowering day degrees d°C
Maturity day degrees d°C
Transition period day degrees d°C
Leaf senescence day degrees d°C
Maximum crop height (Hmax) m
Maximum root depth (RDmax) m
Minimum leaf water potential kPa
Specific leaf area (SLA) m? kg
Leaf-stem partition (p) m2 kg
Root growth rate m? kg05
TDM at emergence kg m2
Maximum transpiration mm d-!
Stem-grain translocation parameter -
Canopy storage mm
Root fraction -
Stress index -

3.2.2 Weather variables

Weather data is used in the SWB model as the driving variables for evaporation and crop growth. Soil-
water balance requires solar radiation, wind speed, temperature and humidity. However, if only the
minimum and maximum temperatures are known, SWB will mechanistically estimate missing data,
although it is more accurate to have measured values. Penman-Monteith’s reference crop evaporation
(ETo) (Smith, Allen, & Pereira, 1996) is used to calculate daily evapotranspiration (Annandale et al.,
1999). The variables required are listed in Table 3.2.

Table 3.2: Daily weather parameters required for SWB modelling

Weather variable Unit
Minimum temperature °C
Maximum temperature °C
Minimum humidity %
Maximum humidity %
Average wind speed m s’
Average solar radiation W m-2
Precipitation mm

3.2.3 Soil parameters

Actual physical and chemical properties of the soil can be used as input in SWB, otherwise a default
soil will be used. This data is used to calculate the soil-water movement and salt balance. By estimating
radiation interception by the canopy from crop leaf area, potential evaporation and transpiration are
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predicted. A root-density weighted-average soil water potential is estimated, which characterises the
water supply capacity of the soil-root system.

This multi-layer soil component gives a realistic simulation of infiltration and water uptake processes,
which uses a cascading soil-water balance, once runoff and crop interception have been accounted for
(Annandale et al., 1999). Other than soil texture, other parameters and initial conditions required for the
soil database are listed in Table 3.3. If initial soil chemical conditions are not specified, the model
assumes no salts to start with in the profile.

Table 3.3: Soil parameters and initial conditions required for SWB modelling

Soil variable Unit
Ca mg kg
Mg mg kg
K mg kg
Na mg kg
Cl mg kg
S04 mg kg
pH -
Exchangeable Ca mg kg
Exchangeable Mg mg kg
Exchangeable K mg kg
Exchangeable Na mg kg
Gypsum gm?
Lime gm?
Texture -

Silt content %

Clay content

%

Field capacity (FC)

kPa or m m" when estimated from texture

Permanent wilting point (PWP)

kPa or m m" when estimated from texture

Root depth limit

m

Drain rate

mm d-

3.3 MODELLING MINE WATER IRRIGATION AND CROP GROWTH

The objective of this study was to collect field data to determine crop-specific parameters, which can
be used to calibrate and validate the SWB model for this specific scenario (mine water irrigation of
maize with circum-neutral water in Mpumalanga). The calibrated model can then be used to simulate
potential yields, as well as the salt balance of the soil profile over time (gypsum precipitation, soluble
salt storage or leaching). The experimental setup and field measurement methods are described in
Chapter 2. Data from the 2017/18 season (maize) was used to parameterise the SWB model.

3.3.1 Crop parameters

Crop parameters like transition period day degrees (d °C), day degrees for leaf senescence (d °C),
maximum root depth (m), canopy storage (mm), stem-to-grain translocation, minimum leaf water
potential (kPa), leaf-to-stem portioning parameter (m? kg-'), TDM at emergence (kg m-2), root fraction,
root growth rate and stress index for maize were obtained from the SWB database (Annandale et al.,
1999). Base temperature (°C), optimum light limiting temperature (°C) and cut-off temperature (°C) were
acquired from Du Toit et al. (1999). Emergence day degrees (d °C), flowering day degrees (d °C), day
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degrees to maturity (d °C), extinction coefficient, specific leaf area (m? kg-'), dry matter water ratio (Pa)
and radiation use efficiency (kg MJ-') were calculated based on measurements and observations made
in the field. All values used as input can be seen in Table 3.4.

Thermal time is used to simulate crop development (Annandale et al., 1999). Growing degree days
(GDD) are calculated at a daily time step after the crop is planted (GDD;), and accumulated to predict
development (Monteith, 1977). Accumulated GDD since planting is compared to observed crop
phenological stages in the field to determine GDD to emergence, flowering and maturity.

GDD = GDD + GDD; (3.1)
GDD1 = Tave - Tb (32)

Where GDD; is the daily increment of growing degree days, Tave is the average daily temperature (°C),
and Ty is a crop-specific (10 °C for maize) base temperature (°C). Specific leaf area (in m? kg') is
calculated by dividing the LAl ( in m2 m2) by total leaf dry matter (LDM) (in kg m?2) as stated by
Jovanovic, Annandale, and Mhlauli (1999).

SLA = AL (3.3)
LDM

The canopy extinction coefficient for solar radiation (Ks) (Monteith, 1977) is needed to partition energy
to evaporation and transpiration, as well as dry matter production, and is converted from the canopy
extinction coefficient for PAR (Krar), which is calculated using the measured fractional interception of
PAR (Flear) and measured LAl (Campbell & Van Evert, 1994).

FIPAR = 1 - e_KPAR XLAI (34)

Ks = Kpa +/as (3.5)
Kpar

Kpa = 3.6

bd \/a_p ( )

as = [ap X a, (3.7)

Where Kuq is the canopy radiation extinction coefficient for “black” leaves with diffuse radiation, as is
leaf absorptivity of solar radiation, ap is leaf absorptivity of PAR and an is leaf absorptivity of near-infrared
radiation. The value of apis assumed to be 0.8 and anis assumed to be 0.2 (Goudriaan, 1977).

Radiation use efficiency (Ec) (in kg MJ") is used to calculate dry matter production under conditions
where radiation limits growth (Monteith, 1977).

DM = E, X FI; X RS (3.8)

Where DM (kg m) is dry matter production, Fls is fractional interception of solar radiation and RS (W m)
is solar radiation. Radiation use efficiency can also be estimated using the slope of the graph when
plotting cumulative dry matter and cumulative FIs*"RS (Figure 3.1).

41



Irrigation with poor-quality mine water in Mpumalanga

16
14 y=0,0074x-0,9899 @
12 R2=0,9768 _ -~
T -
€ 10 .-
g s -8
L
Z 6 _-"e
e
2 -
0oe e~
0 500 1000 1500 2000 2500
3 (FI, * RS)

Figure 3.1: Radiation use efficiency as the slope of the relation between cumulative dry matter
production and cumulative interception of solar radiation

Seasonal crop evapotranspiration (ET) (in mm or kg m-2) (Jovanovic et al., 1999) is used along with
seasonal average vapour pressure deficit (VPD) (in Pa) (Jovanovic et al., 1999) to estimate the DWR
(in Pa) (Tanner & Sinclair, 1983).

ET=P+I—R-D- AQ (3.9)
VPD = (eSTmaxZ eSTmin) — e, (310)
17.27T
e; = 0.611exp [(T+273'3) (3.11)
[es « RHmax tesn . X RHmin]
e, = Tmax 100 - Tmin 100 (312)
DWR = 2MXVED (3.13)
ET

Where P is precipitation, | is irrigation, R is runoff, D is drainage and AQ is the change in soil water storage,
all in mm (Jovanovic et al., 1999). The es is saturated vapour pressure (Pa) at maximum (Tmax) and
minimum (Tmin) air temperatures (°C) (Tetens, 1930, as cited by Jovanovic et al. (1999)) and ea is the
actual vapour pressure (Pa) as a function of relative minimum (RHmin) and maximum (RHmax) humidity
(Bosen, 1958, as cited by Jovanovic et al. (1999)). DM (kg m) is dry matter as measured at harvest.

Table 3.4: Crop input parameters used for simulations

Crop parameter Value
Radiation extinction coefficient for solar radiation* 0.487
DWR (Pa)* 6.0
Radiation use efficiency (kg MJ-1)* 0.007
Base temperature (°C)** 10
Optimum temperature under light limiting conditions (°C)** 25
Cut-off temperature (°C)** 30
Emergence day degrees (d °C)* 60
Flowering day degrees (d °C)* 730
Maturity day degrees (d °C)* 1,600
Transition period day degrees (d °C)*** 10
Leaf senescence day degrees (d °C)*** 950
Maximum crop height (m)* 3.2
Maximum root depth (m)*** 1.5
Stem-grain translocation*** 0.05
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Canopy storage (mm)*** 1
Minimum leaf water potential (kPa)*** -2,000
Maximum transpiration (mm day-1)*** 9
Specific leaf area (m? kg-')* 12
Leaf-stem partition (m? kg')*** 0.8
TDM at emergence (kg m2)*** 0.0019
Root fraction*** 0.01
Root growth rate (m? kg-0-5)*** 8
Stress index™** 0.95

Note: * Calculated from field measurements
** Obtained from Du Toit et al. (1999)
*** QObtained from the SWB database (Annandale et al., 1999)

3.3.2 Soil parameters

Soil chemical and physical properties were determined by analysing soil samples taken before planting.
The soil parameters used as input to SWB can be seen in Table 3.5.

Table 3.5: Soil chemical initial conditions and hydraulic parameters used for simulations

Soil variable Value
Ca (ppm) 519
Mg (ppm) 111

K (ppm) 126
Na (ppm) 8

pH 5.75
Field capacity (m m™") 0.269
Bulk density (g cm-?) 1.6
Permanent wilting point (m m-1) 0.148
Clay percentage 25
Silt percentage 10
Texture Sandy loam

3.3.3 Weather variables

Weather variables were obtained by using a combination of two automatic weather stations (Table 3.6):
one at Mafube Colliery and an on-site station at the University of Pretoria (UP). Long-term weather data
used for scenario simulations and long-term modelling was provided by the Agricultural Research
Council (ARC) using the Middelburg Eden Farms (Middelburg, Mpumalanga) station.

Table 3.6: Weather station locations and data provided

Mafube Colliery UP fixed station

Location

25°47°36.00” S
29°44’15.00” E
Altitude: 1,663 m

25°48°22.38” S
29°45'59.58” E
Altitude: 1,674 m

Minimum temperature (°C) Yes Yes
Maximum temperature (°C) Yes Yes
Minimum humidity (%) Yes Yes
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Maximum humidity (%) Yes Yes

Average wind speed (m s) Yes Yes

Average solar radiation (W m2) No Yes

Precipitation (mm) Yes -
3.3.4 Results

The parameterisation of top (TDM) and harvestable dry matter (HDM) with salts simulation is deemed
acceptable if r> and D > 0.8 and MAE < 20% (as recommended by De Jager (1994)). This can be seen
in Figure 3.2. Measured LAl might be somewhat underestimated due to the time delay between harvest
in the field and measurement in the laboratory, which could cause leaves to wilt, break or go missing.
The 2016/17 dryland season data was used to double check the parameterisation, and the result
presented in Figure 3.2 can be described as a relatively good fit, as all the statistical metrics meet or
come close to the requirements set by De Jager (1994). Other simulations with determined crop

parameters can be seen in Appendix A4.
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Figure 3.2: Measured (symbols) and simulated (lines) LAl (top), and top and harvestable dry matter
(bottom) simulating the effect of saline water irrigation.

Note: N = Number of observations; r2 = Coefficient of determination; D = Willmott's (1982) Index of
Agreement; RMSE = Root mean square error; MAE = Mean absolute error
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Figure 3.3: Measured (symbols) and simulated (lines) LAl (top), and top and harvestable dry matter
(bottom) simulating a dryland season.

Note: N = Number of observations; r2 = Coefficient of determination; D = Willmott’s (1982) Index of
Agreement; RMSE = Root mean square error; MAE = Mean absolute error
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Scenario simulations

Long-term simulations of about 50 years show that the yields of both maize and wheat remain fairly
stable (no consistent increase or decrease is apparent) throughout 50 years of irrigation (Figure 3.4).
Maize yield averages around 20 t ha!, with a minimum of 15 and a maximum of 24 t ha-'. Wheat yield
averages around 10 t ha!, with a minimum of 8 and a maximum of 13 t ha-'. Predicted yield fluctuations
can be attributed to seasonal variation, with leaching fractions higher in wetter seasons, and with more
saline irrigation being applied in drier seasons. Although these vyields are likely somewhat
overestimated, the important point this simulation brings across is that irrigating with this specific saline
mine water is not predicted to cause a decrease in yield over the long term.

25
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Figure 3.4: Soil-water balance simulation of yields (t ha'!) for a maize/wheat rotation over a 50-year period

When using different water qualities (Table 3.7), the salt balance and expected yields change. For
example, simulating wheat yield over 50 years (Figure 3.5) with a fairly good-quality water (Mafube void
water) and a poorer-quality water (Arnot), it is clear that poorer-quality water is predicted to reduce yield
compared to the good-quality water. The simulations with poor-quality water also show significant
decreases in yield at about 20-year intervals, coinciding with very dry seasons. In Figure 3.6, the ECe
(soil profile salinity) is depicted for each of the water qualities in Figure 3.7, along with the published
salinity thresholds for maize, soybean and wheat. This simulation shows that only fresh water and water
from the raw water dam may be suitable for the irrigation of maize, whereas all four water qualities may
be suitable for irrigation of soybean and wheat. Figure 3.7 shows gypsum precipitation and percentage
salts removed from water resources for each water quality. Although water from Arnot exhibits the most
gypsum precipitation over a 50-year period, it shows that a lower percentage of salts is removed,
indicating a lower efficiency in salt removal through gypsum precipitation.

Table 3.7: Different water qualities in the vicinity of Mafube Colliery

Good quality fresh water Mafube voids Raw water dam Arnot
pH 7.5 7.7 7.8 7.7
EC (mS m™) 60 208 229 558
Ca (mg &) 50 241 268 526
Mg (mg &) 29 151 176 585

46




Irrigation with poor-quality mine water in Mpumalanga

Good quality fresh water Mafube voids Raw water dam Arnot
Na (mg &) 30 103 56 108
K (mg &) 0.2 35 30 72
Cl (mg £") 85 28 23 21
SO4(mg &) 120 1065 1414 3580
14
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Figure 3.5: Simulated wheat yield (t ha'’) over a 50-year period for two different water qualities using soil-
water balance
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Figure 3.6: Soil profile salinity (ECe in mS m") predicted for 50 years of irrigation with four different
water qualities using soil-water balance. Salinity thresholds (Maas and Hoffman, 1977) for maize, wheat
and soybean are also indicated.
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Figure 3.7: Gypsum precipitation (t ha') and percentage salt removed as predicted by soil-water
balance over a 50-year period for three different water qualities
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3.4 IRRIGATION WATER FITNESS-FOR-USE ASSESSMENT - DECISION SUPPORT SYSTEM

A fitness-for-use assessment of a given water composition can be obtained by running a 45-year
simulation with the SAWQI model, which uses a simplified version of SWB to make its predictions. A
conservative Tier 1 simulation is usually run first, which considers a generic salt-sensitive crop, receiving
1,000 mm irrigation per annum with no rainfall to dilute salinity. These very conservative assumptions will
highlight potential problems, but will likely be too stringent for any mine-impacted waters. Waters shown
to be ideal at Tier 1 can be used successfully for irrigation under practically all conditions. Tier 2
simulations are more site specific (soil, weather, crop, irrigation system and management are specified),
and more appropriate for mine water irrigation assessments. Here the DSS is used to determine if there
are circumstances under which the water will be rendered usable for irrigation.

The mine water used for irrigation at Mafube is untreated and pumped from one of the open-cast voids
(Void 3). It is mostly near neutral to slightly alkaline (pH 7.1), with a relatively low EC of around 200 to
300 mS m™'. This range is acceptable according to the SAWQI (Du Plessis et al., 2017). The major cations
include Ca at 235 mg/t, Mg at 160 mg/t and Na at 70 mg/f. Major anions include HCOs at 335 mg/, Cl at
10 mg/t, and SO4 at 1,130 mg/l. The water also contains 3.5 mg/{ N and 35 mg/t K. The trace elements
that could be measured included Al at 510 ug/t, Mn at 390 ug/t, Fe at 110 ug/t, Zn at 40 ug/{, B at 225 ug/t,
Coat3.2ugl, Vat7.5uglandF at 0.7 ug/. As these waters contain high concentrations of Ca and SO4?,
precipitation of gypsum (CaSOa4) in the soil profile is highly likely. When gypsum precipitates and is retained
in soil, these salts are kept out of solution, thereby reducing the salt load to surrounding water bodies.

A Tier 1 fitness-for-use assessment of this water quality highlighted that potential problems with a
reduction in yield due to salinity may be expected. It also shows that sodium might cause a negligible to
slight scorching of leaves. The irrigation water is not corrosive, but rather slightly scaling, but to an
acceptable degree. There is also a possibility of the clogging of drippers due to pH. However, this would
not present a problem under centre pivot irrigation. The contribution of NPK to the crop is deemed
unacceptable for both phosphorus and potassium, and tolerable for nitrogen. This means that it will be
important for the irrigator to take into account what nutrient levels are applied to the crop through irrigation,
as this can potentially save on fertilization costs and reduce the likelihood of nutrient imbalances.

A Tier 1 fitness-for-use assessment of this water quality highlighted potential problems with manganese
accumulation. It shows that manganese (18 years) has the potential to accumulate to its threshold value
in the topsoil in less than 100 years with 1,000 mm irrigation applied per year. It is likely that the current
guidelines for manganese, iron and aluminium are too stringent, considering that these elements are
abundant in natural soils. It is also noted that the guidelines do not take into account the bioavailable
amount of the elements, but rather the total amount.

The quality of the irrigation water used at Mafube during this project has deteriorated over time due to
the introduction of water from Arnot Colliery. However, the circum-neutral Void 3 water with a relatively
low EC of around 200 mS/m that this project started with is seen as folerable at the conservative Tier 1
level of the DSS. High concentrations of calcium (ranges between 200 and 250 ppm) and SO4? can
lead to gypsum precipitation in soils, which is seen as favourable, as these salts are then retained in
the soil and kept out of solution, thereby reducing the salt load to water bodies.

When using this initial water quality, but running the more site-specific Tier 2 simulation with maize, the
accumulation of manganese is highlighted once again, showing that it is now estimated to take 40 years
to accumulate to the threshold value, which is a slight improvement on Tier 1.
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Table 3.8: Tier 1 results of irrigating with Void 3 irrigation water quality

Cation balance error (percentage)

accumulation
threshold (in years)

Number of years to

Root zone salinit Tolerable
y (400800 mS/m)
Surface infiltration Slight
Soil permeability
Soil hydraulic conductivity None
Trace elements raised
as reaching soil Manganese (Mn) 18

Relative crop yield

reach soil .
accumulation Trace element Fitness-for-use
threshold
18 Manganese Unacceptable

(percentage) as Salinity (EC) Unacceptable
affected by:
Leaf scorching when . .
wetted Sodium (Na) Slight
Estimated NPK Nitrogen (N) Phosphorus (P) Potassium (K)
removal at harvest and Removal Applied Removal Applied Removal | Applied
amount (%) (kg/ha) (%) (kg/ha) (%) (kg/ha)
that is applied through Tolerable Unacceptable Unacceptable
Irrigation 44 22 120 12 2,800 | 280
Scaling (Langelier Index) Acceptable

Clogging of drippers

Suspended solids

Unacceptable

pH

Tolerable

Mn

Tolerable
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Table 3.9: Tier 2 results of irrigating only white maize with Void 3 irrigation water quality

Cation balance error (percentage)

Root zone salinity

Soil permeability

Trace element

Surface
infiltration

Soil hydraulic
conductivity

Number of years to reach soil accumulation threshold

Percentage of time soil
permeability is predicted to fall
within a particular

Fitness-for-use category

Ideal:
0-200 mS/m

(100%)

Ideal (80%)
Acceptable (20%)

Ideal (95%)
Acceptable (3%)
Tolerable (2%)

Unacceptable
(1%)

Fitness-for-use

Manganese

Relative crop yield

40

Unacceptable

(percentage) as Salinity (EC) Percentage of time yield is within Ideal (100%)
affected by: relative crop yield category, as
Leaf scorching when . affected by:
e dg Sodium (Na) Ideal (100%)
Nitrogen (N) Phosphorus (P) Potassium (K)
Estimated NPK - - -
. Applied Time Applied
Time (%
removal at harvest (%) (kg/ha) Time (%) Applied (kg/ha) (%) (kg/ha)
and amount Tolerable Unacceptable
that is applied deal (78) deal (5) P
through irrigation ea ea
100 10 Acceptable (22) Acceptable (6) 100 125

Scaling (Langelier Index)

Acceptable

Clogging of drippers

Suspended solids

Unacceptable

pH

Tolerable

Tolerable

When using the initial Void 3 water quality, for the more site-specific Tier 2 simulation with maize, the
accumulation of manganese, the presence of suspended solids and high levels of potassium are still
seen as problematic. Preliminary studies done by the research team in 2019 indicated that irrigated
soils used at the pivot have great potential to oxidise the added Mn?*ions. These results show that true
available soil accumulation may not be of such concern as currently indicated by the SAWQI. The
potassium supply can easily be managed by the farmer to his benefit, and with pivot irrigation of maize,
suspended solids are likely inconsequential. Long-term simulations with the DSS over 45 years provide
indications of annual and seasonal variations in yield and salt balances. Different water, weather and
soil qualities will have an effect on the outcome of these simulations and the predictions made.
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When looking at crop selection for irrigating with poor-quality waters, it is important to know the crop’s
salt tolerance. According to Maas and Hoffman (1977), the salinity thresholds for maize, wheat and
soybean are 180, 500 and 600 mS/m, respectively. When estimating the soil saturated paste electrical
conductivity (ECe), the DSS predicts that there will be an increase in salinity upon irrigation, followed
by a stabilisation of the ECe value at around 200 mS/m, which can be a sign of gypsum precipitating
with excess soluble salts in the profile being leached. It is clear that maize may not be the best crop
choice for summer production, especially if water quality deteriorates, but soybean should do better in
summer, and a cool season cereal crop like wheat should show no yield decrease due to salinity.

The ECe measurements were determined to be 35 mS/m after the 2018 irrigated season. In 2019, it
reached 60 mS/m, and in 2020 the level was 67 mS/m. These are well below the predicted ECe values
produced by the DSS’s 45-year simulation (Figure 3.8). This indicates that there is enough gypsum
precipitation and leaching of excess salts to prevent the soil profile from becoming too saline, at least
in the short term. If the water quality deteriorates, maize may not be the best choice for summer
production and may need to be replaced by a more salt-tolerant crop like soybean.
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Figure 3.8: The decision support system’s 45-year simulation for the soil saturated paste electrical
conductivity (ECe) for a single maize crop using Void 3 water. The 2018, 2019 and 2020 ECe soil
measurements and the salinity thresholds for maize, wheat and soybean are included.

Long-term (45 years), Tier 2 site-specific DSS simulations were performed using Mafube’s Void 3 as the
source of irrigation water. An overhead irrigation system was selected to evaluate the potential for scorching,
and the sandy loam soil profile was refilled to field capacity after 10 mm depletion. The Gemsbokfontein
weather station was selected as it is in close proximity to the colliery, and two cropping systems were
compared. These were a rotational cropping system of soybean and wheat, and a maize monocrop.

With a maize-only crop, an average of 1,000 mm of irrigation will be applied per year. Over a 50-year period,
this would add 1,037 t ha™' salt, of which 620 t ha is leached, and 357 t ha! is predicted to precipitate as
gypsum, with about 35% of the salt added. It would appear that calcium limits gypsum precipitation, as there
is twice the amount of SO4 than that required for precipitation with calcium. However, with an adjusted
fertilization programme, precipitation can be increased and, in turn, the salt load to water bodies is reduced.
The modelled cumulative salt balance and gypsum precipitation in the soil profile is presented in Table 3.10.
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Table 3.10: Cumulative salt balance and gypsum retained in the soil profile after a 45-year simulation
of irrigation with Void 3 water

Total . Percentage Soluble salts
Sum of salt Profile A .
Cropping salts leached gypsum gypsum retained stored in
system added in profile profile
(tons/ha)
Maize only 1,037 620 357 34.4 20

As stated in Chapter 2, the irrigation water qualities were plotted on Piper diagrams and are seen as
calcium sulphate hydrofacies. High concentrations of calcium and SOs? can lead to gypsum
precipitation in soils, which is seen as favourable, as these salts are then retained in the soil and kept
out of solution, thereby reducing the salt load to water bodies. Running a 45-year simulation, the
gypsum precipitation in the soil is predicted using the average irrigation water quality. The 2018, 2019
and 2020 soil gypsum precipitate analyses were all below the 45-year simulated gypsum precipitate
values (Figure 3.9).
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Figure 3.9: The decision support system’s 45-year simulation for the soil gypsum precipitation
(tons/ha) for a single maize crop using Void 3’s average water quality.

3.5 CONCLUSIONS

Using models such as SAWQI-DSS, one can assess site-specific factors that influence the suitability of
mine waters for irrigation. The careful monitoring of water quality, soil nutrient levels, and food and forage
safety is necessary to ensure the feasibility of a mine water irrigation project. Irrigation with mine water
over the long term can be viable, sustainable and feasible if the appropriate management practices are in
place. The results from this study show that irrigation with Mafube’s Void 3 water is a feasible and
sustainable alternative mine water utilisation option, as supported by the results in Chapter 2. The circum-
neutral waters at Void 3 are ideal for irrigation, and from the simulations run, there are indications of
minimal environmental impact on ground and surface waters. The soil environment is slowly starting to
precipitate gypsum, thereby sequestering a sizable fraction of the salts applied to it, thereby keeping
these out of adjacent water sources.
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CHAPTER 4: DEMONSTRATING THE SUSTAINABLE
USE OF UNTREATED CIRCUM-NEUTRAL MINE
WATER FOR IRRIGATION: REHABILITATED LAND

PD Tanner, G van der Walt, W Coetzer and JG Annandale

4.1 INTRODUCTION

Mining is a temporary process, while what is left behind after mining is permanent. This is why the
rehabilitation of mined areas that meets the standards of the Land Rehabilitation Guidelines for Surface
Coal Mines (LaRSSA, 2018) is required. When a mined area is not rehabilitated properly or to a specific
standard, it can lead to severe impacts on the environment and local communities through pollution of the
soil and water, through soil degradation and through a permanent decrease in land productivity. The
process of land degradation is unique and different for every site or area. However, if rehabilitation is not
done properly, the outcome is unusable land, or land of lowered productivity. Closure planning has been a
requirement in South Africa since the Minerals Act of 1991, which means that financial provisions must be
made, rehabilitation must be undertaken, and application made for a closure certificate.

Pre-mining land capability is assessed before mining commences, and post-mining rehabilitation
capabilities should meet the requirements and targets that have been set from the pre-mining
capabilities. The main focus of rehabilitation is on the environment, productivity and creating the best
possible post-mining land capabilities. There are various challenges regarding the rehabilitation
process. The physical and chemical properties of soil should be carefully monitored throughout the
duration of the rehabilitation process. One of the most common problems that arises with rehabilitation
is compaction and the formation of dense layers in the soil. This degrades the soil’s physical properties,
reduces root development and infiltration, and can limit free drainage of the profile. This can lead to
water accumulation in certain areas, which can result in waterlogged soils or ponding in the field.

Mafube Colliery is an open-cast mine in Mpumalanga, where field trials on irrigation with untreated
circum-neutral mine-affected water on unmined land have been successfully undertaken. However, it
is not only economic and sustainable production that is important with this approach to managing
surplus mine-impacted waters. The impact of such irrigation on the environment is a key consideration.
The potential advantage of being able to irrigate rehabilitated land is that salts leaching from the irrigated
profile can be more easily contained and managed than is the case for previously unmined areas. It is,
therefore, essential to demonstrate under what conditions rehabilitated land can be used to successfully
produce crops irrigated with mine water.

While there are guidelines for re-establishing land of arable capability, there are currently no specific
guidelines on how to rehabilitate a profile to irrigable potential. What is clear, though, is that surface
ponding and perched water tables within a field will be problematic for irrigation, especially with saline
waters. The reason for this is that, although with many mine waters, a large fraction of the salts applied
with irrigation will precipitate as gypsum in the soil profile, thereby removing them from the surface and
groundwater environment, salts that remain in solution will need to be leached from the profile for
irrigation to be sustainable. The aim of the research at Mafube was to ascertain under what conditions
the irrigation of rehabilitated land will be successful and sustainable.
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4.2 SITE SELECTION AND REHABILITATED FIELD DESCRIPTION

The chosen rehabilitated site for the trial was located adjacent to Mafube Colliery at 25°47'29.04" S
29°46'0.42" E (centre of pivot area). The big advantage of this site was its proximity to the water source
(Void 3), as well as to the unmined site, with easy and safe access for the farmer and research team,
thereby creating a safer working environment than is generally found on an active mine.

Figure 4.1 indicates the different rehabilitation sites identified and the preferred site that was selected.
The sites were augured in order to classify the soils and get an indication of their irrigability. A tractor-
loader-back (TLB) vehicle was provided to excavate profile holes for the research team to inspect.

Figure 4.1: Google Earth image of the four potential pivot sites considered, with the preferred
rehabilitated and unmined sites indicated

The results from the soil classification studies done in September 2017 indicated that the soil profile in
most of the selected rehabilitated area was generally quite uniform, with a typical Witbank soil form. It
can be seen that the profile was relatively shallow, with extensive root growth throughout the Orthic A
(top soil) and man-made soil deposits, thus throughout the entire anthropogenic soil profile (Figure 4.2)
(sequestering a large fraction of the salts applied to it, and thereby keeping these out of adjacent water
sources).
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Figure 4.2: Representative soil profile of a rehabilitated site with a Witbank soil form

The research team took 30 soil samples in 2016 (for soil analyses and baseline data before trial
commencement) and recorded the depth to spoil layer across the field. A map of the field is provided and
sampling points with the depth to spoil layer indicated at each point. This can be found in Appendix A5.
A cross-section of the field is presented in figures 4.3 and 4.4, indicating the depth to spoil layer from
north to south, and from west to east of the field. The pivot area has deep soils on the southern side,
with shallower areas to the north (Figure 4.3). The cross-section of the field from west to east indicates
that the soil profile is generally deep with a few shallower areas closer to the centre of the pivot area.
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Figure 4.3: Cross-section of the soil depth of the rehabilitated site from north to south
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Figure 4.4: Cross-section of the soil depth of the rehabilitated site from west to east

Hydraulic conductivity and internal drainage measurements of profile layers will assist with understanding
the potential productivity of the field and the likelihood of sustainable and successful crop production.

4.3 WORK DONE TO ESTABLISH A FUNCTIONING PIVOT SYSTEM ON A SUITABLE SECTION
OF REHABILITATED LAND AT MAFUBE COLLIERY

After selecting a suitable site to erect an irrigation system, Mafube Colliery proceeded to procure a
centre-pivot irrigation system, and to commission its assembly (Figure 4.5). South32 collaborated with
this endeavour by donating an old centre pivot that was not in use on one of its mines. Unfortunately,
this pivot had not been disassembled correctly, with many bolts and stays just removed with a cutting
torch, causing considerable damage. Costs to refurbish this pivot were significant, with the farmer
estimating that it would have been easier and cheaper to install a new pivot from the start. There were
also delays with establishing the central foundation for this pivot, and supplying electricity and water at
the correct pressure to the site. Theft of the pipeline in 2020 and its replacement also caused delays.

Figure 4.5: Unassembled pivot on the rehabilitation site, mid-2017
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Soon after the assembly of the pivot was complete, heavy rain fell that helped to accentuate the
unevenness of the field surface through surface ponding, indicating that there were surface drainage
problems. This is indicated in Figure 4.6.

Figure 4.6: Dr Phil Tanner at the centre pivot on the Mafube rehabilitated field with clear signs of
water ponding after the heavy rains

Apart from the ponding, the land surface was too uneven for the pivot to safely make a full circle, and
the commercial farmer could not plant the field, as this would result in breakages of his equipment. The
unevenness is often caused by subsidence, which is common for rehabilitated mine land as it ages,
and the water table re-establishes itself in the rehabilitated land. It is clear that a suitable surface
topography is essential before rehabilitated fields can be considered arable and irrigable. Dr Tanner, a
mine land rehabilitation expert, selected suitable A and non-plinthic B horizon soil materials from the
soil stockpiles on Mafube with which to fill the depressions.

Large volumes of this material were trucked into the field in 2018 to fill the hollows. A grader was
subsequently used to create a gently sloping, free-draining surface. However, carting in large volumes
of soil, often at times when the soil profile was wet, coupled with the shaping activity of the grader,
resulted in heavy compaction across the filled in portions of the site, together with those portions of the
site where heavy vehicles had travelled.

Initial efforts to remedy this compaction made use of normal agricultural equipment. This was not able
to rip deeply enough, resulting in loosening of only the top 150—-300 mm of the profile. A bulldozer with
adequate ripping configuration was then hired, which was able to rip the field to depths in excess of
300 mm, providing satisfactory loosening and reducing compaction (Figure 4.7). However, only half of
the pivot area was ripped due to it being the start of the rainy season, which resulted in the soil profile
becoming too wet for ripping to be done effectively.
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Figure 4.7: A bulldozer with a ripper reducing compaction to 300 mm

Figure 4.8 represents the state of the rehabilitation site at the end of this research project. The
photograph was taken in January 2021. After the heavy rainfall that occurred in January and February
due to Cyclone Eloise, access to the pivot, even by foot, was not possible. Heavy water ponding is
suspected in different areas on the site. This will be helpful in identifying areas differing in infiltration,
surface runoff and internal drainage.

Figure 4.8: The rehabilitation pivot at the end of the research project (January 2021)

4.4 RECOMMENDATIONS AND CONCLUSION

This site has provided valuable information on the teething problems associated with establishing a
pivot on rehabilitated mined land. It is clear that a gentle slope and a field without hollows is required
for the surface drainage of surplus rainwater. The subsurface compaction must be corrected to ensure
both adequate rooting depth and the free drainage of irrigation water from the profile. Getting a
rehabilitated field to meet these requirements will likely involve the use of heavy equipment, and care must
be taken to minimise and alleviate any compaction this causes. Another concern is that of internal drainage
within the profile, and it is important that water is able to drain through the soil-spoil interface, which is often
an area of extreme compaction. If this is not the case, perched water tables will result, thereby waterlogging
and salinising the profile. A valuable research site has been established that will be useful to verify the
conditions under which rehabilitated land can be used effectively for irrigation with mine water.
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CHAPTER 5: IRRIGATION WITH UNTREATED OR
PARTIALLY TREATED ACID MINE DRAINAGE

BH Sukati, JG Annandale, PD Tanner, PC de Jager and JM Steyn

5.1 INTRODUCTION

Acid mine drainage is generated in both underground mining and in open-cast workings through the
exposure of sulphide minerals, especially pyrite (FeS2), to infiltrating water, oxygen and catalytic
bacteria (Thiobacillus ferrooxidans), which are active in extremely acidic (pH 1.0-3.5) solutions (De
Almeida et al., 2015; Yadav and Jamal, 2015). The dissolution of FeS2 produces H2SO4 that increases
the acidity of the solution to a pH of between 2.0 and 4.0, and further enhances the release of metals
and other pollutants (Du Plessis, 1983; Sheoran and Sheoran, 2006; Vahedian et al., 2014). The acidity,
in combination with high concentrations of metals and other contaminants, can be highly toxic to the
receiving environment. Therefore, the treatment and safe disposal of any hazardous wastes generated
is essential. For this reason, neutralising AMD with the intention to raise its pH and to precipitate most
of the transition metals, especially iron, is a requirement (Mackie and Walsh, 2015). However, mine
water neutralisation itself is a costly operation and the large volumes of neutral mine water generated
still require cost-effective management strategies.

The neutralisation of acidity and removal of metals from AMD with the high-density sludge process
results in circum-neutral mine water, with large loads of suspended solids that include metal hydroxides
that need to settle out as a sludge through a clarification process (Figure 5.1). Treated water is
sometimes released to surface water bodies, or further treatment may be required to reduce salinity
and residual metal concentrations. Reverse osmosis (RO) is often used to further treat clarified circum-
neutral mine water if the intention is to achieve potable water status.

Lime-sludge mix tank Rapid oxidation reactor Solid/liquid separation

AMD

CaCO; or
CaCO; + Ca(OH),

Figure 5.1: Acid mine drainage treatment process and resultant high-density sludge generation

In pursuit of a cost-effective mine water management strategy, Du Plessis (1983) theoretically showed
the feasibility of using clarified mine water from HDS treatment for irrigation, as opposed to further
purification with expensive and energy-hungry RO technology that also generates brines and sludge
that need management. This research concluded that, if this water is used for irrigation, it should be
applied to field capacity to ensure that it is a utilisation and not a waste disposal practice.
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This would enhance gypsum precipitation and reduce leaching. Root zone salinity was also not
expected to negatively impact on soil physical properties, as sodium levels are usually quite low.
Subsequent irrigation research with circum-neutral mine water has demonstrated this technology to be
a cost-effective, alternative mine water utilisation strategy (Annandale et al., 2006).

Jovanovic et al. (1998) irrigated several crops with clarified, lime-treated acid mine water, monitoring
crop response and changes to soil chemical properties. Results indicated that there were no symptoms
of foliar injury. However, shallow rooting of most crops, which was attributed to soil acidity, soil
compaction and phosphorus deficiency in deeper layers, was recorded. Salinity fluctuated following
rainfall patterns and pH increased after three years of irrigation due to residual alkalinity in the water.
As alluded to earlier, irrigation with such waters negates the need to further treat water with a technology
like RO, which is expensive and energy intensive.

The success of using AMD directly as an irrigation source has, to our knowledge, only been
demonstrated under controlled environmental conditions (greenhouse) on a pot scale (Madiseng,
2019). Using limed soil as the “treatment plant” for AMD applied as irrigation under field conditions, if
feasible and sustainable, could eliminate the need for an HDS processing plant. This would obviously
save enormous capital and some of the running costs of operating such a plant. If this is not feasible,
and there is still a need to neutralise AMD in a liming plant, then irrigating with unclarified neutralised
mine water, if feasible and sustainable, would eliminate the need for the clarification of limed water and
sludge disposal (an expensive operation). Studies on crop and soil response to irrigation with AMD and
with unclarified and clarified neutralised mine waters for irrigation are clearly needed.

Because crops differ widely in their acid and salt tolerance, and because these are very unusual waters
that have not been used for crop production, a crop-screening trial with irrigation using untreated or
partially treated AMD is seen as a sensible point of departure. If this is only successful with specific crops,
future research can look at more detailed crop growth, and water and salt balance determinations of those
cropping systems with the best chance of success using these unconventional waters for irrigation. In
addition, there may be concerns (real or perceived) around food or the feed safety of crops produced with
such mine waters. Therefore, the inclusion of non-edible biofuel and fibre crops would be prudent.

5.2 CROP SCREENING FIELD TRIAL

The objectives of the proposed crop screening trial were, firstly, to observe the response of selected
cereals, legumes, pasture grasses, biofuel crops and soils to irrigation with AMD, as well as with
unclarified and clarified neutralised mine wate; secondly, to predict long-term changes in soil chemical
properties, environmental effects and crop growth when these three unusual sources of water are used
for irrigation.

5.2.1 Site selection

Originally, the research team had planned to execute the trials at Mafube Colliery. This would have
been the most convenient logistically, as the pivots for the commercial field scale trials were located
there. However, Dr P Tanner and Prof J Annandale found, on closer inspection of the liming plant, that
there was no source of unclarified neutralised water. There was just a settling pond that was
intermittently desludged. The liming plant was also only operated when the pH of pit water was
suboptimal. In addition, the land in close proximity to the plant tended to be waterlogged and unsuitable
for irrigation. Therefore, planting could not occur on this site.

In view of the above, Ms R Mihlbauer from Anglo American facilitated a visit to another Anglo American
colliery, Kromdraai, Landau Colliery (Emalahleni, 25°46'10.54” S; 29°05'59.66” E; altitude 1,510 m). The
liming plant at this location has been in operation for decades and was considered ideal for these trials.
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There was also sufficient rehabilitated land in reasonable proximity to the liming plant. Ms A Rossouw
from Anglo American, Dr Tanner and Prof Annandale undertook a reconnaissance visit to the
rehabilitated site and decided on a suitable location for the trial based on extensive soil auguring. This
area was approximately 850 m from the AMD neutralisation plant, and approximately 400 m from the
AMD source at Lopies Dam (25°46'19.53” S; 29°05'47.87” E). The total area needed for the trial,
depending on the final layout of the plots, was approximately 1 ha. The site that was selected is
indicated in Figure 5.2.

~

¢Trial Site (Rehab site)

Figure 5.2: A: Source for neutral mine water (unclarified and clarified); B: Source for AMD; and
C: Rehabilitated land (Source: Theo van Rensburg, 2017 — irrigation engineer)

5.2.2 Crop screening trial layout

The focus of the trial was the screening of economically important agronomic, pasture and biofuel/fibre
crops that are adapted to the Highveld, and that can potentially produce economic yields under irrigation
with mine-impacted waters. A dryland control was also suggested for summer cropping to assess
whether crops perform better with mine water than with no additional water at all. The experimental
design consisted of three irrigation blocks, one for each water source, and in summer, an additional
dryland block for the warm season crops. The dryland plot would only be planted to summer crops, as
insufficient winter rainfall is received for winter cropping (Figure 5.3).

Block dimensions were 45 m x 45 m in order to fall within the irrigation system design criteria. Each
2,025 m? block was divided into 36 subplots of 7 m x 7 m, allowing four different rotational annual
cropping systems, six perennial summer growing biofuel/pasture crops, and two perennial evergreen
pasture systems, all replicated three times. Pathways between plots were planted to a salt-tolerant
cynodon species. Crops to screen were also selected based on commercial importance and expected
acidity and salinity tolerance (Table 5.1). The biofuel/fibre crops were included in the trial as they may
have become more important should food or feed safety issues have arisen. The five best-performing
biofuel crops out of eight used in another trial executed on UP’s Hatfield Experimental Farm were
selected for planting in this crop-screening trial (Table 5.2). These crops were selected based on a
previous study by Cloete (2018) that focused on assessing the performance of various biofuel crops.
The selection was based on performance in descending order, starting with the best-performing crop
(column 3 in Table 5.2).
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Figure 0.3: Crop screening trial layout
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Total area: 8100 m?, each main plot: 2,025
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Sub-plots and pathways: 1,955 m?
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R/PR mix: Rhodes/per. Rye grass
M/R: Maize/Rye grass
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T/B: Teff/Barley

S/W: Soybean/Wheat

TF/L mix: Tall Fescue/Lucerne mix
Scale: 1:500

Note: Blocks separated by colours

- Bermuda grass planted in pathways
S1 = Guinea grass

S2 = Napier

S5 = Vetiver

56 = Blue thatch grass

S7 = Brazilian grass
Eragrostis Curvula

No. of sub-plots/block = 36
Area/sub-plot = 49 m?
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Table 5.1: Selected crops’ and pastures’ acidity and salinity tolerance (adapted from Jovanovic et al., 1998, AGRICOL, 2016; Pannar Product Catalogue, 2013)

Maize Zea mays | Annual 5.5-6.5 1.8 450— Wheat Triticum spp. | Annual 5.5-6.5 6.0 -
1,500
Soybeans | Glycine Annual 5.5-6.5 5.0 - Barley Hordeum Annual 5.5-6.5 8.0 >300
max vulgare L.
Sorghum | Sorgum Annual - 6.8 400-600 | Annual Lolium Annual, 5.0-8.0 7.6 762-1270
bicolor ryegrass | multiflorum temperate
Teff Eragrostis | Annual 4.5-8.5 7.5 432-559 | Stooling | Secale Annual, - 114 >300
tef [Zucc] rye cereale L. temperate
Bermuda | Cynodon | Perennial, 4.5-8.5 6.9 550-4,300 | Tall Festuca Perennial, 5.5-8.5 3.9 375-750
grass (for | dactylon subtropical fescue arundinaceae | temperate | (4.7-9.5)
pathways)
Rhodes Chloris Perennial 4.5-10 >10 650 Perennial | Lolium Perennial 5.0-8.0 5.6 762-1270
grass gayana subtropical ryegrass | perrene subtropical
Lucerne Medicago | Perennial, | Neutral to 4 400-600
sativa subtropical | slightly
alkaline
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Table 5.2: List of selected biofuel crops (Poaceae sp.) planned to be planted at Kromdraai

. Performance | Plant Planting | Planting Time of
Grasses Species . ; . .
ranking spacing | density procedure planting
. Panicum 20,000 . February
Guinea grass (S1) maximum 1 1x0.5m plants/ha Vegetative to March
Napier (S2) Pennisetum 2 1x0.5m 20,000 Vegetative March to
purpureum plants/ha April
Blue thatch grass Hyparrhenia 20,000 . March to
(S6) tamba 3 1x05m plants/ha Vegetative April
o Brachiaria 20,000 , March to
Brazilian grass (S7) brizantha 4 1x0.5m plants/ha Vegetative April
: Chrysopogon 20,000 . March to
Vetiver (S5) sizanoides 5 1x0.5m plants/ha Vegetative April
. January
. Eragrostis 10-12
Weeping love grass curvula Extra - kg/ha Broadcasted | to
February

Note: Ranking: 1 represents best-performing and 5 represents least-performing crop in trial of Cloete (2018).
Five of the crops were planted from cuttings and the sixth crop from seeds.

A total of 1,000 rooted plantlets were prepared for each of the biofuel crops to be planted in all blocks.

5.2.3 Seedbed establishment, plot demarcation and fertilization

Basic land preparation was undertaken through the services of a contractor who had the required size
of tractors and appropriate equipment (Figure 5.4a). Disc harrowing several passes over the 2 ha land
with overgrown grasses was the first step, followed by ripping down and across the slope to between a
depth of 0.25 and 0.30 m. However, these operations were insufficient, since the land was still uneven
with too much plant material at the surface, making cultivation difficult. A plough was then used to turn
under excess plant material and prepare an acceptable seed bed. Disc harrowing was once again
undertaken as the last step to prepare the seed bed (Figure 5.4b). The marking of blocks and sub-plots
followed. The research team’s equipment (rotovator) and tools (for the marking out of blocks and sub-
plots) were used for final plot preparation.

Figure 5.4: a) Disc-harrowing and ripping operation; b) Field ready for marking of blocks and sub-plots

Four blocks, measuring 45 x 45 m each were marked out using a tape measure, string and white painted
pegs, leaving £5 m between blocks to limit irrigation water drift from sprinklers between blocks. The
corners of each block were marked at 90° following the 3-4-5 Pythagoras method. A total of 36 sub-
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plots measuring 7 m x 7 m were then marked out within each block (Figure 5.5a). After the marking of
sub-plots, each was prepared to a fine tilth using a rotovator (Figure 5.5b).

Figure 5.5: a) Marked blocks and sub-plots; b) Rotovating within blocks

Liming requirement calculations for all blocks considered soil chemical properties (tables 5.3 and 5.4).
This quantity of lime was determined through the use of a buffer curve (Figure 5.6). However, it should
be noted that the block to be irrigated with AMD received extra lime, with this estimated from the acidity
of the water. The liming materials were spread by hand (figures 5.7a and b) and incorporated to a depth
of 0.1 min all blocks using the rotovator.

The soils were found to be quite acidic, and a limestone (CaCQzs) requirement of 5.1 t ha™' was determined
for all blocks. Due to the low manganese levels in these soils (Table 5.4), dolomitic lime (CaMg(COs)2)
was selected for the dryland block (aimed at comparing irrigation with mine water and rainfall/no irrigation),
as the mine waters contain significant concentrations of manganese. The AMD and clarified neutralised
mine water had manganese concentrations of around 119 and 98 mg I!, respectively. Therefore, calcitic
lime was selected for the blocks to receive irrigation. In addition, extra lime is required for the block to
receive AMD. This was estimated from limestone dosing rates of the lime treatment plant at Kromdraai.
The target of the HDS plant is to treat 8 M{ of AMD daily, equivalent to 56 M{ per week (seven days),
consuming 60 tons of limestone to neutralise acidity. Therefore, limestone required to treat an estimated
500 mm of irrigation for a winter crop (5 M{/ha) was calculated to be an additional 5.4 t ha™'.

Table 5.3: Soil chemical composition per block

Block A Block B Block C Block D Units
PHH20 3.9 4.5 3.9 4.0 -
EC. 60 52 66 57 mS m"
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12 y =0,1058x + 4,569
10 R?=0,9264
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Ca(OH), (mmol kg?)
Figure 5.6: Buffer curve used to determine lime requirement
Table 5.4: Concentrations of plant available macro and micronutrients in the soil
Element | BIockA i?"lizc.:tfeB"‘fittT.‘ (to i?rli;:'t(ecwith s isrli;:'t(en‘f"“h A?ﬁ?ﬁ.’f y
(dryland) | unclarified mine AMD) clarified mine blocks
water) water)
Ca 75 256 167 159 164
S 52 50 83 60 61
K 13 15 13 13 14
P 8 6 2 3 5
Mg 1 2 1 1 1
Fe 52 29 20 29 32
Mn 1 4 2
Ni 0 0
Pb 3 2 3 3
Na 6 4 4 4 5
Al 206 138 184 142 167

Fertilizer requirements were calculated based on soil chemical analysis and recommended specific crop
requirements (Table 5.5). The sources of nitrogen, phosphorus and potassium were limestone
ammonium nitrate (LAN), single superphosphate (SSP) and potassium chloride (KCI). Phosphate and
potassium were applied as basal dressings, while nitrogen was split into two applications (30 kg ha™' at
planting and 70 kg ha for top dressing).

Table 5.5: Fetrtilizers and quantities procured per block

Input Application rates (kg ha™)
Limestone ammonium nitrate —28% N 100 N
Single superphosphate — 14% P 40P
Potassium chloride— 50% K 40 K
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5.2.4 Design and installation of irrigation system

The technical specifications and cost of the irrigation system are presented in Appendix A6. Costs do not
include installation and commissioning, nor the fittings needed to connect the pump units to the water

supply.

The proposed irrigation design required three 7.5 kW pump units, one for each water source (Figure 5.8).
The system was to be radio controlled, with one central programmable control unit (by means of a
laptop) and three field stations and pump control units. The system could operate as four independent
side-by-side systems, three for irrigation and the fourth for flushing the system. The controller can be
pre-programmed with a laptop and, as such, is tamper free. To change the program, alterations need
to be made on the laptop and downloaded to the control unit by USB connection. Field units are small
sealed 12-volt DC radio controllers with small batteries, each operating four valves or pump/flushing
valves. The head from the liming plant to the trial site is 90 m, and from Lopies Dam it is 70 m.

The designed flow rate of each pump was 16.4 m3 hour, with 1,600 m of Class 8 and 1,100 m of Class 10
110 mm high-density polyethylene (HDPE) required. Within each block (45 x 45 m), there were 16
sprinkler emitters to ensure whole block coverage. The 16 sprinkler emitters per block were made up
of four sprinklers on each side, and another four in the middle of each block (Figure 5.9). Pipes feeding
the four sprinklers were laid in the middle of a block along pathways.

A flushing mechanism for the system had also been included to help reduce the scaling of pipes and
pump parts. Scheduling would have ensured the delivery of an average amount of water approximately
suitable for all the crops in a block. This would have been achieved by calculating the water requirement
for each crop within a block from neutron probe readings and determining an average amount to apply.
Irrigation would have been applied once a week for all blocks, as this would save on travelling and other
costs linked to irrigation. The plan was to control irrigation through the internet, but manual override
was possible if required. A setback occurred before the irrigation system could be commissioned, as a
fire in the game farm melted much of the water supply and control hardware in the winter of 2018
(Figure 5.10A and B).
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Pump-clarified water L 3 Pump for AMD

Pump-unclarified water

Figure 5.8: Sites for the installation of pump units: A: Sources of neutralised mine water (clarified and
unclarified); B: Acid mine drainage (Lopies Dam)

Figure 5.10: Fire melted A) pipes and B) connectors

5.2.5 Crop schedule and growth
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For the summer crops of 2018/19, a devastating fire in the winter of 2018 damaged much of the irrigation
system and its water supply network. It was believed that installation and repair of the irrigation system
would be achieved for the summer season and a decision was made to plant summer crops despite
damage caused to the irrigation system, as precipitation (rain) would allow for crops to at least establish
before the water supply was in place. Unfortunately, these crops were never irrigated with any of the
mine-impacted waters due to delays experienced in the re-installation and commissioning of the
irrigation system that the mine had kindly undertaken to facilitate. These crops were therefore entirely
dependent on precipitation. The winter crops of 2019 could also not be planted and the global
Coronavirus pandemic prevented any further progress with the mine -water irrigation trial. During
lockdown, the research location become very unsafe, with armed robberies and vandals taking
advantage of the reduced activities at the colliery.

5.2.6 Summary of challenges encountered at Kromdraai

Although no experimental results for the crop-screening trial were forthcoming during this project period,
much valuable work was done on designing the trial layout, selecting crops to screen and designing
appropriate irrigation equipment for future field trials. However, several key aspects related to the
concept of irrigation with untreated or partially treated AMD was undertaken in laboratory settings. This
will greatly improve the chances of success of any future experimental work. These other research
activities are reported on in several chapters to follow.
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CHAPTER 6: HIGH-DENSITY SLUDGE AS A SOIL
AMENDMENT

BH Sukati, JG Annandale, PD Tanner, PC de Jager and JM Steyn
6.1 EXECUTIVE SUMMARY

Studies on crop and soil response to irrigation with untreated AMD and with unclarified and clarified
neutralised mine water for irrigation were planned as part of this project. Chapter 5 outlined the
experimental and equipment designs, soil preparation and physical trial layout work that took place over
the five years of this project at Kromdraai Colliery, Mpumalanga. Unfortunately, it was not possible, for
security reasons, to physically irrigate this site as planned, and the trial will now potentially take place
at the Emalahleni water treatment plant, where security should be less of an issue. Studies on the
response of crops and soil to irrigation with AMD and with unclarified and clarified neutralised mine
water for irrigation are clearly still of significant interest, and these trials should be continued.

In the absence of the field testing of the application of unclarified, but limed water, laboratory and
greenhouse studies explored potential issues that could arise if sludges from HDS treatment plants
were added to soils. This would simulate part of the situation that would arise if unclarified limed AMD
was to be applied directly to the soil. As South African regulations now stand, these sludges are
frequently classified as hazardous waste, requiring them to be deposited in appropriate permanent
storage facilities.

Chapter 6 examines South African HDS composition and categorisation using the current South African
hazardous waste regulations, the impacts of sludge addition on soil physical and chemical status, and
finally the effect of sludge addition to soil on plant growth and chemical composition. While the South
African waste system classified some HDS as toxic due to its manganese content, this is not the case
for classification systems in use in other parts of the world, and a case is made for the current South
African system to be revised. The application of HDS to soils increased total Ca, Mg, S, Mn, Al and Fe
contents, and also increased the soil pH, decreased soil acidity and increased soil salinity. Soluble and
extractable manganese, lead and nickel were not increased by the addition of sludge to soils.

In greenhouse trials on acid soil, plant growth was increased by the addition of HDS, particularly in the
presence of added phosphate. Analyses confirmed that the addition of up to the equivalent of 20 t ha
of HDS did not increase concentrations of manganese, nickel or lead in plant tissue, including grain,
despite the sludges being tested containing high enough levels of these elements to result in hazardous
waste classification.

These encouraging results should be confirmed by the field testing of the application of unclarified
treated AMD to a range of field crops, or alternatively, greenhouse trials should examine the impact of
much greater levels of application of sludge to soils.

6.2 INTRODUCTION

The concept of the use of limed soil as a reactor for the neutralisation of AMD has been proposed.
Although it has not been possible to test this novel concept in the field in the current project, additional
information on potential issues that may arise has been obtained by examining the nature of the
products of AMD neutralisation (i.e. HDS), and investigating, in glasshouse trials, the impact of added
HDS on soil properties, plant growth and the content of potentially hazardous elements in grain.
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In this chapter, the methods used and results obtained are listed for six investigations associated with
the use of HDS as a soil ameliorant, and the validity of the current local classification of this material as
hazardous is discussed.

The six investigations are as follows:

e The solubility of constituents of HDS resulting from AMD neutralisation and possible environmental risk

e The physical properties of HDS generated by AMD treatment

e The hazardous waste classification status of HDS from AMD neutralisation

e The soil amelioration effects of HDS as a soil amendment

e The crop response of HDS as a soil amendment

e The food safety of maize grain produced with HDS from AMD as a soil amendment: the uptake
and translocation of lead and nickel

6.3 THE SOLUBILITY OF CONSTITUENTS OF HIGH-DENSITY SLUDGE FROM ACID MINE
DRAINAGE NEUTRALISATION AND POSSIBLE ENVIRONMENTAL RISK

6.3.1 Materials and methods

Three sludge samples were collected from an AMD treatment plant that uses a combination of CaCOs
and Ca(OH)2. These were designated GypFeMn (gypsum with iron oxides and manganese), GypB
(gypsum with brucite) and Gyp (a refined gypsum product). The fourth sludge was sourced from an AMD
treatment plant that only uses CaCOs and was designated as GypFe (with gypsum and iron oxides).

Mineralogical and elemental analysis

Total elemental analysis using X-ray fluorescence (XRF) and mineral determination using X-ray
diffraction (XRD)

Crystalline phases in HDS were determined using a PANalytical X'Pert Pro Powder diffractometer and
total elemental content using an ARL 9400XP+ wavelength dispersive XRF spectrometer. The XRF
spectrometer relied on software (UniQuant) to analyse raw spectral data qualitatively and quantitatively,
as described by Loubser and Verryn (2008).

Dissolution of sludge constituents

The determination of solubility, as influenced by different solutions, was aimed at understanding the
expected behaviour of the materials if they were to come into contact with organic chelators, or be
exposed to reductive, acidic or circum-neutral conditions in the environment.

Aqueous solubility

A 30 g HDS sample was transferred into a SnakeSkin® dialysis tube (from Thermo Fisher Scientific,
Rockford, USA). This membrane had 10 kDa molecular weight cut-off (MWCO), with a pore size of
approximately 2.9 nm. It was tied at both ends and placed in a 500 m{ Schott bottle. A volume of 500 m{
deionised water was added to achieve a solid-to-water ratio of 1:16.7. Initial pH and EC were measured
immediately after setting up the experiment. After equilibration, the solution was decanted; with 15 m{
of the solution reserved for elemental analysis using inductively coupled plasma optical emission
spectrometry (ICP-OES), and 50 m{ for anion analysis using ion chromatography, a method described
by Tabatabai and Frankenberger (1996). The decanted solution was replaced with fresh deionised
water. The standard method used to assess the leachability of solid wastes for disposal purposes, the
SW-846 test method 1311: toxicity characteristic leaching procedure (TCLP) from the United States
Environmental Protection Agency (EPA) (1992), was followed.
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Ammonium acetate and organic chelation solubility

Extractable macro- and micro-elements were determined using standard methods, namely with
ammonium acetate (1 mol -1, pH 7) and di-ammonium ethylenediaminetetraacetic acid (EDTA),
respectively, as defined by the Soil Science Society of South Africa (1990).

Phosphate sorption capacity

One-gram samples of air dried HDS were transferred into 50 m{ centrifuge tubes and suspended in 30 m{
of 2 mmol CaClz, 1 mmol MgClz and 0.5 mmol NaCl containing 0, 50, 100, 250, 500, 1,000 and 2,000 mg
P I'" prepared from KH2PO4. The tubes were then stoppered and shaken end to end at 180 oscillations
per minute for two hours per day for two days, and stored in the dark at a constant temperature (25 °C).
After 48 hours, the samples were centrifuged at 300 revolutions per minute for 10 minutes and filtered
through Whatman No. 42 filter paper. The filtered solutions were then analysed for phosphorus using
ICP-OES. The amount of phosphorus sorbed was calculated as the difference between the amount of
phosphorus added and that remaining in solution. The sorption data was then fitted to a linearised form
of the Langmuir equation (Essington, 2004).

Determination of method detection limits for elements

To ensure the quality of the data generated, method detection limits (MDL) for the different chemical
methods (digestion, EDTA, NH4OAc, solubility through dialysis) used in this study were determined
following a standard procedure of the US EPA (40 CFR Appendix B to Part 136) (2011).

6.3.2 Results and discussion

Mineralogy of sludges

The XRD showed that the crystalline phase of GypFe ranged from 72 to 77% CaS04.2H20 with a further
4% of a carbonate mineral — ankerite (Ca(Fe, Mg, Mn)(COz3)z). The precipitation of ankerite was not
unexpected, since it is one of the minerals abundant in mine wastes (Lollar et al., 2005). Ankerite
formation was facilitated by the lower pH (5.5) of GypFe that reduced the kinetics of oxidation and
increased the concentration of iron and manganese (Hendry et al., 2000). In addition, solid phases of
Fe(ll) and Mn(ll) decrease their propensity to be oxidised. The magnesium and calcium in this mineral
could be traced back to the liming material used to treat AMD. Diffractogram peaks developed and were
used to identify some of the minerals in GypFe. It also showed prominent peaks of the iron oxides
hematite (Fe203) and goethite (FeOOH). Other minerals identified in GypFe through XRD peaks were
calcite (CaCOs) and quartz (SiOz2).

GypFe showed evidence of some amorphous structures dominated by iron and oxygen (suggesting the
existence of ferrihydrite), while other structures were dominated by aluminium, potassium and oxygen
with traces of sodium, sulphur and iron, resembling Jarosite-Na (NaFe''3(SO4)2(OH)e).

The other sludges, GypFeMn, GypB and Gyp, in addition to their major fractions being composed of
CaS04.2H20, showed minor components of CaCOs, SiO2 and brucite (Mg(OH)2). No other additional
minerals were identified through the use of diffractogram peaks.

Before and after the aqueous solubility test, all the sludges were dominated by gypsum. Deionised
water could not completely solubilise CaS04.2H20, possibly because of protection or armouring by iron
oxides Ca(Fe, Mg, Mn)(COs)2 and could not facilitate the dissolution of SiO2 (as SiO2 is not water
soluble) in the sludge GypFe, and all other minerals were below their detection limits. Diluted HCI at a
pH of 4 facilitated the complete dissolution of Ca(Fe, Mg, Mn)(COs)2in GypFe, and only CaS04.2H20
and SiO2 were retained.
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The SiOz in GypFe, as determined by SEM-EDS, is detrital in origin (Zinck et al., 1997), suggesting that
it was formed from rock fragments. Similarly, for the sludges GypFeMn, GypB and Gyp, gypsum was
also not completely dissolved by diluted HCI at a pH of 4. In addition to gypsum in GypFeMn, CaCOs
also remained after extraction with deionised water and diluted HCI at a pH of 4, possibly protected by
iron oxides through armouring.

Acid-base chemistry of sludges

GypFeMn, GypB and Gyp exhibited alkaline pH values of 8.2, 9.4 and 9.5, and total alkalinity CaCO3
equivalents (CCE) of 510, 601 and 617 mg kg™'. This was expected, because the Ca(OH)2 used in the
process was capable of increasing the ph of the AMD solution to above 9 (Skousen, 2014). GypFe
showed an acidic pH of 5.5 and a total alkalinity CCE of 250 mg kg-'.

All the materials have the potential to reduce soil acidity if used as soil amendments due to the alkalinity
they possess.

Total elemental content of GypFe, GypFeMn, GypB and Gyp using X-ray fluorescence

As expected, a total elemental analysis showed that calcium and sulphur were major components in all
four sludges, but GypFeMn and GypB contained, in addition, significant amounts of magnesium (see
Table 6.1). The materials can be potential sources of these elements if used as soil amendments. These
are considered essential macronutrients, required in large quantities for plant growth, but are often
deficient in acidic soils. The calcium can be traced back to the liming material used in the treatment
process and the sulphur from the AMD. The magnesium was also likely from the liming material used
to treat AMD. Among the trace elements, iron was the most abundant in all the materials, followed by
manganese, which were statistically different (a < 0.05) for each of the sludges (see Table 6.1). All
sludges also contained zinc, but in low concentrations, and as such, these materials cannot be regarded
as important sources of this element.

The materials GypFe, GypFeMn and GypB had traces of nickel. The materials GypFeMn, GypB and
Gyp contained traces of lead. However, the solubility of lead should be low in these materials, since the
process that uses a combination of limestone and lime generated them. Cadmium was below the MDL
of 0.18 mg kg™ in all the sludges, irrespective of the treatment process.

When compared to similar materials, these sludges seem to have more value as soil amendments than
HDS sourced from a coal mine in Canada, as reported by Zinck et al. (1997). The calcium content
ranged from 18 to 23.7% in all the sludges investigated in this study, which is slightly higher than the
calcium content (14%) reported by Zinck et al. (1997). The sludges in this study also appear to be better
sources of iron than those reported by Zinck et al. (1997). The iron content was more concentrated in
GypFe (12.5% Fe) and GypFeMn (4.2% Fe), compared to only 1.5% Fe reported by these authors in a
similar HDS material. Manganese concentration in all the materials was below 3.6%. The iron and
manganese can be traced back to the chemical composition of AMD.
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Table 6.1: Total concentration of selected major and trace elements in HDS

Constituents GypFe | GypFeMn GypB Gyp (percz:\,tage) a
Major elements (mmol kg™")

Ca 4,565¢ 4,4994 5,9132 5,602° 2 <0.05
K 2v 32 1.7° 1.6° 4 <0.05
Mg 268¢ 1,9462 1,448 113 3 <0.05
S 1,726¢ 1,914¢ 2,6662 2,329 2 <0.05
Trace elements (mmol kg™')

Cd <0.18 <0.18 <0.18 <0.18 - -
Fe 2,2292 753P 12¢ 2.7d 4 <0.05
Mn 1382 118°P 17¢ 1.74 3 <0.05
Ni 2a 2b 0.04¢ < 0.01 5 <0.05
Pb <0.2 12 0.82 0.2° 6 <0.05
Zn 4pb 5a 0.1¢ 0.08¢ 4 <0.05

Note: Any value with a < sign indicates content below the MDL for that element. Means with the same letter across
HDS products are not significantly different from each other.

Aqueous solubility of sludges using deionised H,O

Sulphur was the most soluble element when subjected to weekly extraction with water for five weeks,
followed by calcium, magnesium and potassium in descending order in all the sludges (see Table 6.2).
Water extracted 99.8, 77, 62 and 66% of sulphur and 22, 31, 28, 29% of calcium from GypFe, GypFeMn,
GypB and Gyp, respectively. The abundance of sulphur extracted was an indication that it resided
mostly in gypsum, which is water soluble. This showed that both materials could supply sulphur in
abundance if used as soil amendments and when in contact with water. However, the reduction in the
extraction of calcium was not expected. This was possibly influenced by the armouring of gypsum by
iron oxides. Relative to total concentration, water extracted 14, 38.4, 11 and 53% of the magnesium
from GypFe, GypFeMn, GypB and Gyp.

When considering the solubility of trace elements, manganese was the element most extracted by
water, followed by zinc in GypFe. Manganese releases were below detection limit (BDL) in three of the
four sludges, and low in the fourth (the most acid sludge). The iron in GypFe and GypFeMn existed in
forms that were of low solubility. The XRD evidence showed that iron occurred as iron oxides and these
oxides are sparingly soluble under circum-neutral conditions (Maree et al., 2004)

Table 6.2: Selected water-soluble elements in the sludges (cumulative of five water extractions)

Constituents GypFe | GypFeMn GypB Gyp (percg::tage) a
Major elements released (mmol kg')

Ca 984¢ 1,378 16812 1,643ba 10 <0.05
K 0.6° 2.32 1.6° 0.8¢ 13 <0.05
Mg 103¢ 2682 154b 60¢ 9 <0.05
S 1,723 14742 1,650 1,5392 8 <0.05
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Constituents GypFe | GypFeMn GypB Gyp (percg::tage) o
Minor elements released (mmol kg')

Cd <0.04 <0.04 <0.04 <0.04 - -
Fe <0.2 <0.2 <0.2 <0.2 - -
Mn 72 <0.01 <0.01 <0.01 10 <0.05
Ni <0.3 <0.3 <0.3 <0.3 - -
Pb <0.04 <0.04 <0.04 <0.04 - -
Zn 0.092 <0.03 <0.03 <0.03 6 <0.05
Anions released (mmol kg™") by first extraction

Cl- 1.62 1.42 1.32 1.42 16 <0.05
F- <0.1 0.12 <0.1 <0.1 - <0.05
NOs 0.2° 1.12 0.2° 0.2° 22 <0.05
SO 296¢ 31d 303 3142 25 <0.05

Note: Any value with a < sign in front represents MDL for that element. Means of the same letter across HDS
products are not significantly different from each other.

Solubility of sludges in diluted hydrochloric acid at a pH of 4

Diluted HCI at a pH of 4 dissolved sulphur the most, followed by calcium, magnesium and potassium in
sludges (see Table 6.3). Relative to total concentration, more sulphur was released from GypFe than
from any other sludge, The pH of the GypFeMn sludge (8.2), was reduced by 1.6 units, facilitating the
release of elements from this material. However, at this pH (6.6), the dissolution of iron oxides was
negligible, since it was still well above a pH of 4. The dissolution of iron minerals is facilitated when the
pH falls below 4.

Generally, the diluted acid (pH 4) extracted less calcium and sulphur compared to extraction by
deionised water. The pH values of the dilute acid extracts ranged from 6.6 to 10.4, while those from
deionised water extraction ranged from 5.7 to 10.7. For both extractants, all materials were extracted
with a total of 2.5 { solution.

Acid extraction released the most manganese from GypFe, where 6.5% of the total manganese was
extracted. However, only 0.2% of the total manganese was extracted from the more alkaline sludge,
GypFeMn, which contained similar amounts of total iron. All other trace elements extracted were close
to or at BDL. The low release of metals (e.g. iron and cadmium) showed that all four HDS materials are
of low risk to the environment, even when in contact with acidic solutions.

It could be expected that most of the trace elements in sludge are likely to be soluble once in contact with
more acidic conditions. It is possible that pH buffering took place due to the solid phases of the CaCOs
and Mg(OH)z contained in the sludges. Generally, metal solubility in HDS increases with decreasing pH
levels below 9.5 (Zinck et al., 1997). This is in agreement with results obtained by Maree et al. (2004),
who reported that metals in HDS were more soluble at a pH under 6. A gradual increase in the solubility
of trace elements is therefore expected once the sludges come into contact with acidic solutions.

Table 6.3: Selected soluble elements extracted with diluted HCI at a pH of 4 (five cumulative extractions)

Constituents GypFe GypFeMn GypB Gyp (perc(:Xtage) a
Major elements released (mmol kg™')

Ca 3052 275b 3242 3142 5 <0.05
K 0.9¢ 32 1.9° 0.59 3 <0.05
Mg 82¢ 2452 1190 45d 6 <0.05
S 5152 5012 409° 349¢ 5 <0.05
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Constituents GypFe GypFeMn GypB Gyp (percg::tage) a
Trace elements released (mmol kg~')

Cd <0.04 <0.04 <0.04 <0.04 - -
Fe 0.342 <0.2 <0.2 <0.2 7 <0.05
Mn 92 0.02° <0.01 <0.01 2 <0.05
Ni <0.3 <0.3 <0.3 <0.3 - -
Pb <0.04 <0.04 <0.04 <0.04 - -
Zn 0.12 <0.03 <0.03 <0.03 14 <0.05

Note: Any value with a < sign in front represents MDL for that element. Means of the same letter across HDS
products are not significantly different from each other.

Leaching GypFe, GypFeMn, GypB and Gyp with the toxicity characteristic leaching procedure

With respect to major elements, TCLP extracted more sulphur than calcium from all the sludges
(Table 6.4). The release of magnesium and sulphur was significantly different (a <0.05) across the
sludges. Among the major elements, magnesium was the next most extracted after calcium, followed
by potassium for all sludges. The concentrations of these major elements extracted by TCLP were
below those extracted by water and diluted acid.

All trace elements were BDL, except for manganese and zinc in GypFe. Relative to total elemental
content, 4% of the manganese and 0.2% of the zinc were extracted from this material. Again, the
extraction of these metals (manganese and zinc) from GypFe was facilitated by the lower pH (5.5) of
this limestone-generated sludge.

Table 6.4: Selected TCLP extractable elements

Constituents |GypFe GypFeMn GypB Gyp (percz:\ltage) o
Major elements released (mmol kg")

Ca 162 14b 14 162 6 <0.05
K 0.252 0.12b 0.32 <0.1 17 <0.05
Mg 3¢ 4pb 52 0.5¢ 16 <0.05
S 712 55¢ 61° 454 2 <0.05
Trace elements extracted (mmol kg)

Cd <0.04 <0.04 <0.04 <0.04 - -
Fe <0.02 <0.02 <0.02 <0.02 - -
Mn 5a <0.01 <0.01 <0.01 4 <0.05
Ni <0.3 <0.3 <0.3 <0.3

Pb <0.04 <0.04 <0.04 <0.04

Zn 0.062 <0.03 <0.03 <0.03 <0.05
Anions extracted (mmol kg™")

CIl- 4p 5.82 1.1d 2.3¢ 15 <0.05
F- 0.8° 1.32 <0.2 0.8° 8 <0.05
NOs 0.12 <0.1 0.03p <0.1 18 <0.05
S03- 473ab 367° 316¢ 5952 7 <0.05

Note: Any value with a < sign in front represents MDL for that element. Means of the same letter across HDS
products are not significantly different from each other.
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Ammonium acetate and EDTA dissolution of sludges

Calcium and sulphur were the major elements extracted from GypFe, GypFeMn and Gyp (see Table 6.5),
while in GypB, magnesium was the most extracted, followed by sulphur and calcium. Relative to total
elemental content, NHsOAc extracted 15, 17, 12 and 14% of the calcium from GypFe, GypFe, GypB
and Gyp. The EDTA extracted 8, 17, 28 and 32% of the sulphur from GypFe, GypFeMn, GypB and
Gyp. This indicated that both calcium and sulphur existed in soluble forms and were susceptible to
organic chelation in all the materials, but the concentrations extracted were lower than those of water.
Among the major elements, potassium was the least exacted from all the sludges. The sludge GypB
proved to be a potential source of magnesium if used as a soil amendment, especially for acid soils
where this element is often deficient.

With respect to trace elements, EDTA extracted iron, manganese and zinc from the sludges. All other
trace elements, including lead and nickel, were BDL in all the sludges. This showed that these materials
should be of low risk to the environment.

Table 6.5: Selected elements extractable with EDTA and NH4OAc.

Constituents GypFe | GypFeMn GypB Gyp (percg::tage) a
Major elements extracted with NHsOAc (mmol kg™")

Ca 7024 771 716¢ 8122 0.8 <0.05
K 1¢ 22 1.7° 0.44 0.7 <0.05
Mg 31d 324b 1,370 89¢ 10 <0.05
S 1374 7762 739 7510 0.9 <0.05
Trace elements extracted with EDTA (mmol kg™")

Cd <0.01 <0.01 <0.01 <0.01 - -
Fe 78 0.5° 0.0004¢ 0.7° 11 <0.05
Mn 52 3p 0.054 0.4¢ 8 <0.05
Ni <0.08 <0.08 <0.08 <0.08 -
Pb <0.01 <0.01 <0.01 <0.01 -
Zn 0.42 0.32 0.0006¢ 0.02¢ 8 <0.05

Note: Any value with a < sign in front represents MDL for that element. Means of the same letter across HDS
products are not significantly different from each other.

Phosphate sorption capacity of sludges

The extraction of all trace elements, using the different extractants, including metals of environmental
concern (lead, nickel and cadmium), was extremely low from all the sludges. Some of these materials,
especially GypFe and GypFeMn, contain large amounts of poorly crystalline iron oxides. Therefore, it
is logical to expect these materials to have high phosphorus sorption capacities, which may minimise
environmental contamination by these metals. This was investigated by determining the phosphate
sorption capacity of the materials. All the sludge adsorption isotherms suggested a high affinity for
phosphate (see Figure 6.1). GypFe and GypB had sorption capacities of 887 mmol kg-'. Gyp was lower,
at 236 mmol kg-', and GypFeMn was by far the greatest at more than 1,800 mmol kg

The substantial amount of iron, manganese and aluminium hydroxides in GypFeMn creates specific
phosphate adsorption sites (Sposito, 2008; Zinck, 2006). These results indicated that all sludges with
aluminium, iron and manganese oxides will have strong sorption capacities that will resist the release
of phosphate, even when HDS is in contact with organic chelators, acidic solutions and water in the
environment.
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Figure 6.1: High-density sludge phosphate sorption curves

Note: GypFe = Ferriferous gypseous; GypFeMn = Ferriferous gypseous with manganese; GypB = Gypseous with
brucite; Gyp = Gypseous

Conclusions

The GypFe sludge was slightly acidic (pH 5.5), with total alkalinity of 250 mg kg-', while the sludges
GypFeMn, GypB and Gyp were alkaline with pH values of 8.2, 9.4 and 9.5, and total alkalinity values
of 510, 601 and 617 mg kg-'. All the materials have the potential to reduce soil acidity if used as soil
amendments due to the alkalinity they possess. All the materials were composed mainly of gypsum
before and after extraction, with all extractants considered. In addition, GypFe and GypFeMn had
substantial amounts of iron oxides that can potentially supply iron and sorb metals of environmental
concern. With total elemental content, sulphur was generally dominant in all the sludges, followed by
calcium, magnesium and potassium, in descending order.

Iron was the most dominant trace element, followed by mangenese, in GypFe, GypFeMn and Gyp. In
GypB, manganese was the most dominant, followed by iron. Limited amounts of lead or nickel were
detected in the total elemental analyses of the sludges, but neither lead nor nickel were extracted by
any of the extractants in levels above the method detection limit. The concentration of other trace
elements was extremely low. Cadmium was below detection limits in all the sludges, making it of low
risk to the environment.

Extractability tests showed that, in general, both major and trace elements were most soluble in
deionised water. Among trace elements, manganese was extractable from GypFe, the least alkaline of
the sludges, but not from the other sludges. Manganese is among the constituents of environmental
concern in the South African waste classification guidelines. Other metals of environmental concern,
cadmium and lead, were below detection limits in all extractants for all the sludges tested. All the
materials have the potential to sorb phosphate, with GypFeMn showing the highest potential to sorb
phosphate. These results indicated that all sludges considered in this study were potentially safe
materials for the environment, and, in addition, have the potential to be used as soil amendments.
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6.4 THE PHYSICAL PROPERTIES OF HIGH-DENSITY SLUDGE GENERATED BY ACID MINE
DRAINAGE TREATMENT

The HDS materials from the coalfields of South Africa in Mpumalanga have potential for use as
agricultural soil amendments. The physical properties of these materials have not previously been
investigated. In order to be classified as agricultural amendments, the sludges will have to fall within
certain specified physical limits.

6.4.1 Materials and methods

Particle size distribution determination of sludges using the Mastersizer 2000 laser
diffractometer and hydrometer sedimentation method

Since the materials contained more than 72% gypsum (which is water soluble), for comparison
purposes, particle size distribution was assessed using both a Mastersizer 2000 laser diffractometer
and the sedimentation method (hydrometer) (Beuselinck at al., 1998). The hydrometer method
assumes that particles are not water soluble and that silt and clay-sized particles can be dispersed.
Particles disperse if they possess appreciable surface charge, and non-dispersal shows inadequate
surface charge. Sieves were used to separate sand-sized fractions.

With the Mastersizer 2000 laser diffractometer (Malvern Instruments), a slurry was prepared by mixing a
small quantity of each of the sludges with deionised water as a dispersant and transferred into its dispersing
unit for analysis. At this point, a beam of monochromatic light with a wavelength (A) of 750 nm was passed
through the sample and particles’ diffracted light through a given angle. To calculate the particle size
distribution, the Mie scattering principle/theory model was used (Beuselinck et al., 1998). The instrument
was capable of measuring materials with particle sizes from 0.045 pym to 2000 ym (Eshel et al., 2004). In
addition to the dispersants, ultrasound/ultrasonics was applied to the slurry to enhance the dispersion of
particles. The data collected was used to draw particle size distribution curves for each of the samples.

Particle size separates were also determined using the hydrometer method as described by Kroetsch and
Wang (2008), but with slight modifications. A 20 g sample was transferred into a mixing flask. A total of
10 ml Calgon® solution (50 g I'') (hexametaphosphate) was added as a dispersing agent, in addition to
sufficient water for mixing, and mixed for five minutes using a stirrer, Model 1G9850. This process, on
average, dissolved 4.1 g of the gypsum from the 20 g sample. After dispersion, the suspensions were
transferred into a clear 2 £ measuring cylinder through a 0.054 mm sieve. The cylinder had a 1,000 m¢
mark, which was at 36 + 2 cm from the bottom. The sieve was rinsed with water to fill the cylinder to the
1,000 mf mark. The particles left on the sieve were transferred back into the pre-weighed beakers and
oven dried at 110 °C to determine the sand component. The cylinders were placed and left to stand in a
room with a constant temperature (25 °C) for 06:35 hours, after which a first hydrometer reading was
taken. A plunger was then used to mix the sample in the cylinder after the first reading and then left to
stand for 40 seconds, after which the last hydrometer reading was taken. The readings were taken using
a standard hydrometer ASTM E100 No. 152H-TP with Bouyoucos scale in g £

Clay and silt-sized particles were calculated from the hydrometer readings using Stoke’s Law (Lal and
Shukla, 2004). Stokes’ Law assumes that particles are rigid and smooth spheres, so the results are
expressed as equivalent spherical diameters (Beuselinck et al., 1998). The oven-dried samples were
removed after obtaining a constant mass, reweighed and transferred into a column of pre-weighed
sieves. The sieves had the following apertures: 53, 100, 250, 500 and 100 pym, and the column was
arranged starting with the sieve that had the smallest aperture at the bottom, fitted to a pan, and the top
sieve was covered with a lid. The column was gently tapped on a wooden bench approximately 30
times. Each sieve was then weighed with its contents.
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Each sample mass was expressed as a percentage of the initial sample mass. Texture for each sludge
was then determined based on the percentages of sand, silt and clay as described by Lal and Shukla
(2004). The particle separates were matched against several soil textures appearing in the textural triangle.

6.4.2 Results and discussion

Particle size range, specific surface area and uniformity of sludges

GypFe had the largest specific surface area (SSA) (1.7 m? g'), followed by GypB (1.2 m? g'), GypFeMn
(1.1 m2 g') and Gyp (0.2 m? g') (Table 6.6). The SSA of the materials increased with an increase in the
content of iron oxides. Iron oxides are known to have a high surface area due to their small particle sizes.
For instance, ferrihydrite has a surface area of 600 m? g-' (Schwertmann and Cornell, 2000). The increase
in surface area due to iron oxides can increase chemical reactivity in the soil if used as a soil amendment.
Hence, increasing gypsum levels reduced the SSA of the materials; GypB, GypFeMn and Gyp had more
than 90% gypsum, whereas GypFe had only 72 to 77%. Gyp, had the smallest SSA due to its large particle
sizes. This variation in the SSA of the sludges was due to differences in particle size distribution (see
Figure 6.2), and possibly differences in the mineralogy of the materials (Ersahin et al., 2006). Surface area
is an important property, as it is approximately proportional to surface chemical reactions that could occur
within the material and in the soil when added as a soil amendment to cation exchange capacity (CEC)
and to the dissolution rates of minerals (Sposito, 2004; Ersahin et al., 2006). Reactivity in the soil is a
function of surface area and solubility. Based on uniformity coefficients, the materials GypFe, GypB and
GypFeMn had poly-disperse particle sizes, since they had uniformity coefficients of 3.9, 1.5 and 2.2 that
all exceed 1 (see Table 6.6). However, Gyp exhibited mono-disperse particle size characteristics, since
its uniformity coefficient of 0.6 was less than 1 (Hillel, 1998; Nimmo, 2004; Lal and Shukla, 2004).

Table 6.6: Particle size, surface area, particle density and uniformity of sludges

Particle SSA Particle D D
Sludge size range (m2g™) Uniformity Density (p:f:) Do.5 (Mm) (”::)
(um) J (kg m*)
GypFe 0.4-906 1.7 3.9 2,354 1.1 8.3 92
GypFeMn | 0.4-168 1.1 1.5 2,386 2.8 12.8 69
GypB 0.5-250 1.2 2.2 2,313 1.8 11.5 84
Gyp 0.5-906 0.2 0.6 2,312 46 109 234

Note: SSA = Specific surface area; Do.1 = Size of particle below which 10% of sample lies; Dos = Median particle size,
Do.s = Size of particle below which 90% of sample lies; GypFe = Ferriferous gypseous; Gyp = Gypseous; GypFeMn =
Ferriferous gypseous with manganese; GypB = Gypseous with brucite

The materials, GypFe and Gyp showed wider particle size distribution ranges of 0.40-906 and 0.54—
906 um, whereas GypB and GypFeMn had narrower particle size distribution ranges of 0.49-250 and
0.40-168 um, respectively (see Table 6.6).

All of these particle sizes meet the fertilizer regulations of the Department of Agriculture, Forestry and
Fisheries (DAFF) (2012), which state that amendments containing mainly calcium, magnesium and
sulphur should have at least 90% of their particles pass through a 2 mm sieve. In addition, these
materials are also soluble, as they are largely made up of gypsum. All the gypseous materials
investigated here had finer particle size fractions than commercially available agricultural gypsum
reported Chen and Dick (2011) to have all particles (100%) exceeding 250 pm.

Gyp had larger particle sizes than the other materials; at 10% (Do.1), particles were <46 um; at 50%
(Do), particles were < 09 ym; and at 90% (Do.9), particles were <234 ym. GypFe, GypFeMn and GypB
had smaller particle sizes. Natural gypsum (crude crushed) reported by Wang et al. (2017) had particle
sizes at Do.1 (11 pm), Dos (296 pm) and Do (653 pm). Fine crushed natural gypsum, at Do.1 (2.4 pm),
Dos (30 pm) and Dos (112 ym), was finer than Gyp. In general, all the materials studied have particle
sizes that are comparable to the particle sizes of agricultural gypsum.
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Figure 6.2: Particle size distribution with demarcations for DO.1 (particles at 10%), D0.5 (median particles
at 50%) and DO0.9 (particles at 90%) for A): GypFeMn; B): GypB; C); Gyp; and C): GypFe sludges

Cumulative particle size distribution curves (Figure 6.3) for all materials other than gypseous indicated
a shift towards smaller particle sizes, due to higher iron oxide contents that have small particles
(Schwertmann and Cornell, 2000). These curves were smooth and well graded, similar to those of clay
or loam soils (Hillel, 1998). This indicates that, if these materials are used as soil amendments,
especially in sandy soils, they may be expected to increase microporosity and improve water retention
(Mitrra et al., 2005). However, this may not be realised if the material dissolves, since it is largely
composed of gypsum.

GypFe was generally finer grained, and had the smallest particle sizes. When compared to inorganic
soils, GypFe (with Do.1 particle size <1.1 ym) and GypB (with Do.1 particle size <1.8 ym) had particle
sizes falling below the clay/fine silt boundary (2 um — clay region) (Figure 6.2). There was a significant
shift in the DO0.1 particle size for the gypseous and ferriferous gypseous with manganese sludges. The
DO0.1 particle size for ferriferous gypseous with manganese was <2.8 ym, falling between 2 um (clay/fine
silt boundary) and 20 ym (fine silt/coarse silt boundary), and that of gypseous was <46 pm, falling
between the 20 um fine silt/coarse silt boundary, and the 50 ym sand/coarse silt boundary (Figure 6.4).
The Dos particle sizes for all sludges except gypseous fell between 20 and 50 um, while that of
gypseous fell above 50 pym (in the sand region). The Do particle sizes for all sludges fell in the sand
region, i.e. above the sand/coarse silt boundary (50 pm).
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Figure 6.5: Proportions of sand-, silt- and clay-sized particles for each sludge.

Note: Sand fraction: Coefficient of variation (CV) = 3.8%, Least significant difference (LSD) = 4.5; silt

fraction: CV = 4.6%, LSD = 4.5; Clay fraction: CV = 5.1%, LSD = 3.4.
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Based on the hydrometer method, statistically, the sand component in gypseous (75%) was the most
dominant (as discussed) and significantly different (a <0.05) from other sludges (Figure 6.5). The data
generated by the hydrometer method was in line with that obtained by laser diffractometry, especially
for gypseous in the sand fraction.

Particle density of sludges

Sludge particle density ranged from 2,312 to 2,386 kg m3. These values were typical for minerals such
as gypsum (2,300-2,470 kg m-3) and brucite (2,380-3,400 kg m-3) (Eshel at al., 2004; Lal and Shukla,
2004). The particle sizes of all the materials were close to the lower limit of the density range for gypsum.
The overall particle densities for GypFe (2,354 kg m-) and GypFeMn (2,386 kg m-3) were close to the
2,400 kg m reported by Zinck et al. (1997) for HDS, but densities for GypB (2,313 kg m-3) and Gyp
(2,312 kg m) were slightly lower. GypFeMn had the highest particle density, with Gyp the lowest. The
increase in particle densities of GypFe and GypFeMn was influenced by the increase in the content of
iron oxides that generally have high densities, for example, hematite has a density of 5,260 kg m
(Schwertmann and Cornell, 2000). There was a weak correlation between total concentration of iron
and particle density (Figure 6.6).
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Figure 6.6: Relationship between total iron concentration in gypsum products (GypFe, GypFeMn, GypB,
Gyp) and particle density

Water retention of sludges

The relationship between water content and matric potential depends on the texture and structure of
the material as it is determined by total porosity and pore size distribution (Lal and Shukla, 2004).
Subjecting the sludges to water potentials of -0.1 (close to saturation), -1, -5 and -10 MPa, reduced the
water content of each material (Figure 6.7). The reduction in water content was due to losses of water
from pore spaces in the sludges.

The retention curve for Gyp indicated less water lost (5%), between -1 and -10 Mpa potentials, and also a
low gravimetric water content (26%) at field capacity, which was assumed to be represented by 0.1 Mpa
suction. Contrary to the retention curve of Gyp, the retention curve for GypFeMn resembled that of a
clay loam/heavy textured soil, as indicated by the 22% water lost between -1 and -10 Mpa matric
potential. It also had 50% gravimetric water content at field capacity. Water contents at field capacity
were 39 and 42% for GypB and GypFe, respectively.
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Figure 6.7: Water characteristic curves

6.4.3 Conclusions

The focus was on evaluating GypFe, GypFeMn, GypB and Gyp as soil amendments based on their
physical properties. Generally, their particle sizes were lower than that of agricultural gypsum. The
material Gyp was dominated by sand-sized particles (75%), and if used as a soil amendment, may be
expected to increase 87xidizing87ity and improve water movement, especially in clay or silty soils. All
the other materials may be expected to increase the microporosity and water-holding capacity of sandy
soils. However, these effects may be transient, since the material is largely made up of gypsum, which
is water soluble. All the materials had particle densities close to the lower limit of the particle density
range expected for gypsum (2,300-2,470 kg m3).

6.5 THE HAZARDOUS WASTE CLASSIFICATION STATUS OF HIGH-DENSITY SLUDGE FROM
ACID MINE DRAINAGE NEUTRALISATION, AS DETERMINED BY VARIOUS
CLASSIFICATION SYSTEMS

6.5.1 Materials and methods
Regulatory guidelines used to assess HDS

Various hazardous waste classification systems were the “instruments” of this study. The following
classification systems were considered: the South African Guidelines, the Australian (New South
Wales) Guidelines, the US EPA Guidelines, the Chinese Guidelines and the Canadian (Alberta, British
Columbia, Ontario and Manitoba) Guidelines. Briefly, the South African system considers 20
constituents and the Australian system considers nine constituents in terms of their total and leachable
content. The US EPA Guidelines, as well as those from China and the Canadian provinces, evaluate
eight, eleven and between nine and fourteen constituents, respectively, purely in terms of their
leachable content. Details of the classification methodology used for each of these systems is contained
in Appendix A7. In the results and discussion section, their respective criteria are used to classify six
South African HDS materials, four of which were selected and analysed as defined above, and two of
which were analysed for key constituents by other authorities (Maree et al., 2004; Anglo American
Thermal Coal, 2015).
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6.5.2 Results and discussion
Assessment of HDS using the South African Guidelines

The assessment of the South African Guidelines compared HDS data (on the right) to thresholds (on
the left) in Table 6.7. The hazardous classification of each sludge is given in Table 6.8.

Of the six sludges evaluated, the South African system classifies four as low or zero risk. For GypFe, from
limestone (Site 1), all elements were classified as Type 3 or Type 4 (low or zero risk,) except for its
manganese content. The TCLP extractable manganese of 259 mg {~" in Table 6.8 exceeded the leachable
concentration threshold (LCT) LCT3 (200 mg £"), resulting in a Type 0 (very high risk) classification for
this sludge. GypFe1, also from a limestone plant, had TCLP extractable manganese of 211 mg £, also
resulting in a Type 0 classification. Hazardous materials classed as Type 0 require treatment and
reassessment before disposal in a lined facility. The nickel content of GypFe1 resulted in a Type 1
classification. The nickel content may either be related to the nature of the AMD treated, or to the quality
of limestone used (Wang, 2012). The source of the acid waters treated in the limestone plant (Site 2) has
not been confirmed as being solely of coal mining origin, and it should be noted that a major metalliferous
processing plant is situated upstream of the limestone treatment plant (Site 2). A more detailed discussion
of this is beyond the scope of this study.
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Table 6.7: South African waste classification limits and analytical status of six HDS samples.

As 5.8 500 2,000 0.01 0.5 1 4 <0.01 | 0.1 0.2 NR 0.003 | NR <0.05 | 0.5 <0.05 | <0.5 <0.05 | <0.5
B 150 15,000 | 60,000 | 0.5 25 50 200 <0.01 NR NR NR NR <0.24 | 4.87 <0.24 | 6.39 <0.24 | 0.96
Ba 62.5 6,250 25,000 | 0.7 35 70 280 <0.01 | 465 NR NR NR NR <0.1 12 <0.1 4 <0.1 1

Cd 7.5 260 1,040 0.003 | 0.15 0.3 1.2 <0.01 | <1 0.3 NR 0.01 NR <0.04 | <0.1 <0.01 | <0.1 <0.01 | <0.1
Co 50 5,000 20,000 | 0.5 25 50 200 2.9 73 13 NR 0.2 NR <0.04 | 97.2 <0.04 | 2.9 <0.04 | 0.6
Cr 46,000 | 800,000 | N/A 0.1 5 10 40 0.03 | 68 2 60 0.03 | 60 <0.03 | 2.5 <0.03 | <0.5 <0.03 | <0.5
Cr(VI) 6.5 500 2,000 0.05 25 5 20 - - - - - - - - - - -

Cu 16 19,500 | 78,000 | 2.0 100 200 800 <0.01 | 80 0.1 NR 0.002 | NR <0.14 | 3 <0.14 | 1 <0.14 | <1
Hg 0.93 160 640 0.006 | 0.3 0.6 24 NA NA NR NR NR NR <0.02 | <0.1 <0.01 | <0.1 <0.02 | <0.1
Mn 1000 25,000 100,000 | 0.5 25 50 200 259 7590 211 1000 4 1000 <0.04 | 6473 <0.04 | 949 <0.04 | 95
Mo 40 1,000 4,000 0.07 3.5 7 28 <0.01 | 3.3 NR NR NR NR <0.04 | <0.1 <0.04 | 0.1 <0.04 | <0.1
Ni 91 10,600 | 42,400 | 0.07 3.5 7 28 2.9 108 16.5 | NR 0.3 NR <0.04 | 1049 | <0.04 | 2.2 <0.04 | <0.7
Pb 20 1,900 7,600 0.01 0.5 1 <0.1 <1 NR NR NR NR <0.1 143 <0.1 163 <0.1 40
Sb 10 75 300 0.02 1.0 2 NA NA NR NR NR NR <0.04 | <1 <0.04 | <1 <0.04 | <1
Se 10 50 200 0.01 0.5 1 <0.01 | 25 NR NR NR NR <0.06 | 2 <0.06 | <1 <0.06 | <1
\ 150 2,680 10,720 | 0.2 10 20 80 <0.01 | 56 NR NR NR NR <0.03 | 4 <0.03 | <1 <0.03 | <1
Zn 240 160,000 | 640,000 | 5.0 250 500 2000 3.7 285 20.3 | 400 0.3 400 <0.1 330 <0.1 7 <0.1 5

Cl 300 15,000 | 30,000 | 120,000 | 7 NR NR 10.2 25 1.3

SO, 250 12,500 | 25,000 | 100,000 | 2270 | 55,343 | NR NR 1761 1946 1456

NOs 11 550 1100 4400 0.1 NR NR <0.2 0.9 <0.2

F 1.5 75 150 600 0.8 NR NR 1.2 0.3 <0.3

'TCT = Total concentration threshold; 2LCT = Leachable concentration threshold; NA = Not analysed; NR = Not reported

89




Irrigation with poor-quality mine water in Mpumalanga

Table 6.8: Classification results obtained from Table 6.5 using the South African Guidelines

Limestone Limestone Limestone/
Constituents (Site 1) (Site 2) lime site
GypFe GypFe1 GypFe2 GypFeMn GypB Gyp

As 4 3 4 Inconclusive Inconclusive Inconclusive
B - - - 4 4 4

Ba 3 - - 4 4 4

Cd Inconclusive Inconclusive | Inconclusive | Inconclusive Inconclusive Inconclusive
Co 3 3 4 3 4 4

Cr 4 3 4 4 4 4
Cr(VI) - - - - - -

Cu 3 4 4 4 4 4

Hg - - - Inconclusive Inconclusive Inconclusive
Mn 0 0 3 3 4 4

Mo 4 - - 4 4 4

Ni 3 1 3 3 4 4

Pb Inconclusive - - Inconclusive Inconclusive Inconclusive
Sb - - - Inconclusive Inconclusive Inconclusive
Se 3 - - Inconclusive Inconclusive Inconclusive
\Y, 4 - - 4 4 4

Zn 3 3 3 3 4 4

Cl 4 - - 4 4 4

SO« 3 - - 3 3 3

NOs 4 - - 4 4 4

F 4 - - 4 4 4
Overall type 0 0 3 3 4 4

Notes: Inconclusive evaluation, usually because set limit is below analytical detection limit.
Class: 0 = Very high risk; 1 = High risk; 2 = Moderate risk; 3 = Low risk; 4 = Inert material

For both GypB and Gyp sludges, total lead content exceeded the TCTO threshold of 20 mg kg™,
resulting in a low-risk classification.

The South Africa guidelines have set low minimum TCLP values (LCTO), especially for arsenic,
cadmium, lead, mercury and selenium. Due to detection limit difficulties, this has given inconclusive
results and technically also an incomplete classification for some of the more important elements.
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Assessment of HDS using the Australian (New South Wales) Guidelines

The Australian Guidelines include total fluorine, silver and beryllium levels, where the South African Guidelines do not. As a result, these elements could be

analysed and evaluated with the Australian system. Sludge evaluations against Australian standards are shown in Table 6.9.

Table 6.9: Assessment of sludge hazardous status based on both TCLP and SCC thresholds (first and second screening stages) (New South Wales Environment
Protection Authority, 2014)

Ag 5.0 180 20 270 - - - - - - - - - - - -
As 5.0 200 20 500 <0.01 0.1 - - <0.05 0.5 <0.05 <0.5 <0.05 <0.5
Be 1.0 100 4 400 - - - - - - - - - - - -
Cd 1.0 100 4 400 <0.01 <1 0.3 - 0.01 - <0.01 <01 <0.01 <0.1 <0.01 <01
Cr 5.0 1900 20 7,600 | 0.03 68 2 60 0.03 60 <0.03 2.5 <0.03 <0.5 <0.03 <0.5
F 2.0 75 8 300 0.8 - - - - - 1.2 - 0.3 - <0.3 -
Pb 5.0 1500 20 6,000 | <0.1 <1 - - - - <01 143 <0.1 163 <0.1 40
Hg 0.2 50 0.8 200 NA NA - - - - <0.02 <0.1 <0.01 <01 <0.02 <0.1
Mo 5.0 1000 20 4,000 | <0.01 3.3 - - - - <0.04 <01 <0.04 0.1 <0.04 <01
Ni 2.0 1050 8 4,200 29 108 16.5 - 0.3 - <0.04 | 104.9 | <0.04 2.2 <0.04 <0.7
Se 1.0 50 4 200 <0.01 25 - - - - <0.06 2 <0.06 <1 <0.06 <1
Classification RSW HW GSwW RSW RSW GSWwW

'SCC = Specific contaminant concentrations; 2TCLP = Toxicity characteristic leaching procedure, NA = Not analysed.
If TC > SCCA1, but LC < TCLP1: General solid waste (GSW), TC < SCC2 and LC < TCLP2: Restricted solid waste (RSW), TC > SCC2 and LC > TCLP2: Hazardous

waste (HW).
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At the first screening stage, the Australian Regulations indicate that total nickel (108 mg kg™") for GypFe
from limestone (Site 1) exceeded SCC1 (40 mg kg™'), thereby allocating a restricted solid waste (RSW)
status to the material.

This sludge was then assessed against both specific contaminant concentrations (SCC) and TCLP in
the second screening stage. All elements other than nickel were found to be below SCC1 thresholds,
while nickel at 2.9 mg £-' marginally exceeded TCLP1 (2.0 mg ¢), confirming the classification of the
material as RSW. This categorisation is equivalent to Type 1 to Type 2 in the South African system.
Only nickel was highlighted as an element of concern by the Australian Guidelines as they do not
consider manganese.

The sludge GypFe1 from limestone (Site 2) was allocated a hazardous status (equivalent to Type 0 of
the South African system), since its TCLP nickel (16.5 mg {-') exceeded TCLP2 (8.0 mg {"), while
GypFe2 from the same site was categorised as GSW, since all its total concentrations (TCs) and
leachable concentrations (LCs) were below the SCC1 and TCLP1 thresholds.

GypFeMn had TCs for lead (143 mg kg~') and nickel (104.9 mg kg~') marginally exceeding the lower
threshold, as did GypB for lead (163 mg kg™"), thus categorising these materials as RSW. Gyp from the
same site was categorised as GSW (allowing exploration for use by either the construction industry or
agriculture).

Assessment of high-density sludge based on the US EPA, Canadian and Chinese guidelines

Guidelines for these countries only rely on TCLP data (Table 6.10). Analyses for GypFe, GypFe2,
GypFeMn, GypB and Gyp were all below TCLP thresholds considered by the US EPA, Canadian and
Chinese guidelines, assigning these materials a non-hazardous status. This suggests that no
restrictions are needed for the disposal of these five sludges and the potential for their use in agriculture
or the construction industry could be explored.

GypFe1 from limestone (Site 2) had an LC for nickel (16.5 mg {-') exceeding the TCLP threshold of
Canada (Alberta) and China (of 5 mg "), thereby classifying the material as hazardous waste. The
other three systems classified this sludge as non-hazardous.

The source of the acid waters treated in the limestone (Site 2) has not been confirmed as being solely of
coal mining origin, and it should be noted that a major metalliferous processing plant is situated upstream
of the limestone (Site 2) treatment plant, which could be the source of the elevated nickel levels.
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Table 6.10: Assessment of HDS based on leachable concentrations using regulatory guidelines for Canada, US EPA and China (Zinck et al., 1997 and US EPA
(1990)

Ba 100 100 100 100 100 <0.01 - - <0.1 <0.1 | <0.1
B 500 500 500 - - <0.01 - - <0.24 | <0.24 | <0.24
cd 5 5 1 1 1 <0.01 0.3 0.01 <0.01 | <0.01 | <0.01
Cr 5 5 5 5 5 0.03 2 0.03 <0.03 | <0.03 | <0.03
Co - - 100 - - 2.9 13 0.2 <0.04 | <0.04 | <0.04
Cu - 100 100 - 100 <0.01 0.1 0.002 <0.14 | <0.14 | <0.14
Fe - - 1000 - - <0.1 26 0.4 <0.4 <04 | <0.4
Pb 5 5 5 5 5 <0.1 - - <0.1 <0.1 | <0.1
Hg 0.1 0.1 0.2 0.2 0.1 - - - <0.02 | <0.01 | <0.02
Ni - - 5 - 5 2.9 16.5 0.3 <0.04 | <0.04 | <0.04
Se 1 1 1 1 - <0.01 - - <0.06 | <0.06 | <0.06
Ag 5 5 5 5 5 - - - - - -
U 2 10 2 - - - - - - - -
Zn - 500 500 - 100 3.7 20.3 03 <0.1 <0.1 | <0.1
As - - - 5 5 <0.01 0.2 0.003 <0.05 | <0.05 | <0.05
Be - - - - 0.02 - - - - - -

Note: If LC < TCLP: Non-hazardous; LC > TCLP: Hazardous
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Comparison of assessments using US, Australian, Canadian, Chinese and South African
classification systems

The US EPA classification allocated a non-hazardous status to all six sludges assessed. Accordingly,
all would be open for exploration for use in the construction industry or agriculture.

With the Australian system, nickel and lead were the elements responsible for either a RSW or HW
status for three of the sludges. Soluble nickel was the only factor that resulted in the allocation of a
hazardous status to one sludge with the Canadian (Alberta) and Chinese guidelines.

The GypFe1 product, from limestone (Site 2), was flagged by the majority of the guidelines (Canada,
China and Australia) based on soluble nickel (the US EPA does not consider nickel). Two elements,
manganese and nickel, resulted in Type 0 or Type 1 categorisation by the South African system for two
of the sludges from the limestone treatment plants (Table 6.11).

Table 6.11: Summary of elements affecting classification of high-density sludge by the different systems

High-density sludge
Element Limt_estone Limgstone Lir_nesto_ne/
(Site 1) (Site 2) Lime site
GypFe GypFe1 GypFe2 | GypFeMn GypB Gyp
Mn South Africa South Africa None None None None
Ni Australia Soxltgeﬁf;i(;z:{ dACUﬁH]a;Iia, None Australia None None
Pb None None None Australia Australia None

Should manganese form part of hazardous waste classification?

GypFe, from limestone (Site 1), and GypFe1, from limestone (Site 2), were both flagged as hazardous
based on their manganese content, but only by the South African guidelines. The South African
guidelines are very thorough in the number of elements they consider (20). The South African system
is the only system that considers manganese. However, it omits iron and aluminium.

Like iron, manganese forms sparingly soluble oxides. This is most likely the reason why most countries
do not consider it to be an element of major concern.

The two AMD treatment plants where the sludge has been classed as hazardous due to its manganese
status are both limestone plants. If only limestone is used, more time is needed at a lower pH for complete
oxidation and formation of Mn(lV) oxides. Lime accelerates oxidation kinetics because of the higher pH.
Once formed, Mn(IV) oxides are exceedingly insoluble as demonstrated by the GypFeMn sludge, which
had almost 7,000 mg kg~" of total manganese, yet the TCLP solubility was below 0.04 mg £

Manganese is also a common soil constituent, especially in the South African context. This is another
environment where the low solubility of manganese from Mn(lV) oxides is demonstrated. The best
example is the manganiferous soils derived from the Malmani dolomites in South Africa, which have
been used for irrigation for 150 years or longer and have been critical in providing food for the large
urban and peri-urban Gauteng population. These soils span important agricultural areas in Gauteng,
and parts of the North West and Mpumalanga, and contain up to 13,000 mg Mn kg soil, more than
double the total manganese content of the GypFeMn sludge (Mudaly, 2016). This means that these
soils would be Type 1 (high risk) wastes if they were to be classified using the South African system
based on TC.
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Apart from their low solubility, Mn(IV) oxides also have various other benefits. Their metal-scavenging
abilities are well known and have a particularly high affinity for B-type cations (soft metals), especially lead
(Feng et al., 2007). They also have the ability to oxidise organic pollutants in the soil and are more likely
to play a critical role in protecting environmental quality, rather than harming it. Furthermore, the 95xidizing
propensity it lends to environments is well known in soil research, and commonly observed in dolomite-
derived soils (Skousen, 2014). Mn(IV) oxides will not only help buffer ferric oxide reduction and dissolution,
but also actively oxidise (or re-oxidise) ferrous iron and Mn?*. If arsenic occurs in the waste, the presence
of manganese will result in its oxidation to the less soluble As(V) arsenate (Fischel et al., 2015).

Based on the arguments made on the low solubility of Mn(lV) oxides and of the potential environmental
benefits, it seems prudent to omit total manganese content from the South African system, as has
already been done with iron and aluminium.

6.5.3 Conclusions

The hazardous waste classification of various sludges generated from HDS processes has been
determined using various international waste classification systems. One consistency between the
Canadian, Chinese, Australian and South African systems was the classification of GypFe1 sludge from
limestone (Site 2) as hazardous waste. In the case of the Canadian, Chinese and Australian systems,
it was due to nickel solubility. For the South Africa system, it was due to both nickel and manganese
solubility. Apart from this specific HDS material, the Canadian and Chinese systems did not consider
any other sludge to be hazardous.

None of the sludges was considered as hazardous by the US EPA guidelines because nickel is not
included in its system. The Australian system further classified three other sludges (GypFe, GypFeMn,
GypB) as RSW, based on either their nickel or their lead content, while two (GypFe2, Gyp) were classed
as GSW.

LCTO values for several elements in TCLP extracts are below detection limits using methods commonly
available in South Africa. Consequently, incomplete classification of waste is a risk. Changing the LCTO
values for these elements to below the MDL in TCLP would still be lower than the single soluble
screening levels used in the other national systems.

Considering all the systems, the probability for the HDS investigated to be classified as hazardous
waste increases if the material is only subjected to limestone, as opposed to limestone plus lime.

Based on the arguments made on the low solubility of Mn(IV) oxides and of the potential environmental
benefits, it seems prudent to omit total manganese content from the South African system, as has
already been done with iron and aluminium.

6.6 THE SOIL AMELIORATION EFFECTS OF HIGH-DENSITY SLUDGE AS A SOIL AMENDMENT
6.6.1 Materials and methods

A pot trial was set up to assess the response of an acid soil when treated with HDS. The study focused
on three aspects: the response of the soil, the response of the crop and the uptake of the manganese,
lead and nickel present in HDS. This part of the study reports on soil responses.

Sources of sludges and soil used

Two sludges were selected. The one, sourced from a limestone treatment plant (GypFe), contained
both gypsum and iron oxides. The other was collected from a limestone and lime treatment plant, Gyp,
a refined product dominated by gypsum.
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To assess their effects as soil amendments, an acid soil with a pH of 3.75, low in bases and with low
salinity (7.98 mS m-"), indicative of the substantially low salt content, was selected. This soil was
collected from a field that had been intentionally acidified over the years for research purposes. Several
treatment combinations were considered, with one soil, given the symbol S in the treatment
combinations, with or without liming (L), two levels of potassium (40 or 100 kg ha') and two levels of
the sludges Gyp and GypFe (10 and 20 t ha').

Elemental contents, pH and electrical conductivity of sludges and soil

Before the establishment of HDS-soil mixtures, the individual sludges and soil were analysed. The HDS-
soil mixtures were also assessed for changes in chemical properties after cropping.

Total elemental content in sludge and soil was determined following the digestion method of the US EPA
3052. A 0.3 g sample was treated with concentrated nitric acid (HNO3) at a solid-to-solution ratio of 1:30
and transferred into a digestion tube. The sample was digested at 180 °C 15 °C by the Anton Paar
Multiwave 3000 digester for 15 to 19.5 minutes, after which it was transferred into a 50 m{ centrifuge
tube. Extractable elements in the sample were determined with inductively coupled plasma atomic
emission spectroscopy (ICP-AES). Plant-available elements were also determined in the HDS-soil
mixtures and soil using ammonium acetate (NHsOac) to extract Fe, Mn, Ni, Zn, Pb, Cd and S, using
EDTA or Mehlich 3 to extract K, Ca, Na and Mg, and P-Bray 1 solution to extract phosphorus.

Standard methods, as described by Thomas (1996) and Rhoades (1996), were followed to determine
the pH and EC of HDS-soil mixtures (after harvesting), and individual sludges and soil. A multi-
parameter analyser (Consort C830) with a 0.01 pH resolution, coupled with epoxy electrode, was used,
as well as an electrical conductivity meter (Consort C861), with a 0.001 uS cm! resolution.

Determination of exchangeable acidity and exchangeable hydrolysable cations of the soils

Potassium chloride extraction was used to determine exchangeable aluminium, and soluble and
exchangeable acidity in the soil, as described by Thomas (1982), both before and after cropping in the
greenhouse trial.

6.6.2 Results and discussion
Physical and chemical status of soil used

The soil used was acidic (pH 3.75) and of low salinity (7.98 mS m-'), indicative of the substantially low
salt content (Table 6.14). This soil was collected from a field that had been intentionally acidified over
the years for research purposes. This soil was therefore expected to respond positively to the liming
effects of the sludges. With regard to elemental content, this soil was dominated by iron, while other
elements such as Ca, Mg, S, Pb, Ni and Cd were very low. The low calcium content suggests that this
element was possibly leached from the topsoil.

Table 6.12: Selected physicochemical soil properties

pH(H20) 3.75
Salinity (EC) (mS m-') at 2.5 soil /solid ratio | 7.8

CEC (cmolc kg™") 7.98
Texture Clay loam
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NH4Oac

894 68 NH4Oac
338 12 NHsOac
244 8 P-Bray 1

EDTA

Note: NHsOac = Ammonium acetate; EDTA = Ethylenediaminetetraacetic acid.
Values with the smaller than sign (<) indicate MDL of those elements.

Chemical and mineralogical status of high-density sludge materials used

GypFe was slightly acidic with a pH of 5.5 and an alkalinity of 250 mg kg (Table 6.13). The material
was from a limestone treatment plant where limestone is only capable of increasing pH close to neutral.
A further increase in pH may be prevented by armouring where the insoluble precipitation of metals,
especially iron and manganese, occurs on the surfaces of the limestone particles preventing further
dissolution and chemical reactions (Sun, McDonald Jr, & Skousen, 2000).

Gyp was alkaline with a pH of 9.4 and an alkalinity of 617 mg kg-' due to the use of CaCOs plus Ca(OH):2
in the HDS plant. Gyp was therefore expected to be a better liming material than GypFe. Both sludges
showed high calcium and sulphur concentrations and some magnesium, presumably contributed by the
neutralising materials (Table 6.13). GypFe contained much more total iron and manganese than Gyp.
The cadmium concentration was extremely low (<0.18 mg kg™) in both sludges, nickel content was
greater in GypFe and lead content was greater in Gyp. As described in Section 6.2, the mineral
composition indicated that both sludges were largely composed of gypsum.

Table 6.13: Selected chemical sludge properties and selected total elemental content
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GypFe Gyp
182,961° 224,5002
832 61>
6,5132 2,736°
44p 1292
132,974° 216,1892
GypFe Gyp
<0.18 <0.18
124,500° 1520
7,5902 95b

740 2792
1082 0.7
<0.2 402
2852 5b

Note: Values with the smaller than sign (<) indicates MDL of those elements.

Liming effect of the different sludges

A significant (a < 0.05) increase in soil pH occurred when sludge was applied. The incremental addition
of phosphate from 40 to 100 kg ha™' significantly (a <0.05) increased soil pH (Table 6.14). This was due
to phosphate sorption, which involves the co-sorption of not only cations, but also hydrogen ions (H*).
The interaction of phosphate with either of the sludges was also significantly different (a <0.05) in
increasing pH.

This increase in pH was marginal, and soils were still not ideal for the growth of plants. Liming alone
increased the soil pH to >5 as expected. A further increase in pH in the limed soil was obtained when
the phosphate rate was increased. Applying sludges on their own and the co-application of phosphate
with sludge significantly increased soil pH.

Table 6.14: Effect of treatments on soil pH

3.75fan 3.56" 3.79fh 3.83¢f9 3.74fan

3.639" | 5.68° 3.81¢fon 3.91¢f 3.90¢f 3.90¢f 3.89°
3.80¢" | 5.952 3.91¢f 4.06% 3.93¢f 4.21d 4.042
3.73¢° 5.432 3.73¢° 3.91° 3.88° 3.91°

Note: a <0.05; CV =0.2%; LSD = 0.1375

Chemical and biological reactions in the soil are controlled by pH (Hendershot and Lalande, 2008).
Under strongly acidic conditions, the bioavailability of some of the elements (Ca, P, K and Mg) essential
for plant growth are reduced, but some, such as manganese and aluminium, are increased (Agegnehu
et al., 2019). Acidity is composed of exchangeable H* and exchangeable Al as either Al** or partially
neutralised compounds (Al-OH), for example AIOH?*, Al(OH)2* and organic acids (Hendershot and
Lalande 2008). When the acidity is coupled with AI3* toxicity, this leads to poor soil fertility and reduces
soil productivity (Han et al., 2019).
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Liming is generally used to increase the bioavailability of essential plant nutrients and reduce the toxicity
of AB*. In this study, therefore, the sludges were expected to ameliorate the acid soil used since they
contain solid phases of CaCOs and Mg(OH)z that can contribute to alkalinity.

Sludge effects on exchangeable acidity and aluminium

The soil initially showed an exchangeable acidity of 14.7 mmolc kg (Figure 6.8A). Application of either
sludge decreased exchangeable acidity. Applying phosphate on its own at 40 and 100 kg ha™
significantly (a <0.05) reduced acidity by 3 and 16% relative to the initial acidity of 14.7 mmolc kg™'. This
was expected, because phosphate is known to precipitate protons in soils and facilitate an increase in
soil pH. The co-application of phosphate with either sludge also significantly (a <0.05) reduced soil
acidity. Generally, treatments with the sludge Gyp reduced acidity more than GypFe. As expected,
liming reduced soil acidity the most, from 92 to 94% relative to the initial soil acidity.

a<0.01,CV=12.4%,LSD=2.1

12
10

efg

Sol. & exch. acidity (mmolc kg)

S N B~ N ®

A Treatments

16 | a a<0.01,Cv=12.8,LSD=1.9

12
10

Sol. & Exch. Al (mmolc kg!)

S N B O

P40 P100
20GypFe

B Treatments

Figure 6.8: A): Exchangeable acidity reduction, dotted line indicates initial exchangeable acidity;
B): Exchangeable hydrolysable cations, dashed line indicates initial exchangeable hydrolysable cations.

Note: Gyp (t ha'') = Gypseous; GypFe (t ha'?) = Ferriferous gypseous; P (kg ha'') = Phosphorus
The soil showed initial exchangeable hydrolysable cations (EHC) of 12.2 mmolc kg-'. The application of

phosphate on its own, or either sludge, significantly (a <0.05) reduced EHC (Figure 6.8B). However,
the decrease in EHC was more evident where sludge was applied in combination with phosphate.
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It should be noted that treatments with Gyp generally reduced EHC more than those with GypFe. The
combined effect of the sludge Gyp applied at 20 t ha! with phosphate at 100 kg ha' reduced EHC the
most by 78%. This was expected because phosphate is known to precipitate soluble aluminium under
acidic soil conditions, forming sparingly soluble minerals such as variscite (AIPO,-2(H,0).

Liming, as expected, reduced EHC more than any other treatment, reducing it by 90% relative to the
initial EHC.

Salinity of soil-sludge mixtures

Although sludges containing iron oxides are known to adsorb elements, they also contain salts, as
indicated in Section 6.2, which can increase soil salinity, possibly to levels toxic to plants. There was a
significant (a <0.05) increase in salinity with the addition of either sludge.

The application of phosphate on its own significantly (a <0.05) reduced soil salinity (Table 6.15) due to
the sequestration of salts through precipitation and co-sorption. The combined effect of either sludge with
phosphate was also significant (a <0.05). However, the significant differences were more evident when
either of the sludges was applied either on its own or in combination with phosphate. When Gyp and
GypFe were applied on their own at 20 t ha', they significantly increased soil salinity by 813 mS m-' and
560 mS m-, levels which are only suitable for salt-tolerant plants. The lesser increase in salinity that
occurred with GypFe was probably because this material contained iron oxides that possibly
sequestrated some of the soluble salts through surface precipitation, complexation or co-sorption.
Liming the soil drastically reduced soluble salts as expected, hence salinity was extremely low in these
treatments (Table 6.15).

Table 6.15: Effect of treatments on salinity (mS m-") in soil-sludge mixtures

8 Sludges (t ha™)
Soil Soil (limed) | 10Gyp | 20Gyp 10GypFe | 20GypFe | Average
PO 1609 13i 576°d | 9812 348efah 728bc 4682
P40 (kg ha') | 122n 141 443def 8652 338fah 644bcd 404>
P100 (kg ha') | 1619hi 141 347efah | 818ab 371¢f 4490def 3600
Average 1484 14¢ 455¢ 8882 352¢ 607°

Note: a < 0.05; CV =2.1%; LSD = 126

Is HDS a source of Ca, S and other nutrients?

Total sulphur was extremely low in soil (SP0, SP40, SP100) and in treatments with lime (SLPO, SLP40,
SLP100) compared to those with sludges (Figure 6.9A). Total sulphur increased with an increase in the
addition of either sludge from 10 to 20 t ha-! due to the gypsum it contained. Gyp contributed more total
sulphur compared to the same rates of GypFe. This was because Gyp contained more than 95%
gypsum compared to GypFe, at 72-77% of this mineral. Similarly, total calcium increased with an
increase in the addition of either sludge. This trend was also observed in its availability (Figure 6.9B).
Gyp contributed more total and soluble calcium than GypFe to the soil. This was due to the differences
in gypsum composition. Both total and available calcium were extremely low in all treatments, with soil
alone and with phosphate (SP0, SP40 and SP100).
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Figure 6.9: Selected major plant nutrients, total and available: A): sulphur; B): calcium; C): phosphorus

An increase in the addition of phosphate increased soil total phosphorus content and its solubility in all
treatments (Figure 6.9C). The addition of both sludges reduced soluble phosphate slightly.

Total manganese in the soil was not affected by the addition of lime, phosphate or Gyp sludge
(Figure 6.10A). However, the addition of GypFe significantly increased total manganese, as would be
expected, because it contained more than 7,000 mg Mn kg-'. Available manganese was greatest for
soil alone, but liming soil to pH >5 drastically reduced availability. The addition of either sludge reduced
the solubility of this element compared to soil alone, through either precipitation or sorption on reactive
mineral surfaces.

Similarly, total iron in treatments with soil alone, soil and phosphate, soil with lime and treatments with
Gyp were mostly contributed by soil (Figure 6.10B), as it contained 37,363 mg kg Fe. Gyp and
phosphate source had minimal iron concentration. Increasing the application of GypFe increased total
iron as this material contained the most iron (124,500 mg kg'). Soluble iron was extremely low in all
treatments (Figure 6.10B).

Total zinc in soil, soil with lime and soil with Gyp was contributed by soil (Figure 6.10C) as it contained
20 mg kg Zn. Total zinc concentration increased with an increase in the application of GypFe as it
contained a significant amount of zinc (285 mg kg). The solubility of zinc was, on average, greatest in
unlimed soils and was increased by the application of phosphate in both unlimed and limed soils. The
solubility of zinc in soils containing sludges was, on average, lower than for soils without sludges, and
neither phosphate application nor increasing the rate of sludge applied from 10 to 20 t ha'! affected the
solubility of zinc in soils to which sludge had been added.
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Figure 6.10: Total and available trace elements: A): manganese; B): iron; C): zinc

The effects of nickel and lead in sludges on soil total content and solubility were evaluated because these
elements are present in some sludges and have been flagged as being potentially hazardous. Total nickel

in soil was contributed mostly by the soil (Figure 6.11A). Total soil nickel was not affected by the addition
of phosphorus, lime or Gyp, but was slightly increased by an increase in the application of GypFe, as this

Relative to total concentration, soluble nickel was low in all

1 total nickel.

material contained 108 mg kg

but liming reduced its availability. Increasing

increased nickel solubility,

treatments. The low soil pH (3.75)

the application of either sludge slightly increased the solubility of nickel, but not greater than soil alone.

The application of phosphate did not substantially influence nickel availability.

Total lead in soil, soil with lime and soil with GypFe remained constant at 13.0 mg kg-'. Total lead

with the application of 10 t ha™', and to 13.4 mg kg™' with 20 t ha!

Gyp, as this material contained 40 mg kg lead. Keeping the pH of the soil at 3.75 facilitated the solubility
of this element, but liming drastically reduced solubility. Adding either sludge increased lead solubility

above that shown by the acid soil, but soils with Gyp had more soluble lead than any other treatment.

-1

concentration increased to 13.2 mg kg
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Figure 6.11: Total and available metals: A): nickel; B: lead

6.6.3 Conclusions

Applying either sludge with phosphate increased soil pH marginally, and reduced soil acidity
significantly, but neither reduced soil acidity to levels ideal for plant growth. Therefore, to use these
sludges solely to raise soil pH to >5 would require quantities in excess of 20 t ha', but this could
increase salinity, metal solubility and the sorption of added inorganic plant nutrients like phosphate.

The application of either sludge increased the solubility of calcium and sulphur (through gypsum
solubility), but reduced that of phosphate due to sorption by iron oxides in GypFe and precipitation with
calcium from both sludges.

Increasing the application of GypFe increased total nickel and manganese in soils, but marginally
decreased the solubility of these elements. Increasing Gyp marginally increased total lead in soils, and
also increased lead solubility. Irrespective of the sludge source, both are suitable for the supply of
calcium and sulphur in acid soils.

6.7 THE CROP RESPONSE OF HIGH-DENSITY SLUDGE AS A SOIL AMENDMENT
6.7.1 Materials and methods
Development of sludge-soil mixtures

A homogeneous mixture of sludge and soil was required for plant growth. Each of the sludges was
applied at two rates (10 and 20 t ha'' on a mass/mass basis) and thoroughly mixed with 8.8 kg of soil
that was prepared by sieving through a 5 mm sieve. The mass of soil per hectare was estimated to be
2.1 x 108 kg assuming a 0.15 depth and a density of 1,400 kg m-3. Each HDS-soil mixture was then
transferred into pots with 26 cm top and 20 cm bottom diameters and a height of 25 cm. They also had
three small openings at the bottom to allow for drainage.

Experimental design

The experiment had 18 treatments with a total of six controls. Three of the controls received lime
(Ca(OH)) at 3.7 t ha" and different levels of phosphorus, and were considered “positive controls”, while
the other three received no lime at three phosphorus levels and were considered to be “negative
controls” (Table 6.16). The other 12 treatments were made up of the two HDS materials, each at two
rates of HDS, and each with three levels of phosphorus application. All treatments were replicated three
times. This experiment was arranged in a randomised complete block design (RCBD).
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Table 6.16: Treatments

Treatment Comments Description of treatments
Soil + lime 3.7 tha' lime

SoilP40+lime Positive control 40 kg ha'P; 3.7 t ha' lime
SoilP100+lime 100 kg ha'P; 3.7 t ha' lime
ol 40 kg ha'P

SoilP40 Negative control — soil unlimed 100i ha-1p

SoilP100 gha

10GypPO 10 t ha™' Gyp; 0 kg ha'P
10GypP40 10 t ha”' Gyp; 40 kg ha'P
10GypP100 10 t ha' Gyp; 100 kg ha'P
20GypP0O 20 t ha' Gyp;0 kg ha'P
20GypP40 20 t ha' Gyp; 40 kg ha'P
20GypP100 20 t ha™ Gyp; 100 kg ha'P
10GypFePO 10 t ha' GypFe; 0 kg ha'P
10GypFeP40 10 t ha' GypFe; 40 kg ha'P
10GypFeP100 10 t ha' GypFe; 100 kg ha'P
20GypFeP0 20 t ha' GypFe;0 kg ha'P
20GypFeP40 20 t ha' GypFe; 40 kg ha'P
20GypFeP100 20 t ha' GypFe; 100 kg ha'P

Note: Gyp (t ha™') = Gypseous; GypFe (t ha™') = Ferriferous gypseous; P (kg ha™') = Phosphate
Sources of sludges and soil used

Two sludges from the Mpumalanga coalfields of South Africa, selected based on the different processes
used to generate them, were tested. One of the sludges was sourced from a limestone treatment plant
(GypFe) containing largely gypsum and iron oxides. The other (Gyp) was refined from limestone plus
lime treatment and was dominated by gypsum. To assess their full potential as soil amendments, an
acid soil with a pH of 3.75, low in base elements, was selected.

Determination of basic chemical properties of both sludges and soil

Basic chemical properties of both sludges and soil were determined before and after the establishment
of HDS-soil mixtures. The individual sludges and soil were analysed for chemical status as defined in
Section 6.6 above. The determination of pH and EC was done after harvesting in the soil-sludge
mixtures and before the start of the experiment in the individual sludges and sail.

Fertilizer choice, application and planting

The GypFe had the potential to sequestrate some of the essential applied plant nutrients, especially
phosphate, due to the abundance of ferric hydroxide. To test this, a prior phosphate sorption study was
carried out and the sludge was shown to have the ability to sequester 27 kg of phosphate per ton. Three
phosphate application rates were adopted: a control (0 kg ha'), a recommended rate of 40 kg ha-! (Mengel
and Kirkby, 2001; MIG, 2017) and a rate (100 kg ha') well above the recommendation. Phosphate was
also added to test if it can aid in decreasing the uptake of nickel and lead from HDS. To minimise the
introduction of any impurities, a reagent grade potassium dihydrogen phosphate (KH2POa4) was used as
the source of phosphate. This source also provided some of the potassium needed by the maize, but as
this was insufficient to supply the recommended 40 kg K ha-', additional potassium was applied as reagent
grade potassium chloride. Nitrogen was applied at a recommended rate of 100 kg ha' as reagent grade
diammonium hydrogen phosphate ((NH4)2HPO4). This source of nitrogen provided additional phosphate
that was taken into account to achieve the selected rates of 40 and 100 kg P ha.
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To benefit from the addition of nitrogen and potassium, KH2PO4 (70%) and 30% (NH4)2PO4 were added
to the HDS-soil mix. As an application strategy, sources of phosphorus and potassium were applied in a
single dose and spread 5 mm below the seed, while the nitrogen application was split into two applications
during vegetative growth. Maize (Zea mays) (variety DKC73 — 74BRGEN) was selected based on its
acidity (pH 5.5-6.5) and salinity (180 mS m") tolerance and since it is the most common crop planted in
Mpumalanga. Five seeds were planted in each pot at a depth of 5 mm. The five seeds were intended to
allow plant sampling at different time intervals. The maize was harvested at physiological maturity (after
140 days) to determine final yield and enable food safety assessment of the grain.

Crop management and data collection

Tap water was used for irrigation. Initially, all treatments were irrigated to field capacity, which was
calculated to be 2.55 { per pot, but water added to reach field capacity after three days was calculated
to be approximately 1 {, which was determined as a difference by weighing the pots. During active
vegetative growth, the litre of water needed to refill the pots to field capacity was required every two
days. This amount was applied every second day until harvesting. Samples were collected by
destructive sampling, cutting one of the plants off at soil level at the following development stages: V3
(third leaf collar evident), V7 (seventh leaf collar evident), V10 (tenth leaf collar evident), VT (tasselling)
and R6 (physiological maturity, milk line no longer evident, black layer formed). Data collected at the
V3 to VT stages included plant height, leaf area, plant biomass and assessment of metal uptake in
leaves. At R6, data collected included the number of cobs, yield (leaves, stems and grains) and
concentrations of potentially toxic metals in leaves and grains.

Grain and leaf chemical composition

The grain was harvested at physiological maturity. To assess nutritional value, the chemical
composition of both grain and leaves was determined following the US EPA 3052 method, as described
under the section on the determination of the total elemental status of sludges and soil. The focus was
on selected major plant nutrients (calcium, sulphur and phosphorus) and trace elements (manganese
and iron), as calcium, sulphur, manganese and iron were expected to be a contribution of both sludges.
The phosphorus was included to assess the potential of the sludges to reduce the availability of this
element. Nickel and lead were analysed as both elements have been identified as providing potential
risk to food security as they identified components of concern in the sludges tested.

Statistical analysis

All statistical analyses were carried out using SAS Version 9.4. ANOVA to establish differences among
treatments. To separate means, the LSD separation test was used. To assess the main effects,
averages were calculated across the sludges and phosphate levels applied.

Food safety assessment

Food safety standards for humans were assessed using Codex Alimentarius (2006). Codex is a
collection of internationally adopted standards (developed by different countries) and related texts
aimed at protecting consumers’ health and ensuring fair practices in the food trade (Codex Alimentarius
Commission, 2010). The main concern in this study was the concentration of lead and nickel in maize
grain. While cereal grain contaminants of concern in Codex Alimentarius include lead, with a threshold
set at 0.2 mg kg™, they do not include nickel. Accordingly, a different food safety standard had to be
selected to assess nickel toxicity in the grain. Several food standards (European, Canadian, US,
Australian and South African) were scrutinised to see if nickel was included, but none consider it a toxic
contaminant in food. The Chinese food standards only assess nickel in fats in their products, i.e. in
hydrogenated vegetable oils and hydrogenated vegetable oil-based products. The threshold for nickel
was set at 1.0 mg kg™ on a dry basis (National Standard of the People’s Republic of China, 2012).
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Also investigated was animal feed safety in case the fodder, including grain, is fed to animals. Standards
of the Food and Agricultural Organisation (FAO) (1997), the European Commission (2002) and the
Department of Agriculture of South Africa (Department of Agriculture, 2006) were considered.

The European Commission (2002), together with its member states, does not consider nickel as toxic
in animal feed, and accordingly, it is excluded from its standards, but the lead threshold was set at
40 mg kg'. The Standards of the FAO (1997) and the Department of Agriculture of South Africa
(Department of Agriculture, 2006) were considered because they include thresholds for both nickel and
lead. With lead, both guidelines have set the threshold at 40 mg kg-'. The FAO (1997) considers nickel
moderately toxic, and has set its threshold at 100 mg kg-!, while the South African Department of
Agriculture (2006) has set it at 50 mg kg'.

6.7.2 Results and discussion

Sludge effects on the germination of maize seeds

Seeds in the limed soil treatments took the shortest time (four days) to germinate, compared to five to
eight days taken by all other treatments. This was expected, as the soil was limed to a pH >5, which is
conducive for plant growth, whereas the other treatments were still acidic with an initial pH of 3.75.
There was no clear effect of the other treatments in the percentage germination of seeds (Figure 6.12).

Treatments

Figure 6.12: Germination (percentage) in the pot trial with different sludge-soil treatment combinations

The influence of sludge on plant growth of maize

Adding sludges on their own at both rates (10 and 20 t ha) or in co-application with phosphate
increased average plant height (Table 6.17). The application of phosphate on its own significantly
increased plant height, but the heights recorded at 40 and 100 kg ha-! phosphorus were not significantly
different from each other.

Table 6.17: Final height (cm) of maize plants in a pot trial with different sludge-soil treatment
combinations as growth medium

Sludge | Soil SL 10Gyp 20Gyp 10GypFe 20GypFe Average
PO 65¢ 63¢ | 96d° 141abed 118bede 102¢cde 97b

P40 133abcd | 184a | 132abed 131abed 130abed 151abed 1432
P100 136abed | 1822 | 14Qabed 160abc 123abcde 1662 1532
Average | 1110 1432 | 1262 1442 12430 1402

a <0.05; CV =3.6%; LSD = 33.2
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The increase in crop height was rapid from germination for all treatments except treatments SP0 and SLPO
until the 90th day (figures 6.13A to 6.13D), after which some started to exhibit slowed growth responses.
However, as expected from a determinate crop, all treatments stopped increasing in height after tasselling,
which occurred after 100 days (figures 6.13A to 6.13C). Tasselling occurred earlier, i.e. after 90 days, for
the limed soil where phosphate was applied at 40 and 100 kg ha' phosphorus (Figure 6.13D). The addition
of phosphate or any of the sludge products on their own increased plant growth significantly compared
to soil receiving neither phosphate nor sludge. The crop growing in treatments without phosphate and
sludge were only able to reach a height of 65 cm (Table 6.18). This suggested that the individual sludges
had the potential to increase plant growth. Any combination of either sludge or phosphate increased
growth more than when phosphate or sludge was applied on its own.
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Figure 6.13: Plant height for: A: Soil + GypFe; B: Soil + Gyp; C: Soil only; D: Limed soil

The influence of sludge on total biomass of maize

The application of phosphate, whether on its own or in combination with sludge, increased total plant
biomass. This was more evident and significant (a <0.05) in treatments with and without lime and where
the sludge GypFe was applied at 20 t ha' (Figure 6.14).

The addition of either sludge at 20 t ha! (on its own, as well as in combination with phosphorus) showed
a slight increase in plant biomass. However, this increase was not statistically significant, compared to
the lower rate (10 t ha'). Liming the soil and applying phosphate at 40 and 100 kg ha significantly
increased biomass relative to that of soil without lime.
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Figure 6.14: Total plant biomass comparisons

The influence of sludge on calcium, sulphur and phosphorus uptake by leaves, stem and tassels
of maize

Calcium

Sludge treatment resulted in much greater concentrations of calcium in all plant parts in comparison to
soils with and without lime (Table 6.18). Calcium concentrations were lowest for plants grown on limed
soils. Phosphate increased the calcium content of all plant parts, but had a much smaller effect than
sludge. The concentration of calcium in leaf dry matter for all treatments with sludges was above
5,000 mg kg, which was reported as adequate for plant growth (Jones, 2012; Bindraban et al., 2015).
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Table 6.18: Sludge, lime and phosphate effects on calcium concentration (mg kg') in maize stems,
leaves and tassels

Plant part Calcium
Sludge S SL 10Gyp 20Gyp 10GypFe | 20GypFe | Average

Leaves PO 3,404f 4,384¢f 6,581cdef | 8 74Qabcde | 7 35@bcdef | 7 Q25bcdef 6,248
P40 6,290cdef | 8 G153bcde | 10,1752 | 10,93020c | 8,692abcde | 1 1537ab 9,373%
P100 4,738def | 7,338bcdef | 1(,3772c | 13,2572 9,202abcd 9,724abe 9,106°
Average 4,811¢ 6779 9,0443b¢ 10,976° 8,417°¢ 9,429

Stem PO 1,178¢f ND 3,923 3,5158c 3,419abc 2,594¢d 2,438
P40 1,158¢f 2,118d% 3,672abe 4,4682 2,802bcd 3,177bd 2,899°
P100 1,240¢ 1,239¢ 3,116b< 3,94820 2,967bcd 2,679 2,532°
Average 1,192¢ 1119¢ 3,570%° 3,977° 3,063 2,817¢

Tassel PO 538¢f ND 2,052de | 2,954abcd | 2 Hpbede | D 99 3cde 1,715°
P40 2,7793bcd | 2 8Q1abed | 3 383abed 4,6222 2,7128abcd 4,3312b 3,438°
P100 2,455bcde | 2 A54bcde | 4 (097abc 4,381ab 3,45438bcd | 3 3(0(Qabcd 3,357
Average 1,924¢ 1,752¢ 3,177 3,986° 2,896" 3,285%

Notes: Leaves: a <0.05; CV = 3.3%; LSD = 2,537; Stem: a <0.05; CV = 3.3%; LSD = 667; Tassel: a <0.05; CV =
2.1%; LSD = 1,093. Note: ND = Not determined

Sulphur

The application of either sludge significantly increased the concentration of sulphur in all plant parts in
comparison to soil alone or limed soil. Liming, if anything, slightly reduced plant sulphur content. Sulphur
was mostly concentrated in the leaves, compared to the stem and tassels (Table 6.19). The sulphur
concentration for all plant leaves still exceeded 1,000 mg kg-!, which is considered adequate for plant
growth (Jones, 2012; Bindraban et al., 2015).

Table 6.19: Sludge, lime and phosphate effects on sulphur concentration (mg kg™') in leaves, stems and
tassels of maize

Plant Sulphur
parts Sludge S SL 10Gyp | 20Gyp | 10GypFe | 20GypFe | Average
PO 1,957¢ | 1,582¢ | 4,601 | 85672 | 4,217bcd 5,9890 4,486°
Leaves | P20 2,572% | 1,564° | 4,2330d | 4,998 | 3,325¢de | 4,491bcd 3,531°
P100 2,389% | 1,865¢ | 3,194cd | 49070 | 3,201cde 3,455¢de 3,169°
Average | 2,306° | 1,670° | 4,009° | 6,158 | 3,581" 4,645°
PO 7124 | ND | 1,699% | 1,8792 | 1,399abc 1,348abc 1,173
stem |40 825bcde | 279de | 1 604ac | 18492 | 9 75abcd 1,5372bc 1,178
P100 686de | 352de | 1,443ac | 18012 | 1,515%%c 1,599ab¢ 1,233°
Average | 741c | 2109 | 1,582%> | 1,843% | 1,296° 1,495%
PO 714¢e ND | 1,384bcd | 21102 | 1,4200cd 1,482bcd 1,185
Tascel | P40 1,730%¢ | 929¢d | 1,613abc | 24252 | 1 554bcd 1,866 1,686°
P100 1,909% | 977¢d | 1,999% | 2,156% | 1,954ab 2,0222 1,836°
Average | 1,451° | 635° | 1,665 | 2,230° | 1,643" 1,790°

Notes: Leaves: a <0.05; CV = 4.6%; LSD = 1,212.8; Stem

=1.7%; LSD = 464. Note: ND = Not determined

10 <0.05; CV =5.5%; LSD = 504; Tassel: a <0.05; CV
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Phosphorus

The application of phosphate resulted in a substantial increase in the concentration of this element in
all plant parts (Table 6.20). The application of either sludge had no significant effect (a >0.05) on the
phosphate concentration in the stem and tassels, but incremental sludge application slightly reduced
the phosphorus concentration in leaves.

Table 6.20: Sludge, lime and phosphorus effects on phosphorus concentration (mg kg') in maize
leaves, stems and tassels

Plant parts | Phosphorus
Sludge S SL 10Gyp | 20Gyp | 10GypFe | 20GypFe | Average
PO 7090 1087° 940p 874b 7490 925b 881*
Leaves P40 1,602° | 521b 1,195 840° 781P 690° 938°
P100 3,7502 | 1,709 | 1,675 | 1,366 1,859 1544° 1,984°
Average | 2,020° | 1,106° | 1,270°* | 1,027° | 1,130° 1,053
PO 625b¢ ND 578be 498bc 640°0c 749bc 515°
St P40 1,018 | 270¢° 6600 707bc 703bc 527bc 648°
P100 1,454> | 2,684a | 739b¢ 596Pc 7060 964bc 1,191°
Average | 1,032* | 985% 659° 600° 683° 747°
PO 522bc ND 6200 857vc 715b¢ 929be 607¢
Tassel P40 1,96420 | 1,281bc | 1,232b¢ | 1,251bc 927¢bc 760¢bc 1,236°
P100 3,4872 | 3,6172 | 1,95720 | 2,1723 | 2 0052 2,164¢2b 2,567°
Average | 1,991% | 1,633% | 1,270° | 1,427° 1,216° 1,284°

Notes: Leaves: a <0.05; CV = 9.6%; LSD = 938; Stem: a <0.05; CV = 10.9%; LSD = 635; Tassel: a <0.05; CV =
10.8%; LSD = 973. Note: ND = Not determined

The influence of sludge on the uptake of trace elements (iron and manganese) by plant parts

Iron

The concentration of iron in plant leaves and tassels was much greater for plants grown in limed soil
than it was for plants grown in soil with added sludges. Adding sludges resulted in the same
concentrations of iron in plant parts as was found for plant parts grown in soils without lime or sludge.
Iron was more concentrated in the leaves than in the stem and tassels (Table 6.21). Phosphorus
application significantly decreased (a <0.05) the concentration of iron in the leaves, tassels and stems.
The concentration of this element in plant leaves exceeded 100 mg kg™', which was reported by Jones
(2012) and Bindraban et al. (2015) as adequate for plant growth.

Table 6.21: Iron (mg kg') in biomass of maize

Plant | lron

parts Sludge S SL 10Gyp 20Gyp 10GypFe | 20GypFe Average
PO 2650 | 12312 1320 187° 308p 181°b 384°
P40 1680 | 370° 1320 1370 176° 188°P 1953

Leaves
P100 1310 | 436° 123P 150P 142b 1290 185°
Average | 188° | 6797 129° 158° 209° 166°
PO 36aP ND 532 14b 1720 23@b 247

Stem | P40 24ab | 1520 1620 13b 11 15@b 162

P100 1730 1530 15@b 1530 302 10b 172
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Plant | lron
parts Sludge S SL 10Gyp 20Gyp 10GypFe | 20GypFe Average
Average 26° 10° 28° 147 20° 162
PO 26° ND 245 37° 32 23b 24°
P40 37v 1402 31b 49p 47b 45b 582
Tassel
P100 48 1402 350 51b 32 52b 60°
Average 37> 93? 30° 45° 370 40°

Notes: Leaves: a <0.05; CV = 4.8%; LSD = 397; Stem: a <0.05; CV = 12.5%; LSD = 21.4; Tassel: a <0.05; CV =
2.5%; LSD = 33.6. Note: ND = Not determined

Manganese

The application of either sludge significantly reduced the concentration of manganese in leaves, stems
and tassels in comparison to soils without lime or sludge. Liming resulted in the greatest decrease in
manganese concentration in all plant parts. Manganese was concentrated more in the leaves than in
the stem and tassels (Table 6.21). The stem showed substantially lower manganese levels than the
leaves and tassels. Phosphate application significantly increased (a <0.05) the concentration of
manganese in all plant parts (Table 6.22). The concentration of manganese greatly exceeded the
50 mg kg that was reported by Jones (2012) and Bindraban et al. (2015) as adequate for plant growth.

The plant concentrations of manganese from plants grown with GypFe, which contains in excess of
7,000 mg kg™', were lower than those in plants grown with Gyp, which contained very little manganese.
This would indicate that the manganese contained in sludges is very poorly available to plants grown
with this ameliorant, even when the soil/sludge mixture is acidic, and well below a pH of 4.5.

Table 6.22: Manganese (mg kg') in biomass of maize

Manganese
Plant parts | Sludge S SL 10Gyp | 20Gyp | 10GypFe | 20GypFe | Average
Leaves PO 1,592bcd | 102¢ | 1,243cde | 1,935abc | 1,178cde | 1,178cde 1,205
P40 3,100 | 2079 | 1,583bcd | 1,596Pcd | 1,548bcd | 1,76030c 1,632°

P100 2,697 | 198% | 1,9642bc | 1,954abc | 1 881abc | 1 53@bcd 1,705°
Average | 2,463° 169° 1,597 | 1,828 1,536° 1,491°

Stem PO 1632 | BMDL 135bc 116°° 114be 71cde 100°°
P40 16020 7de 100pc 85bede g9cde 92be 86>
P100 2412 3de 123be 86bed 125b¢ 85bede 110°
Average 1887 3° 120b 96° 103° 83>

Tassel PO 319cde | <0.001 | 344cde 489cde 346¢de 234cde 289°
P40 12572 65% 587cd 6580c 427¢c 535¢de 588°
P100 11792b 59de 699pe 619° 570¢d 578¢d 617°
Average | 918° 41° 543° 589° 448° 449°

Notes: Leaves: a <0.05; CV = 3.3%; LSD = 760; Stem: a <0.05; CV = 7.3%; LSD = 46; Tassel: a <0.05; CV =
2.0%; LSD = 291. Note: BMDL = Below method determination limit

The influence of sludge on the uptake and distribution of nickel and lead in maize plant parts

Nickel concentrations were highest for plant parts produced with soil alone. All nickel concentrations
determined were close to the detection limit, but the two sludges showed lower nickel concentrations
than the soil-alone treatments. Phosphate application did not significantly increase (o >0.05) the
concentration of nickel in plant parts (Table 6.23).
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Table 6.23: Sludge and phosphate influence on nickel (mg kg') in biomass

Plant part | Nickel
Treatment S SL 10Gyp | 20Gyp | 10GypFe | 20GypFe | Average
PO 1.142 | 0.93° 0.982 1.232 <0.93 1.552 1.172
P40 1.252 | <0.93 | <0.93 1.382 1.222 1.282 1.282
Leaves
P100 1.112 | 1.03° <0.93 <0.93 <0.93 <0.93 1.072
Average 1.172 | 0.98° 0.982 1.312 1.222 1.422
PO 1.152 | <0.93 1.322 <0.93 <0.93 0.252 0.912
S P40 <0.93 | <0.93 | <0.93 <0.93 <0.93 <0.93 <0.93
P100 <0.93 | <0.93 | <0.93 <0.93 <0.93 <0.93 <0.93
Average 1.152 | <0.93 1.322 <0.93 <0.93 0.252
PO 1.662 | <0.93 | <0.93 1.062 <0.93 <0.93 1.36°
S— P40 <0.93 | 1.402 1.002 <0.93 1.072 <0.93 1.152
P100 2262 | <0.93 | <0.93 <0.93 <0.93 1.36° 1.812
Average 1.96a | 1.40° 1.002 1.062 1.072 1.36°

Notes: Leaves: a <0.05; CV = 4.3%; LSD = 1.1; Stem: a <0.05; CV = 17.3%; LSD = 0.8; Tassel: a <0.05; CV =
7.8%; LSD = 1.5. Note: MDL for nickel was 0.93 mg kg™’

Plant parts grown in limed or unlimed soils, on average, had greater lead concentrations than plant
parts grown on soils with sludges (Table 6.24). There was no significant difference in lead
concentrations in plant parts grown with Gyp as opposed to GypFe, despite the former containing
40 mg kg™ Pb.

According to Kumpiene et al. (2008), calcium compounds, including gypsum and phosphogypsum, as
well as iron and manganese oxides, have the potential to immobilise lead. As discussed earlier, both
sludge materials are composed of gypsum, but GypFe also contains ferric oxides that can sorb lead.

Liming soil increased the concentration of lead in the leaves due to the combined effect of the Ca(OH)z,
which contained 30 mg kg lead, and soil that already had 36 mg kg™' lead.

Table 6.24: Sludge, lime and phosphate influence on lead (mg kg') in biomass

Plant part Lead
Treatment S SL 10Gyp 20Gyp 10GypFe 20GypFe Average
PO 1.27° | 2.42b 1.21b 1.480 0.97° 1.1° 1.412
Leaves P40 3.0130 | 34630 | 1.41b 1.430 1.92b 1.792b 2172
P100 0.96> | 4.22a | 0.97° 0.93P 1.08° 0.97° 1.52ab
Average 1.75> | 3.362 | 1.20° 1.280 1.320 1.290
PO 0.46%> | <0.2 0.29%> | 0.43%> | <0.2 0.292% 0.372
Stem P40 0.932 | 0.2 0.34% | 0.40%> | 0.552b 0.328 0.462
P100 0.48% | <0.2 <0.2 0.35% | <0.2 0.602° 0.482
Average 0.622 | 0.2° 0.32ab | 0.402® | 0.5520 0.402b
PO 0.65 | <0.2 0.33¢ 0.41bc | 0.59vc 0.46b 0.49b
_ P40 0.67bc | 1.64a0 | 0.79b¢ | 0.92abc | (. 87abe 0.69bc 0.932
P100 0.38¢ | 2.052 | 1.01ac | 0.81bc | 0.31¢ 1.138abc 0.952
Average 0.57b | 1.852 | 0.712> | 0.71ab | 0.59° 0.768@°

Notes: Leaves: a <0.05; CV = 19.4%; LSD = 1.5; Stem: a <0.05; CV = 14.3%; LSD = 0.5; Tassel: a <0.05; CV =
3.7%; LSD = 0.7. MDL for lead was 0.2 mg kg’
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The application of sludge, even with a content of 40 mg kg-' lead, did not increase the concentration of
lead in the plants, while liming soil with a lead content of 36 mg kg-! with a lime containing 30 mg kg
lead did. Lead was concentrated more in the leaves than in the stem and tassels, and generally
increased with an increase in phosphate application.

The influence of sludge on the yield of maize grain yield

Grain was only produced in treatments that received phosphate. Increasing the addition of phosphate
from 40 to 100 kg ha' increased grain yield significantly by 45%. On average, the yield of maize grain
was lowest from limed soils, slightly higher from unlimed soils, and highest from soils that had received
either of the sludges. Yields were significantly higher (a <0.05) on soils with 20 t ha' than on those with
10 t ha' sludge (Table 6.25). The increase in yield by treatments with sludges was an indication that
these materials improved soil fertility.

Table 6.25: Yield of maize planted in different sludge-soil mixtures (g pot’)

Sludge Soil Soil (limed) | 10Gyp 20Gyp 10GypFe | 20GypFe Average
P40 40.4° | 41.2b 39.3° 31.4b 32.1b 66.3° 41.8°
P100 58.43> | 43.5P 65.5%° 101.72 61.320 82.182 68.8°
Average | 49.4° | 42.3° 52.4° 66.6° 46.7° 74.232

Notes: a <0.05; CV =14.4%;LSD =2.4
The influence of sludge on the concentration of calcium, sulphur and phosphorus in maize grain

Applying either of the sludges at both rates slightly increased concentrations of sulphur and phosphorus
in the grain. Increasing phosphate from 40 to 100 kg ha' had a non-significant effect on the concentration
of calcium in the grain, but showed a small, but significant effect on the concentration of sulphur and
phosphorus (Table 6.26).

The concentration of calcium in grain from plants that received neither lime nor sludge was extremely
low at <1 mg kg-' and was increased to between 2.5 and 4.4 mg kg-! by sludge application. Liming the
soil resulted in by far the greatest contents of calcium, sulphur and phosphorus in grain.

Table 6.26: Major elements in maize grain (mg kg™')

Sludge S SL 10Gyp | 20Gyp | 10GypFe | 20GypFe | Average

P40 94cd 9372 108¢° 114¢ 110° 105¢ 245°
Sulphur P100 93cd 789° 89cd 94cd 99cd 98cd 210°

Average | 93° 8632 99 104° 104° 102°

P40 285¢ | 2023 | 289° 302¢ 300¢ 262° 577°
Phosphorus | P100 312¢ | 30432 | 317¢ 287¢ 349¢ 374¢ 780°

Average | 299° | 2533 | 303" 295° 325° 318°

P40 0.52 63.62 | 2.82 4.32 4.32 4.02 132
Calcium P100 0.82 56.42 | 2.22 2.02 2.1 4.72 112

Average | 0.7° 60.0° | 2.5° 3.1° 3.2b 4.4°

Notes: S: a <0.05; CV = 3.6%; LSD =55.9; P: a <0.05; CV =4.1%; LSD = 213; Ca: a <0.05; CV =17%; LSD = 8.3
The influence of sludge on the concentration of Fe and Mn in maize grain

The application of either sludge resulted in relatively small decreases in the concentrations of iron and
manganese in grain compared to unlimed soil. The addition of phosphate showed no significant effects on
the concentration of manganese and iron (Table 6.27). Liming the soil resulted in marked increases in grain
iron concentration, but manganese concentration was below detection limits in grain grown with lime.
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Table 6.27: Manganese and iron in maize grain (mg kg')

Sludge S SL 10Gyp | 20Gyp | 10GypFe | 20GypFe | Average

P40 0.7982 | BMDL | 0.381°c | 0.427° | 0.528%c | (.352bcd 0.41°
Manganese | P100 0.6832> | BMDL | 0.387° | 0.292°¢d | 0.532abc | (.480abc 0.40°

Average | 0.741 | BMDL | 0.384° | 0.360° | 0.530% 0.416°

P40 1.090° | 16.6802 | 0.890° | 0.990° 0.660P 2.530p 3.812
Iron P100 1.040° | 18.0902 | 0.770° | 0.660° 0.650° 0.880° 3.68°

Average | 1.065° | 17.385° | 0.830" | 0.825° 0.655° 1.705°

Notes: Iron: a <0.05; CV = 13.2%; LSD = 2.45; Manganese: a <0.05; CV = 15.5%; LSD = 0.19.
BMDL = Below method detection limit

The influence of sludge on the concentration of nickel and lead in maize grain

Nickel and lead in the grain were below the MDL for all treatments (Table 6.28). Even loading the soll
with 20 t ha' sludge containing more than 100 mg kg nickel (in the case of GypFe) and 40 mg kg’
lead (in the case of Gyp) did not result in elevating the levels of these elements in the grain relative to
the control. This could be a result of either the sorption or precipitation of these metals by the sludges,
reducing their phyto-availability.

Table 6.28: Nickel and lead (mg kg ') in grain

Sludge S SL 10Gyp 20Gyp 10GypFe | 20GypFe | Average

P40 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Lead P100 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Average <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

P40 <0.93 | <0.93 <0.93 <0.93 <0.93 <0.93 <0.93
Nickel | P100 <0.93 | <0.93 <0.93 <0.93 <0.93 <0.93 <0.93

Average | <0.93 | <0.93 <0.93 <0.93 <0.93 <0.93

Note: Method detection limits for nickel and lead were 0.93 mg kg™ (0.01 mg £') and 0.2 mg kg™* (0.002 mg &)
Food and feed safety of the grain and fodder

For all treatments, lead concentration in the grain was below the threshold (0.2 mg kg) stipulated by Codex
Alimentarius (2006). This threshold was close to the lead MDL of 0.2 mg kg™'. Using HDS from the coal
fields as a soil amendment, even at application rates of 20 t ha!, did not elevate lead levels in grain above
the Codex threshold. Similarly, nickel concentration in the grain was below the threshold of 1 mg kg’
stipulated by the National Standard of the People’s Republic of China (2012). This threshold was also close
to the nickel MDL of 0.93 mg kg-'. Applying GypFe containing the most nickel (108 mg kg-') did not increase
the concentration of this element above the threshold. This indicates that the use of the sludges to
improve crop yield will not induce nickel or lead toxicity if the grain is ingested.

With respect to the safety of the fodder and grain as animal feed, applying sludges on their own, even
at 20 t ha™', or co-applying them with phosphate, did not increase the concentration of lead to above
the threshold of 40 mg kg as stipulated by the FAO (1997), the European Commission (2002) and the
South African Department of Agriculture (2006). These treatments did not increase the concentration
of nickel in both fodder and grain to above the 50 and 100 mg kg-' thresholds stipulated by the South
African Department of Agriculture (2006) and the FAO (1997) either.
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6.7.3 Conclusions

Both sludges showed value as ameliorants, since they contained macro and micronutrients (S, Ca, Mg,
K, Mn, Fe and Zn). Both Gyp and GypFe exhibited a liming effect, marginally increasing soil pH, and
decreasing acidity and hydrolysable cations.

Co-application with phosphate had the strongest liming effect. Both sludges reduced exchangeable
hydrolysable cations and exchangeable acidity. However, the application of these materials on their
own at 20 t ha' increased soil salinity to levels suitable for more salt-tolerant plants.

When sludges were used in plant growth trials at rates equivalent to 10 or 20 t ha™', they increased plant
growth in comparison to plants grown without sludge on an acidic soil. The two sludges selected for testing
had been categorised by various waste classification systems as posing some environmental risk. In the
case of Gyp, this was because of its lead content of 40 mg kg™, and for GypFe, this was because of its
total nickel content of 105 mg kg-'and its total manganese content of 7,000 mg kg

Plants grown with these two sludges exhibited increased concentrations of calcium, sulphur and
phosphorus and decreased concentrations of iron and manganese in comparison to plants grown on
unlimed soils. Plant or grain lead or nickel content was not increased as a result of sludge application.
With respect to food safety, both lead and nickel were below the standards set by Codex Alimentarius
(2006) and the National Standard of the People’s Republic of China (2012) for grain for all treatments.

Both fodder and grain were safe as feed for animals since levels of both metals in all treatments were
well below the thresholds stipulated by the European Commission (2002), the FAO (1997) and the
South African Department of Agriculture (2006).

It can be concluded, therefore, that the use of HDS, on its own, as a soil ameliorant, or in combination
with phosphate up to the levels trialled in this study, poses no food or feed safety risk, and can be
beneficially used as a crop nutrient source through soil amelioration.
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CHAPTER 7: RESPONSE OF SELECTED CROPS TO
FOLIAR APPLICATION OF SIMULATED ACID MINE
DRAINAGE

M Mabuza, W Coetzer, JG Annandale, PD Tanner and JM Steyn
7.1 INTRODUCTION

The possibility of irrigating crops directly with AMD on soils that are strategically limed has been
identified as a potentially fruitful research area. One of the questions that arises when considering this
unusual practice is whether or not crop foliage will be scorched, thereby reducing photosynthetic leaf
area, and reducing production to below economic levels. Foliar injury and yield losses have been
observed in crops following treatment with simulated acid rain under both laboratory and field conditions
(Lal, 2016; Conkling et al., 1991). Field-grown soybean sprayed with simulated acid rain with a pH of
2.7 in outdoor experiments (which excluded ambient rain) resulted in 23% lower seed yields than those
that were sprayed with simulated rain at a pH of 4.1 (Lal, 2016).

In an experiment by Jacobson et al. (1989), working on red spruce seedlings, these authors reported
that visual foliar symptoms were produced by acidic mist. These were in the form of loss of the green
colouration and development of tan to reddish brown necrotic lesions on the distal portion of the
needles. Sulphuric acid mist at its lowest pH of 2.5 was reported to have caused the greatest increase
in foliar injury. Caporn and Hutchinson (1986) attributed leaf scorching to the collapse of the epidermal
cells after wetting with simulated acid rain.

According to Lal (2016) and Jacobson (1984), monocotyledons are relatively less affected by acid rain
compared to dicotyledonous plants. This is due to the presence of a waxy covering on the leaves of the
former. The same authors indicated that the most sensitive plant parts for the foliar application of AMD
are leaves and shoots. In a study by Dhere (2009), sorghum leaves showed signs of necrosis on leaf
blades after the eighth day of wetting with simulated acid rain at a pH of 2, while chlorosis was observed
for acid rain with a pH of 3 to 5. According to Odiyi and Eniola (2015), when cowpeas were sprinkled
with simulated acid rain at a pH of 2, 3 and 4, leaves turned from brown to red, with 60% leaf abscission.
At a pH pf 2, plants died from the base of the shoot. In a similar study, soybean showed small amounts
of foliar injury, seen as white or tan lesions on young leaves at a pH of 2.4 and 2.8.

The oxidation of pyrite (FeSz) creates AMD, which needs to be neutralised through liming before being
released into the environment (Jovanovic et al., 2004). Upon exposure to water and oxygen, pyrite
reacts to form sulphuric acid (H2SO4) and ferric hydroxide (Fe(OH)s) (Sparks 2003). The use of AMD
for irrigation may lead to inhospitable conditions for growth, especially for non-acidophilic crops. The
AMD also causes excessive loading and mobilisation of iron, aluminium and manganese. In this study,
sulphuric acid without these acid-generating cations was used to simulate potential foliage scorching
through acid mine water irrigation.

In a study by Golden et al. (2016), damaged leaf regions, as seen by grey or brown flecking and localised
chlorosis and necrosis, were visually estimated as a percentage of the total leaf area to ensure consistent
injury ratings. However, in this study, a more objective, quantitative approach was employed over and above
the visual scoring method. Several digital platforms have become popular in recent times, such as
CompuEye, Adobe Photoshop, ImagedJ and WinFoliar, which all use a colour scheme to distinguish between
damaged and healthy leaf parts. When evaluating the efficacy of CompuEye, Bakr (2005) reported mean
values with no significant difference when compared with manual measurements, at a 95% confidence level.
In CompuEye, images are scanned in rather than photographed, which made this platform lose popularity.
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Adobe Photoshop is the most versatile platform. It goes a step further to calculate leaf area and land
area. It does not require a uniform-coloured background (Li et al., 2007). ImageJ is the preferred option,
as it also requires standard conditions to take photographs of plants, and there is no need for a pure
white or black background. It also allows for the manual selection of specific colours for analysis
(Schneider et al., 2012). In this study, ImageJ was used as it is freely available and easy to manipulate.

This study therefore had the objective of using quantitative methods to determine the degree of foliar
damage to selected crops under low pH conditions in the absence of transition metals. The use of AMD
for irrigation may lead to inhospitable conditions for the growth of crops, especially non-acidophilic crops.
This may be through soil acidification and the excessive loading and mobilisation of iron, aluminium and
manganese. The acidic water may also lead to leaf scorching and damage or compromise the economic
yield of crops if overhead irrigation is used. Nonetheless, there are factors to consider that influence the
degree to which such water qualities will have a negative influence on crop growth.

7.2 MATERIALS AND METHODS
7.21 Location of study

The study involved both a greenhouse pot trial and a field trial. Both experiments were conducted at
the University of Pretoria’s Agricultural Farm in the 2020/21 season. Acid mine waters were synthesised
in the University of Pretoria’s Soil Science Laboratory.

Sulphuric acid (98%) was used as the source of acidity because most acidic mine waters are dominated
by sulphates. Four pH levels, based on an AMD analysis by Sukati (2016), who reported an AMD pH of 3,
were selected. These pH levels were 2, 3 and 4, with a neutral control treatment of distilled water at a
pH of 7. All treatments excluded metals commonly found in AMD (aluminium, iron and manganese), as
these acidifying elements could potentially confound results.

7.2.2 Crop selection and synthesis of acid mine waters

Four summer crops were selected for the trial and consisted of two monocotyledonous crops (sorghum
and maize) and two dicotyledonous crops (soybean and cowpeas) (Table 7.1). The desired pH values
were made using concentrated sulphuric acid and deionised water. A pH meter was used to confirm
the dilutions (Table 7.2).

Table 7.1 Minimum and maximum soil pH requirements of the selected crops

Crop Species Variety Minimum Maximum Reference
pH pH
Sorghum | Sorghum bicolor 5.0 8.5 Butchee et al., 2012
Maize Zea mays PAN 3A157 5.5 6.5 Edje and Ossom, 2016
Soybean | Glycine max PAN 1454R 6.0 7.0 Staton, 2012
Cowpeas | Vigna unguiculata | Agrinawa 55 8.3 Ngalamu et al., 2015

Table 7.2: Treatments and sulphuric acid volumes added to water

Treatment con::-lezr?t?;tion VELE: Measured pH el Fton
(M) pH per € water
Foliar wetting at pH 2 0.005 2 2.32 0.27
Foliar wetting at pH 3 0.0005 3 3.01 0.027
Foliar wetting at pH 4 0.00005 4 3.88 0.0027
Foliar wetting (H20 at pH 7) N/A 7 6.60 N/A
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7.2.3 Part 1: Pot trial

The pot trial was laid out in a completely randomised design (CRD). Each treatment was represented
by one pot. This trial evaluated one pH level (pH 2). Flower pots (6 £ by volume) with a top diameter of
26 cm were filled with soil and coir at a ratio of 5:1. Coir assisted with free drainage. The soil was
sourced from the University of Pretoria’s Agricultural Farm. It has a sandy loam texture and is classified
as a deep Hutton loamy, kaolinite, mesic, typic, highly weathered soil (Soil Classification Working
Group, 1991). The pH of this soil averaged 5.49, and no lime was added. There were four treatments
in the pot trial (maize, sorghum, cowpea and soybean). These were replicated five times. Five seeds
were planted per pot.

Both maize and sorghum received the recommended amounts of nitrogen (100 kg/ha), phosphorus
(40 kg/ha) and potassium (40 kg/ha). Cowpea and soybean also received similar amounts, but nitrogen
was halved. Fertilizer to be applied per pot was based on the assumption that the plough layeris 0.15 m.
Bulk density was assumed to be 1,400 kg m3. The mass of the soil was then calculated to be
2,100,000 kg/ha (10,000 m2/ha x 0.15 m x 1,400 kg m2). To calculate the volume of each pot, its base
diameter was measured, as well as its height and top diameter. Height was reduced by 2 cm to allow for
irrigation. The volume was found to be 0.00628 m? (1rr2 = 3.14 x (0.24/2)2 x 0.25). The mass of the soil
and coir per pot was calculated using the formula (0.00628 x 2,100,000)/(10,000 x 0.15) = 8.8 kg. The
final calculation was done using cross multiplication to come up with the mass of the fertilizer per pot. For
crop irrigation, tap water from the municipality was used for the duration of the trial. Irrigation was done
every other day to prevent water stress from occurring. All treatments were allowed to drain freely.

Beginning two days after crop emergence, simulated AMD at a pH of 2 was sprayed onto the leaves
with a spray bottle on a daily basis. This pH level and wetting frequency were selected to increase the
chances of getting scorched leaves in order to have bases for the field trial. The leaves were sprayed
to just below the point of runoff. To eliminate acid drip into the growth media when spraying foliage, the
soil was covered with plastic discs. The plastic was sliced to allow plants to grow through it (Figure 7.1).
Spraying was carried out after irrigation to avoid acid run-off with irrigation water. The pot trial was
terminated five weeks after planting.

Figure 7.1: Cowpeas grown in sliced plastic discs to prevent acid drip into soil during foliar wetting
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7.2.4 Part 2: Field trial

Land preparation was undertaken with a tractor-drawn plough, which was followed by disc-harrowing
as the last step to prepare a fine seed bed. The soil for this trial is as described for the pot trial. A split
plot design with three replicates was used in this trial. Each main plot consisted of a single pH level,
while subplots were planted to the four different crops. The marking of plots began with the demarcation
of main plots and sub-plots. Twelve main plots, measuring 20 m x 3.4 m, were marked out. These were
further divided into four sub-plots, each measuring 4 m x 2.4 m. The four crops were randomly assigned
to the sub-plots. Maize was planted in rows with 0.8 m between rows and 0.25 m between plants.
Sorghum was planted at 0.8 m x 0.2 m between plants. Three seeds were planted per station. Both
cowpea and soybean were planted in rows 0.6 m apart. The spacing within rows was 0.15 m for cowpea
and 0.1 m for soybean. Due to the non-availability of an irrigation system during the time of planting,
fertilizer was applied after crop emergence to avoid fertilizer burn. A week after emergence, fertilizer was
applied using the dollop method based on crop recommendations. Nitrogen was applied at 100 kg/ha for
maize and sorghum, and 50 kg/ha for both cowpea and soybean. Phosphorus and potassium were
applied at 40 kg/ha across all crops.

Soybean failed to germinate due to a dry spell when it was at the emergence stage. Replanting was
done after the irrigation system had been set up. However, the crop did not emerge again following the
failure of the water pump at the farm. Soybean’s high moisture requirement is highly critical at the time
of germination. The other crops were able to germinate since they are not hindered by a hard soil cap
during emergence. Nonetheless, the other three crops performed well. Supplemental irrigation
commenced after the pump was fixed. Weeds were controlled through hand-hoeing. The trial was
terminated eight weeks after planting.

Foliar spraying with acid waters

In the pot trial, foliar spraying began two days after crop emergence, while it began in the third week
after crop emergence in the field trial. The variation in the commencement of foliar spraying was to
determine if susceptibility to acid injury will vary with crop growth stage. Pot trial plants were sprayed
daily, while field-grown crops were sprayed once in two days. A hand-held sprayer was used in both
experiments to ensure that all leaves were adequately wetted to just below the point of run-off. Leaf
wetting with simulated acid water continued until the trials were terminated.

7.2.5 Data collection
Agronomic data

To collect plant data, three plants were selected per plot. This is where crop growth and canopy-related
data were measured (plant height, number of leaves per plant, number of scorched leaves per plant
and percentage of foliar damage). At the end of the experiment, chlorophyll content and LAl were
measured using a SPAD meter and a ceptometer, respectively. Destructive sampling was done at the
end of the experiment. Three plants were cut off at ground level and oven dried at 65 °C until a constant
mass was achieved.

Leaf scorching data

Every second day after treatment commenced, crops were observed for the inception of scorching. Data
was collected once a week and included days after the commencement of wetting when scorching
occurred, as well as the number of leaves showing injury per plant. Crops were visually assessed for
symptoms of stress and foliar injury. If there were noticeable symptoms of stress, control crops were
checked for similar symptoms. If the control crops did not display similar symptoms, the symptom was
attributed to the water quality.
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Damaged leaves were visually estimated and recorded on a score chart ranging from 0 to 100%. The
same person did the scoring to ensure consistent injury ratings. Damaged or scorched leaves were also
photographed, and images imported into ImagedJ to determine fractional leaf area damage.

ImageJ

Standard conditions were used to take photographs of leaves. Once the leaves had been photographed,
images were imported into Imaged. Using the “threshold” option, the images were automatically filtered
using the “filter” and “select” tools. At first, the whole leaf was selected to get its total pixel count. Total
pixel counts were generated using the “measure” option under “analyse”. To select scorched sections of
the leaf, the navigation bars under “brightness” and “saturation” were used. In crops like maize, where the
midrib is white, like scorched sections, the “polygon selection” option was used to cut out the midrib. This
was followed by selecting the “clear outside” option under “edit’. Navigating between “filtered” and
“original” bars enabled cross-checking if the selection was done correctly. Injured leaf area was calculated
using the “measure” option. The total damaged fraction of leaf area was then calculated by dividing the
total pixels of the damaged area by the total pixels of the entire leaf area.

7.3 RESULTS
7.3.1 Part 1: Pot trial

Results on pot trials show that cowpeas were the most vulnerable to foliar spraying with acid water.
Cowpeas had a significantly higher percentage of injured leaves (P <0.05), followed by soybean and
sorghum. Maize was significantly lower (P <0.05) with only 12.6% of its leaves showing signs of
scorching (Figure 7.2). The percentage of scorching from both estimated and calculated data showed
an upward trend as time progressed. There was a significant difference in visual foliar injury assessment
(P <0.05) among the different crops (Figure 7.3). Cowpea exhibited significantly more injury in the
beginning, while that of sorghum was significantly higher than the other crops 24 days after planting.
Foliar injury quantification using ImageJ showed no significant differences in scorching among the
different crops. However, a trend similar to the visual assessment was observed (Figure 7.4).

It was noted that foliar injury was concentrated on leaves that had been formed earlier and progressed
in those leaves with time. Undeveloped trifoliate leaves were not injured in either cowpea or soybean.
Leaf injury began with the development of white lesions common with sun-scorching (Figure 7.5).

These white lesions later became necrotic in all crops except maize. Chlorosis, necrosis, stunted
growth, lesions, the suppression of leaf development, leaf curling, the withering of leaves, leaf
abscission and even the death of plants are symptoms of plants that are injured by simulated AMD,
which leads to the collapse of epidermal cells (Odiyi and Eniola, 2015; Hutchinson, 1986). Lal (2016)
observed severe epidermal layer degradation and cytoplasm depletion in the palisade cells of treated
crop leaves. The differences in degree of injury among the different crops may be attributed to ease of
wettability, rate of cuticular permeation and the resistance or tolerance of exposed leaves to altered
extracellular characteristics (Keevar, 1982). Leaf curling or cupping was evident in soybean plants. The
same observation was made by MaclLean et al. (1982), who reported that young leaves showed
moderate tip and marginal necrosis, while older leaves crinkled and cupped following exposure to
hydrofluoric acid at a pH of 2.
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Figure 7.2: Fraction of injured leaves as a percentage of total leaves per plant for crops sprayed with
synthetic acid mine water at a pH of 2 at 24 days after planting
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Figure 7.3: Percentage of scorched leaves visually estimated for crops sprayed with synthetic acid mine
water at a pH of 2
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Figure 7.4 (clockwise): Scorched maize, cowpea, soybean and sorghum at 20 days after planting
following wetting with synthetic acid mine water at a pH of 2
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Figure 7.5: Percentage of scorched leaves calculated using Imaged for crops sprayed with synthetic
acid mine water at a pH of 2

Cowpeas showed signs of foliar injury earlier than the other crops. However, this was not significantly
different from sorghum or soybean. It took cowpeas less than 48 hours to show signs of foliar damage,
while scorching was only seen after eight days in maize (Figure 7.6). These findings are in line with
those of Odiyi and Eniola (2015), who reported that cowpeas showed signs of scorching within 24 hours
of sprinkling with simulated acid rain at a pH of 2. On the other hand, maize took significantly longer
(P <0.05) to show symptoms of foliar injury. This delay in foliar injury in maize is attributed to the cuticle,
which is made up of the epidermis and the outermost layer of cells. It is composed of cutin. This complex
lipid is formed by linking several fatty acids and waxes to a strong polymer (Salt, 2019). The wax is
primarily composed of different types of compounds, which contain long hydrocarbon chains, in addition
to other minor components that play a key role in protecting the leaves. The difference in the onset of
scorching between maize and sorghum is attributed to the early development of trichomes in sorghum
leaves, while these usually only form from the fifth leaf in maize (Traore et al., 1989). Trichomes trap
acid waters in sorghum leaves, while water simply runs off maize leaves.
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Figure 7.6: Number of days to showing signs of leaf scorching for crops sprayed with synthetic acid
mine water at a pH of 2
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7.3.2 Part 2: Field trial

There was no visible foliar scorching in field-grown crops across all pH levels. Foliar spraying began in
the third week after crop emergence, at which point the crops may have developed some tolerance or
resistance to acid injury. A similar observation was made by Keevar and Jacobson (1983), that foliar
absorption rate is influenced by both the degree of cuticular development and the quantity, chemical
composition and physical form of epicuticular waxes, which all vary with leaf maturity. This observation
is contrary to Odiyi and Eniola (2015), who reported leaf injury following spraying with acid waters in
cowpeas until 15 weeks after planting.

Plant height for the three crops that were successfully grown in the field is shown in Table 7.3. The
results show that there was no significant difference across the four pH levels for all crops. Wetting
leaves with acid waters would be expected to negatively affect plant height. It appears that by the
beginning of foliar wetting three weeks after crop emergence, leaves were already resistant to acid
injury. This is contrary to what was reported by Odiyi and Eniola (2015), who found that plant height
was significantly higher in control treatments (pH 7) compared to lower acidity treatments.

Data on dry mass is shown in Table 7.3. There was no significant difference in dry mass across the
different pH levels for each of the three crops. This is an indication that yield would not have been reduced
in these crops had they been grown to maturity. In a study by Lee et al. (1981), no statistically significant
effects were observed on yield for 15 crops aerially irrigated with simulated acid rain at a pH of 2. Most
findings from simulated acid rain exposure studies have shown that rain acidity below a pH of 3 can induce
direct or indirect deleterious effects on crops and other herbaceous plants, with noticeable growth and
yield injury, and reduction (Cohen et al., 1981). However, plants display different acid sensitivities below
a pH of 3 in terms of visible acute injury or growth and yield reduction (Kohno, 2017).

Table 7.3: Plant height for crops sprayed with synthetic acid mine water

Crop/pH Weeks after planting

Maize 3 4 5 6
pH 2 47.2 68.5 96.8 141.4
pH 3 41.0 60.7 89 121.9
pH 4 39.6 59.9 89.5 126.7
pH 7 44.0 68.0 97.8 142.3
Significance ns ns ns ns
Sorghum

pH 2 43.2 55.1 80.2 100.7
pH 3 46.5 59.6 81.1 96.8
pH 4 37.7 54.4 75.6 106.9
pH 7 451 62.2 84.5 108.9
Significance ns ns ns ns
Cowpea

pH 2 20.77 24.50 33.00 50.4
pH 3 21.33 23.70 29.50 42.2
pH 4 23.67 25.50 33.80 47.6
pH 7 21.10 27.00 35.10 55.40
Significance ns ns ns ns

ns = Non-significant at P = 0.05
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Table 7.4: Above-ground dry mass (kg/ha) of crops sprayed with acid mine water

oH Crop
Maize Sorghum Cowpea
pH 2 4,433 6,562 3,926
pH 3 7,967 7,167 2,741
pH 4 7,200 8,458 3,037
pH 7 5,350 6,083 2,667
Significance ns ns ns

ns = Non-significant at P = 0.05

Wetting crop leaves with acid water did not have an effect on the LAI (Table 7.5). The same observation
was made with the chlorophyll content of specific crops, which was not significantly different for the
different pH levels (Table 7.6). This was not expected, as foliar wetting with acid water is associated
with chlorosis, scorching and necrosis in plant leaves, which should lower the chlorophyll content.
Contrary to this study, Odiyi and Eniola (2015) report that plants that were sprayed with simulated acid
rain had a relative growth rate (RGR), chlorophyll content and a Harvest Index that was significantly
lower (P <0.05) than the control that had a pH 7.

Table 7.5: Leaf Area Index of crops sprayed with synthetic acid mine water

oH Crop
Maize Sorghum Cowpea
pH 2 2.62 2.08 4.87
pH 3 2.16 2.20 4.61
pH 4 1.96 2.33 4.75
pH 7 2.05 2.94 6.15
Significance ns ns ns

ns = Non-significant at P = 0.05

Table 7.6: Chlorophyll content (SPAD units) of crops sprayed with synthetic acid mine water

oH Crop
Maize Sorghum Cowpea
pH 2 51.4 45.8 50.9
pH 3 53.2 46.7 51.5
pH 4 54.8 51.9 49.6
pH 7 56.0 50.5 48.5
Significance ns ns ns

ns = Non-significant at P = 0.05

7.4 CONCLUSION

Based on the observations and results obtained in this study, it is concluded that cowpea, soybean and
sorghum produced significant morphological defects as a result of foliar wetting with AMD at the early
seedling stage. It is furthermore concluded that field-planted crops are resistant to foliar wetting with
acid mine water after the seedling stage, and that wetting crops with these waters does not lead to a
reduction in crop growth.
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7.5 RECOMMENDATIONS

e The field experiment should be repeated with crops being grown to maturity with daily foliar wetting
beginning two days after crop emergence.

e Another experiment should be carried out with the addition of the three potentially toxic elements
found in AMD (manganese, iron and aluminium). In addition, the quantities of these elements
should be based on typical mine water analyses.

e Crops planted in wet soil can be sprayed with a waxy anti-desiccant after germination prior to
irrigating them with acidic mine water to prevent foliar injury until the crops are no longer susceptible.

e A follow-up trial is needed where the crops, grown on adequately limed soil, will be irrigated with
acid mine water to evaluate the response of both the soil and the crops.
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CHAPTER 8: EVALUATION OF IRRIGATION WATER
QUALITY GUIDELINES FOR ARSENIC AND LEAD,
WITH IMPLICATIONS FOR FOOD SAFETY

C McGladdery, JG Annandale, PD Tanner and PC de Jager
8.1 INTRODUCTION

As competition for land and water resources, as well as the need to feed a growing population,
increases, the agricultural industry will be progressively driven to utilise ever-more contaminated lands
and irrigation water sources for crop production (Thiam et al., 2015). Consequently, the probability of
producing crops that pose a human health risk is likely to increase.

Research has demonstrated that the edible parts of crops grown in soils or irrigated with water
containing elevated levels of potentially hazardous trace elements, such as arsenic and lead, have
repeatedly exceeded international food safety guidelines (Alexander et al., 2006; Nayek et al., 2010;
Baig and Kazi, 2012; Schreck et al., 2014; Yafnez et al., 2019). In the local context, South African water
sources have been shown to contain arsenic and lead in excess of the maximum South African Irrigation
Water Quality Guideline (DWAF, 1996) limit of 2 mg £-! of arsenic or lead, particularly in areas that have
been impacted on by mining and industry (Dzoma et al., 2010; Mzini and Winter, 2015). Therefore,
irrigating crops with water containing the maximum allowable concentration of potentially hazardous
trace elements in irrigation water may pose a health risk to those who consume the produce. As far as
we are aware, the impact of irrigation water quality guidelines for trace elements, such arsenic and lead,
on the safety of fresh produce has yet to be directly investigated.

Trace elements may enter a plant via two pathways: root uptake and translocation mechanisms, or
foliar absorption and phloem mobilisation (Schreck et al., 2014). The uptake pathway (root or shoot)
also determines the extent of compartmentalisation and speciation of these elements within plant
tissues, which may consequently influence their bioavailability and toxicity (Schreck et al., 2014).
Therefore, the way trace elements enter a plant directly affects the location in which they will accumulate
and have a potentially hazardous effect. While irrigating crops with trace elements may result in the
aboveground biomass coming into contact with those elements (foliar uptake pathway), the medium- to
long-term effect of trace element build-up in the soil as a consequence of irrigation with poor-quality
waters should also be considered (root uptake pathway). The primary objective of this study was to
evaluate whether the uptake of arsenic or lead present in irrigation water, or built-up in soil as a result
of irrigation, results in the edible plant parts exceeding food safety thresholds for those elements.

To assess this, two glasshouse trials were conducted:

e The glasshouse foliar absorption trial was established to evaluate whether arsenic or lead present
in irrigation water at the “target water quality” or “maximum acceptable” concentrations, applied to
the aboveground biomass, results in crop plant parts exceeding modern food safety thresholds for
those elements over one growing season.

e The glasshouse root uptake trial was conducted to determine whether arsenic or lead present in
the soil as a consequence of medium- to long-term irrigation at the “target water quality” or
“maximum acceptable concentration” results in crop plant parts exceeding modern food safety
thresholds for those elements over one growing season.
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8.2 GLASSHOUSE FOLIAR ADSORPTION TRIAL
Materials and methodology

The glasshouse foliar absorption trial comprised 60 pots. Four crops (barley, beetroot, Swiss chard and
garden pea) were evaluated against five treatments (control, arsenic irrigation at 0.1 mg/t, arsenic
irrigation at 2.0 mg/¢, lead irrigation at 0.2 mg/f and lead irrigation at 2.0 mg/f) with three replicates each.
Data from the crops was collected for 10 different plant parts (barley grain, barley leaves, barley stems,
beetroot root, beetroot leaves, Swiss chard leaves, peas, pea pods, pea leaves and pea stems), which
yielded 150 samples for analysis.

Results and discussion
Yield responses

No significant difference in yield response was found between the control and treatment yields for all
crops (barley, garden pea, Swiss chard and beetroot) (Table 8.1). The foliar treatments had no effect
on the dry mass accumulation in the plant parts (stem, leaf, grain, pea, pod and root) in all the crops.
These results were expected, as it was anticipated that the element concentrations applied in the foliar
treatments were too low to influence crop growth and yield. The results thus confirmed that foliar
applications at the concentrations applied in this study do not influence yield.

Table 8.1: Yield response of crops following irrigation with arsenic- or lead-enriched irrigation water

Crop Plant part Average yield £ SD, dry mass (g.pot”)
Control As [0.1] As [2.0] Pb [0.2] Pb [2.0]
Barley Grain 929+154 968+199 971+211 1047+108 999+1.09
Leaf 541+061 455+054 563+1.05 465+106 4691069
Stem 861+1.15 7.63+152 657+069 755+109 7.74204
Garden pea Pea 256+021 261074 247+019 197+014 208+0.39
Pod 069+005 082+017 087+0.08 070+005 0841005
Leaf 1.05+020 1.18+029 1.07+023 115+001 105011
Stem 1.78+0.27 142+016 145+036 147+047 1641008
Swiss chard Leaf 337+051 425+055 400+035 323+063 329+047
Beetroot Root 263+068 380+106 291+017 386+119 406+0.12
Leaf 296+181 257+036 235+031 202+019 278+0.51

Influence of irrigation treatments on crop quality

Crop quality was visually assessed by qualitatively assessing phenology, colour (according to the
Munsell colour chart) and the presence or absence of treatment residues. No noticeable differences
between control and treated plants were observed for each of the four crops under investigation. Arsenic
and lead applied via irrigation water did not result in a visible deposit or residue. No difference in size,
shape or quantity of barley grains and pea pods was observed. Similarly, the size, shape and colour of
Swiss chard, beetroot leaves and beetroot roots did not differ from the control plants.

Arsenic accumulation in plant parts

Arsenic accumulation in the aboveground biomass was analysed according to plant part (Table 8.2).
Fisher's LSD test was performed by combining all arsenic irrigation trial data and comparing the results
against the crop controls, where all controls tested below the detection limit and were thus assigned a
value of zero. Note that the Chinese (not the South African) food safety guidelines were used to
determine the human food safety thresholds for arsenic and lead.

While both guidelines share the same range of allowable arsenic in human foods, the Chinese guidelines
specify trace element limits for fruit, vegetables and grains, while the South African guidelines do not.
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Table 8.2: Mean arsenic accumulation in dry mass following irrigation with arsenic-enriched irrigation
water in relation to food and feed thresholds

Crop Plant As concentration £ SD, DM (mg.kg™) Regulated
part threshold, DM
(mg.kg")
As LSD” As LsD"
[0.1 mg.t'] [2.0 mg.t7]
Barley Grain BDL a BDL a 054
Leaf 10.32 £ 0.91 b 2146 +2.42 C 4.0*
Stem BDL a 1.30 £ 0.55 a 40"
Garden pea  Pea BDL a BDL a 074
Pod BDL a 046 £0.18 a 0eg*
Leaf 4.04 +£1.04 a 19.50 £ 3.19 C 4.0*
Stem BDL a 209+0.73 a 40"
Swiss chard  Leaf 1.56 % 0.51 a 33.38+4.48 d 6.3*
Beetroot Root BDL a BDL a 36*
Leaf 1.09 +0.39 a 1057 £ 1.21 b 6.3 %
~ Means assigned the letier “a” are not significantly different from the conirol at the 85% probability level (Fisher's LSD test).
BOL: Below method detection limit of 0.70 mg kg™
*Food safety threshold derived from the National Food Safety Standards, People's Republic of China (2012).
* DAFF Act No. 36 of 1947, Annexure 4: Undesirable substances in farm feeds.

Whole barley grains (inclusive of bran) did not accumulate arsenic above the MDL of 0.70 mg.t"! in
either of the arsenic irrigation treatments: 0.1 mg.t-! (target water quality) and 2.0 mg.£" (maximum
acceptable water quality). In contrast, barley leaves, and to a lesser extent, stems, accumulated most
of the arsenic applied to the aboveground biomass. Since these plant parts are not consumed by
humans, arsenic accumulation in these parts does not pose a risk to human food safety. In terms of
animal feed, barley leaves in both arsenic irrigation treatments accumulated arsenic in excess of the
regulated 4 mg.kg" (relative to a farm feed with a moisture content of 120 g kg-") for hay, straw, lucerne,
roughage and bagasse, while the stems did not (DAFF, 1947). Peas and pods did not accumulate
arsenic above the human food safety threshold when irrigated with arsenic at both treatment levels.
Similar to barley, pea leaves accumulated most of the arsenic applied to the aboveground biomass.
Leaves that received the 2 mg £-" arsenic treatment far exceeded the animal feed threshold, while leaves
that received the 0.1 mg.t-! arsenic treatment only marginally exceeded the animal feed threshold of
4.0 mg kg" arsenic (DAFF, 1947). Swiss chard leaves irrigated with the 0.1 mg £' arsenic treatment did
not exceed the food safety threshold of 6.3 mg kg'.

However, similar to the findings of Mahmood and Malik (2014), Swiss chard leaves that received the
2 mg &' arsenic irrigation treatment readily absorbed foliar-applied arsenic and accumulated the largest
amount of arsenic of all the crops and plant parts, with an average of 33.4 mg kg arsenic on a dry
mass basis. This concentration was five times more than the regulated food safety threshold and is
likely due to the large surface area of Swiss chard leaves (Nayek et al., 2010; Mahmood and Malik,
2014). Beetroot roots did not accumulate arsenic above the detection limit of 0.70 mg kg™ at either
irrigation treatment level. While, according to Page and Feller (2015), arsenate and arsenite can be
remobilised in the phloem and translocated to the roots, this process did not seem to occur, possibly
because the phosphate fertilizer supplied adequate phosphorous to the roots throughout the growing
period and therefore did not initiate the remobilisation process.

Similar to Swiss chard leaves, the foliar accumulation of arsenic was significant at both treatment levels,
but only exceeded the food safety threshold at the “maximum acceptable” irrigation concentration,
accumulating 10.6 mg arsenic kg' dry mass. The highest rate of arsenic absorption occurred on the
leaf surfaces of all four crops. This is likely due to the larger surface area and more complex cuticle
morphology of leaves, as well as the increased concentration of epidermal structures through which
arsenic may be absorbed (Nayek et al., 2010; Mahmood and Malik, 2014).
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The lower rate of arsenic uptake via stems may also suggest that arsenite was oxidised to arsenate
when applied to the stem surface, which may then have strongly associated with pre-existing iron and
aluminium oxide soil and dust particles, and later been washed off the leaf surface during subsequent
irrigations or during the sample washing process in the laboratory after harvest. Owing to the small
number of replicates per treatment (three for each plant part of each crop), mean values may not have
accurately reflected true values where large variability among replicates occurred.

To evaluate the validity of using the means, the medians were also investigated and are recorded in
Table 8.3. Comparison of the median and mean values demonstrated that, in all but one instance, the
selection of this statistical parameter did not change the result of whether or not the treatment exceeded
dry mass food safety thresholds. Only in pea leaves irrigated with 0.1 mg ¢! arsenic did the median
reflect a value below the animal feed threshold of 4.0 mg kg-', while the median value just exceeded
the threshold at 4.04 mg kg-'. Owing to the similarities in results between the median and mean values,
both serve to validate the other, thereby justifying the use of means for this data set.

Table 8.3: Median arsenic accumulation in dry mass following irrigation with arsenic-enriched irrigation
water in relation to food and feed thresholds

Regulated
Crop Plant part As concentration, DM (mg.kg) threshold, DM
(mg kg"!)
Above Above
As As
§ threshold . threshold
[0.1 mg.t] frequency [2.0mg.t] frequency
Barley Grain BDL BDL 05"
Leaf 9.62 i 24.26 - 40*
Stemn BDL 0.99 40*
Garden pea Pea BOL BOL o7+
Pod BOL 0.53 06"
Leaf 2.74 . 16.81 - 40"
Stem 0.11 1.22 40"
Swiss chard  Leaf 1.16 29.01 - 6.34
Beetroot Root BDL BDL 364
Leaf 1.55 11.04 - 6.3+
* Mumber of replicates that were above the regulated threshold (maximum of 3).
BODL: Below method detection limit of 0.70 mg.t".
*Food safety threshold derived from the National Food Safety Standards, People's Republic of China (2012).
* DAFF Act No. 36 of 1947, Annexure 4: Undesirable substances in farm feeds.

The above threshold frequency, recorded in Table 8.3, serves to illustrate the number of replicates that
exceeded the food or feed safety threshold for arsenic. Note that, in all cases where the median value
exceeded either the human food or animal feed arsenic threshold, all three replicates were above the
threshold value. Only in the case of garden pea leaves did one of the three replicates exceed the animal
feed arsenic threshold. Figure 8.1 provides a visual representation of which edible parts exceeded the
food safety thresholds for arsenic and which did not.

The results of this study demonstrate that barley grains, pea pods and beetroot roots irrigated with
arsenic-loaded water to the “maximum acceptable” concentration did not accumulate enough arsenic
to pose a risk to human health. Similarly, none of the crops investigated exceeded food safety
thresholds when irrigated with arsenic at 0.1 mg £-!. However, when irrigated at 2.0 mg arsenic £-!, Swiss
chard and beetroot leaves exceeded the food safety thresholds and may thus pose a risk to human
health if consumed as a regular dietary component. Swiss chard leaves accumulated an exceptionally
large amount of arsenic at over five times the food safety threshold.
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Figure 8.1: Arsenic accumulation on a dry mass basis, within edible plant parts of crops wetted with arsenic-
enriched water every one to three days throughout the growing period, in relation to food safety thresholds

Lead accumulation in plant parts

The results of the lead irrigation treatments showed a similar trend to that of the arsenic irrigation
treatments, with leaves accumulating by far the greatest quantity of lead applied via irrigation water
(Table 8.4). The major difference between the two treatments was that leaves irrigated with lead
treatments tended to accumulate lead at a rate almost double that of the arsenic treatments. One
possible explanation is that the source of lead, lead nitrate, used when formulating the irrigation
treatments, was more easily adsorbed via the leaf cuticular surface than the arsenic source, sodium
arsenite. However, the complexation of lead and nitrate is relatively low (Category 5), according to
Sposito (2008). It is more likely that the industry standard of reporting concentration on a mass basis
has artificially inflated the relative concentration of lead in comparison to arsenic because the atomic
mass of lead is approximately three times greater than that of arsenic.

Table 8.4: Lead accumulation in dry mass following irrigation with lead-enriched irrigation water in relation
to food safety thresholds

Crop Plant Mean Pb concentration £ SD, DM (mg.kg™) Food safety

part threshold, DM
(mg.kg")
Pb [0.2 mg.ET] LSD”  Pb[2.0 mg.t] LSD"

Barley Grain BOL a BDL a 024
Leaf BDL a 46.26 +8.78 e 400"
Stem 426 +1.51 a 17.57 £ 3.84 bc 40.0*

Garden pea Pea BOL a BDL a 034
Pod BDL a BDL a 0.2+
Leaf 26.26 +6.92 bed 2791+240 bed 40.0*
Stem BDL a BDL a 400"

Swiss chard Leaf 3242+ 297 cd 62.41+7.21 f 38°

Beetroot Root BOL a BDOL a 0.7+
Leaf 8.34 +3.10 ab 19.91 + 3.19 bc 38"

“ Means assigned the letter “a" are not significantly different from the control at the 95% probability level (Fisher's LSD test).
BOL: Below method detection limit of 1.4 mg. kg

% Food safety threshold derived from the National Food Safety Standards, People's Republic of China (2012).

* DAFF Act No. 36 of 1947, Annexure 4: Undesirable substances in farm feeds.
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Swiss chard and beetroot leaves accumulated lead well beyond the food safety guidelines at both lead
irrigation levels. At the “maximum acceptable” lead concentration of 2.0 mg !, beetroot leaves
accumulated five times more than the regulated food safety limit, and Swiss chard leaves accumulated
16 times more lead than the regulated limit. Apart from barley stems, only the leaves of each crop
accumulated lead above the method detection limit of 1.4 mg kg'. These results are comparable to
Schreck et al. (2014), where lettuce leaves accumulated 171.5 mg arsenic kg-' dry mass after six weeks
of exposure to atmospheric deposition of lead. In terms of animal feed, only barley leaves exceeded the
maximum lead threshold of 40 mg kg™ (relative to a farm feed with a moisture content of 120 g kg'') for
green roughages. Barley stems, pea stems and pea leaves were fit for use as animal feed under both
lead irrigation treatments. More leaves and stems were considered fit for animal consumption, not
because they accumulated less lead when compared to the arsenic irrigation trials, but because the
lead feed guideline is 10 times higher (40 mg kg") than the arsenic feed guideline (4 mg kg™').

As with the arsenic analysis, median values were also investigated to evaluate the validity of using the
mean scores and are recorded in Table 8.5. Comparison of the median and mean values demonstrated
that the selection of the statistical parameter did not change the result of whether the treatment
exceeded the dry mass food safety threshold. Owing to the similarities in results between the median
and mean values, both serve to validate the other, thereby justifying the use of means for this data set.

Table 8.5: Median lead accumulation in dry mass following irrigation with lead-enriched irrigation water
in relation to food and feed thresholds

Regulated
Crop Plant part Pb concentration, DM {mg.kg™) threshold, DM
(mg.kg")
Replicates Above
Median Pb  Above Median Pb threshold
[0.2mg.t"] threshold [2.0 mg.£7) §
frequency requency
Barley Grain BOL BDL - 024
Leaf BOL 44 .93 e 400™
Stem 6.34 21.96 400*
Gardenpea Pea BOL . BOL 0.3+
Pod BOL BDL 024
Leaf 33.56 30.5 400*
Stem BOL BDL 400™
Swiss chard  Leaf 33.63 e 52.5 e 3.8+
Beetroot Roat BOL BDL 074
Leaf 14.9 e 28.91 . 3.8
* Mumber of replicates that were above the regulated threshold (maximurm of 3).
BDL: Below method detection limit of 1.4 ma.t'.
* Food safety threshold derived from the National Food Safety Standards, People's Republic of China (2012).
* DAFF Act Mo. 36 of 1847, Annexure 4: Undesirable substances in farm feeds.

Generally, the variability of the lead data was higher than that of the arsenic data, which is further
explained by the method detection limit differences (arsenic at 0.7 mg £ and lead at 1.4 mg &'). For
example, the high standard deviation (+ 1.51) associated with the mean of lead in barley stems irrigated
with the 0.2 mg ' lead treatment (4.26) is explained by a low replicate below the MDL that skewed the
mean.
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Figure 8.2: Lead accumulation, dry mass basis, within edible parts of crops wetted with lead-enriched
water every two days throughout the growing period in relation to food safety thresholds

Beetroot leaves and, more significantly, Swiss chard leaves, accumulated lead well beyond the food
safety threshold at both “target water quality” and “maximum acceptable” lead irrigation treatments. In
contrast, no edible parts of the remaining crops accumulated lead above the MDL.

8.3 GLASSHOUSE ROOT UPTAKE TRIAL
Materials and methods

The glasshouse root uptake trial comprised 60 pots. Four crops (barley, beetroot, Swiss chard and
garden pea) were evaluated against five treatments (control, soil enriched with 43.5 mg kg arsenic,
soil enriched with 168.9 mg kg-' arsenic, soil with 88.1 mg kg-! lead and soil dosed with 168.9 mg.kg™'
lead) with three replicates of each. Data from the crops was collected for ten different plant parts (barley
grain, barley leaves, barley stems, beetroot root, beetroot leaves, Swiss chard leaves, pea pods, pea
leaves and pea stems), which yielded 150 samples for analysis.

Effect of treatment applications on soil properties

Soil samples from pots were analysed approximately two weeks after harvest. A summary of the effect of
the soil treatments on pH and EC is recorded in Table 8.6. As anticipated, the addition of arsenic and lead
salts during the soil treatment dosing process increased the EC of the soil. The dosing of sodium arsenite
increased soil EC from 0.071 mS m to 0.219 mS m" at 43.5 mg.kg™" arsenic and 0.229 mS m™" at
168.9 mg kg arsenic. Similarly, the addition of lead nitrate salts increased the soil EC to 0.205 mS m at
88.1 mg.kg! lead and 0.208 mS m! at 168.9 mg.kg™' lead. The resulting increase in EC was below the
0.250 mS m-' threshold at which salt-sensitive crops may begin to show signs of osmotic stress
(FERTASA, 2016).
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Table 8.6: Effect of arsenic and lead treatments on soil pH and EC

Element Target PH water £ SD pH cac1 £ SD ECtSD
concentration (mS.m")
(mg-kg")

Control 0.0 6.71+0.30 6.17+0.21 0.071 + 0.002

As 43.5 7.14 £0.17 6.56 £ 0.13 0.219 + 0.047
168.9 6.98 + 0.36 6.66 + 0.20 0.229 + 0.089

Pb 88.1 7.03+0.23 6.63+0.14 0.205 + 0.050
168.9 6.96 +0.13 6.57 £ 0.16 0.207 + 0.056

Approximately two weeks after harvest, soil from each pot in the root uptake glass house trial was sampled
and analysed to determine the total (acid extractable) and bioavailable (salt extractable) concentrations
of applied arsenic or lead (Table 8.7). Three additional pots enriched with 168.9 mg kg-' arsenic and three
at 168.9 mg kg! lead were left unplanted and occasionally irrigated to simulate the effects of a fallow
period on arsenic and lead sequestration.

Table 8.7: Bioavailability of arsenic and lead 22 weeks after soil application

Element Target Crop Acid extraction Salt extraction
concentration (mg.kg™) (mg.kg™)
(mg-kg")

As 435 Barley 36.18 BDL
Garden pea 34 .66 1.71
Swiss chard 36.26 BDL
Beetroot 3542 1.49

As 168.9 Barley 101.48 23.73
Garden pea 127.96 28.45
Swiss chard 156.95 33.97
Beetroot 115.19 36.61
Unplanted * 173.40 98.17

Pb 88.1 Barley 85.89 BDL
Garden pea 77.97 BOL
Swiss chard 93.54 BDL
Beetroot 91.92 BOL

Pb 168.9 Barley 158.87 BDL
Garden pea 182.53 BOL
Swiss chard 152.78 BDL
Beetroot 163.19 BDL
Unplanted * 160.17 9.57

BOL: Below method detection limit of 0.70 mg.ka " for As or 1.40 mg.kg™ for Pb.

On a mass balance basis, less than 1% of the total applied arsenic or lead was incorporated into the plant
biomass, while the rest underwent physicochemical transformations to be incorporated into the soil
mineral structure. In pots enriched with 43.5 mg kg' arsenic, only 3.1% of the arsenic was plant available
after 22 weeks. For pots with 168.9 mg kg arsenic, 24.5% of the total arsenic was plant available.
Therefore, the soil's ability to buffer arsenic was dose dependent, as it could effectively immobilise
approximately 95 mg kg arsenic after 22 weeks. These results would suggest that arsenite from the
sodium arsenite source used to dose the soil may have been oxidised to arsenate over time. Therefore,
like phosphate, arsenate may have strongly associated with iron and aluminium oxyhydroxides, resulting
in far less remaining exchangeable and salt extractable arsenic. The soil used in this trial exhibited a high
propensity for lead attenuation. When dosed with both 88.1 mg kg and 168.9 mg kg lead, all salt
extractable lead was below the MDL. Lead immobilisation was likely a result of multiple physicochemical
factors: lead may have been buffered by the soil’s cation exchange; phosphate fertilizer applications may
have resulted in insoluble lead phosphate precipitates, and lead may have undergone sorption onto the
relatively high concentration of amorphous iron, aluminium and manganese oxyhydroxides.
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Interestingly, soils in which crops were grown were shown to significantly increase the rate of arsenic
and lead immobilisation when compared to unplanted “fallow” soils. When dosed with the higher trace
element rates, 56.6% of the arsenic and 6% of the lead in the unplanted pots were salt extractable after
22 weeks, compared to 24.5% arsenic and 0% lead in planted pots. This significant decrease of
bioavailability in planted pots may be attributed to the effect of plant root exudates and/or the more
regular wetting and drying cycle of the soils in planted pots, which was shown to increase the incidence
of reactive amorphous iron, aluminium and manganese oxyhydroxides.

Results and discussion
Yield response

No significant difference in yield response was found between the control and the arsenic- or lead-treated
pots for all crops (barley, garden pea, Swiss chard and beetroot) (Table 8.8). The soil dosing treatments
of arsenic had no effect on dry mass accumulation in all crops’ plant parts (stem, leaf, grain, pea pod and
root). However, while the lead treatments did not affect yield, an increase in leaf dry mass was noted when
barley and garden pea was grown in the higher lead-dosed soils (168.9 mg kg™'). This is most likely a
consequence of the increased nitrogen input, as lead nitrate salt was used to simulate lead
accumulation. These results were expected because “food safety-limited trace elements” are deemed
more likely to accumulate in plant tissues, to the extent that they may become a zootoxic risk before
phytotoxicity symptoms are exhibited. The results thus confirmed that the soil dose concentrations of
arsenic and lead applied in this study did not have an impact on yield.

Table 8.8: Yield response of crops grown in arsenic- or lead-enriched soil

Crop Plant part Average yield * SD, dry mass (g.pot”)
Control As [43.5] As [168.9] Pb [88.1] Pb [168.9]
Barley Grain 989+106 965+024 966+079 968+237 BB2+250
Leaf 490+073 362+040 408+093 642+056 508+026
Stem 7T6E5+096 759+064 786+140 1037+125 0589+278
Gardenpea Pea 201+041 268+069 312+051 376+067 4.64+050
Pod 082+010 1.34+015 119+021 119+003 143+016
Leaf 122+026 1.77+009 130+009 153+015 209011
Stem 152+033 2352040 208+015 208+011 233+0.09
Swiss chard  Leaf 379+0B61 275+075 215+010 399+082 259+0.71
Beetroot Root 313+070 252+063 330+059 231+009 3.01+041
Leaf 248+088 206+017 191+091 226+042 1.72+053

Influence of soil dose treatments on crop quality

Crop quality was visually assessed by qualitatively assessing phenology, colour (according to the Munsell
colour chart) and the presence or absence of treatment residues. No noticeable differences between control
and treated plants were observed for each of the four crops under investigation. No difference in size,
shape and quantity of barley grains and pea pods was observed. Similarly, the size, shape and colour of
Swiss chard, beetroot leaves and beetroot roots did not seem to differ from that of the control plants.

Arsenic accumulation in plant parts

Results for arsenic accumulation in plant parts under the different arsenic-enriched soils are recorded
in Table 8.9. The arsenic-enriched soils were aimed at simulating arsenic accumulation in the soil after
19 years of irrigation at the “maximum allowable water quality” of 2.0 mg £' and after 99 years of
irrigation at the “target water quality” of 0.2 mg {-'. Fisher's LSD test was performed by combining all
arsenic irrigation trial data and comparing the results against the crop controls. All controls tested below
the detection limit and were thus assigned a value of 0 mg kg-' arsenic.
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Note that the Chinese (not the South African) food safety guidelines were used to determine the human
food safety thresholds for arsenic and lead. While both guidelines share the same range of allowable
arsenic in rice, the Chinese guidelines specify trace element limits for fruit, vegetables and other grains,
while the South African guidelines do not.

Plant parts that may be used as animal feed were compared to the farm feed guidelines of the South
African Department of Agriculture, Forestry and Fisheries (DAFF, 1947).

Table 8.9: Mean arsenic accumulation in the dry mass of crops grown in arsenic-enriched soils in
relation to food and feed thresholds

Crop Plant Mean As concentration £ SD, DM (mg.kg™) Regulated

part threshold, DM
(mg.kg")
As[43.5mgkg’] LSD” As[168.9mgkg'] LSD”

Barley Grain 0.93+042 a 0.96 +0.32 a 0s5°
Leaf 12.64 + 1.74 bc 28.64 + 14.90 d 40
Stem 1.52 + 1.10 a 267 +1.32 a 40

Gardenpea Pea BDL a BDL a 0.7~
Pod 0.86 + 0.66 a 1.47 £0.32 a 0g~
Leaf 13.25 + 5.06 bc 14.48 £ 2.10 bec 40
Stem 562+ 1.76 a 6.55 + 1.38 ab 40

Swiss chard  Leaf 267 +202 a 12.31+2.22 bec 634

Beetroot Root 3.91+1.30 a 4.88 +3.18 a 362
Leaf 3.03+1.96 a 16.67 + 6.20 bc 6.3

“ Means assigned the letter “a” are not significantly different from the control at the 95% probability level (Fisher's LSD test).
BOL: Balow method detection limit of 0.70 mag.kg™.

% Food safety threshold derived from the Mational Food Safety Standards, People's Republic of China (2012).

* DAFF Act No. 36 of 1947, Annexure 4: Undesirable substances in farm feeds.

In crops grown in soils enriched with 43.5 mg kg' arsenic, none of the edible parts of the four tested
crops, except for barley grains, exceeded the food safety threshold. The grains of barley grown in
168.9 mg kg arsenic also exceeded the food safety threshold of 0.5 mg kg arsenic on a dry mass
basis. However, at both arsenic soil concentrations, the results were not statistically differentiable from
the control. However, proportionally more arsenic in the root uptake trial accumulated in the stems,
compared to the foliar uptake trial. This was expected, since all arsenic was initially taken up by the roots,
and then translocated to the leaves via the stems. Swiss chard and beetroot leaves were shown to
accumulate arsenic well beyond the food safety threshold when grown in soil enriched with 168.9 mg kg
arsenic. In terms of animal feed, both garden pea leaves and stems exceeded the animal feed threshold of
4.0 mg kg arsenic (DAFF, 1947) at both arsenic soil treatments. Similarly, barley leaves were also
found to be unfit for use as animal feed when grown in both arsenic-treated soils. However, barley
stems did not accumulate arsenic in excess of the regulated animal feed guidelines. While the peas did
not accumulate arsenic beyond the method detection limit, pods were found to accumulate arsenic
beyond the food safety guideline threshold at both soil treatment levels. Similarly, beetroot roots
accumulated arsenic at both soil treatment levels that exceed the food safety guidelines. Note that food
safety testing standards require all root vegetables to be peeled first. Therefore, unpeeled beetroot may
have shown considerably higher arsenic contamination and posed an even greater food safety risk. The
results of this trial indicated that arsenic taken up by roots exhibited a tendency to accumulate in leaf
and stem tissues in all four crops. This is of concern if the roughage is to be used for animal feed.
Therefore, with the exception of cultivating leafy vegetables, and possibly grains, and owing to the
stricter animal feed thresholds for arsenic, soils containing elevated levels of arsenic may be better
suited for the production of crops for human food instead of animal feed.
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Owing to the small number of replicates per treatment (three for each plant part of each crop), mean
values may not have accurately reflected true values where large variability among the replicates
occurred. To evaluate the validity of using the means, the medians were also investigated and are
recorded in Table 8.10. Comparison of the median and mean values demonstrated that the selection
of the statistical parameter did not change the result of whether the treatment exceeded the dry mass
food safety or animal feed threshold. Owing to the similarities in results between the median and mean
values, both serve to validate the other, thereby justifying the use of means for this data set.

Table 8.10: Median arsenic accumulation in the dry mass of crops grown in arsenic-enriched soils in
relation to food and feed thresholds

Plant Regulated
Crop part Median As concentration, DM (mg.kg™) threshold, DM
(mg.kg™)
Above Above
As [43.5mgkg'] threshold As[168.9 mg.f'] threshold
frequency frequency
Barley Grain 0.96 .- 1.28 b 0.5+
Leaf 13.00 i 33.88 b 40*
Stem 2.0 245 * 40*
Garden pea  Pea BDL BDL 0.74
Pod 0.98 133 06*
Leaf 10.85 b 15.88 e 40*
Stem 4.41 - 6.06 b 40*
Swisschard  Leaf 3.14 13.56 b 6.3+
Beetroot Root 3.05 . 5.00 . 36*
Leaf 1.92 17.82 b 6.3 4
* Mumber of replicates that were above the regulated threshold (maximum of 3).
BDL: Below method detection limit of 0.70 mg.kg™.
A Food safety threshold derived from the National Food Safety Standards, People's Republic of China (2012).
* DAFF Act Mo. 36 of 1847, Annexure 4: Undesirable substances in farm feads.

The threshold frequency recorded in Table 8.10 serves to illustrate the number of replicates that exceeded
the food or feed safety threshold for arsenic. Note that, in all cases where the median value exceeded
either the human food or animal feed arsenic threshold, all three replicates were above the threshold
value. Only in the case of garden pea stems did two of the three replicates exceed the animal feed arsenic
threshold. However, this is explained by the fact that the mean and median values for garden pea stems
are very close to the food safety threshold, so some variability above and below the threshold was to be
expected. A summary of the results of the arsenic soil dosing treatments on barley, garden pea, Swiss
chard and beetroot on human food safety is recorded in Figure 8.3. Owing to the criteria of food safety
thresholds, only arsenic concentrations within the edible parts of each crop are presented.

Barley

Pea

Swiss chard

Beetroot

As [44]

As [169]

Food safety threshold

1 EEEE

24 | 189

p15em soil {mgkg-1)

Figure 8.3: Arsenic accumulation on a dry mass basis, within edible parts of crops grown in arsenic-
enriched soil at 43.5 mg kg (simulating 99 years of irrigation at 0.1 mg £) and 168.9 mg kg' (19 years
of irrigation at 2.0 mg £7) in relation to food safety thresholds
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Only Swiss chard and beetroot leaves grown in soils contaminated with 168.9 mg kg arsenic,
representing 19 years of irrigation at 2.0 mg &' arsenic, significantly exceeded the human food safety
threshold. Barley grains exceeded food safety guidelines at both concentrations. However, the results
were not statistically significant and therefore the findings are inconclusive. Pea pods and beetroot roots
were shown to accumulate arsenic in a typical dose response. However, arsenic in those tissues was
not found to be in excess of the arsenic limit in foods.

Lead accumulation in plant parts

Similar to the findings with regard to arsenic uptake, the majority of lead taken up by each crop
accumulated in the leaf and stem tissue, with very little being translocated into the edible fruits (peas
and pods) and grains (barley). However, more lead was shown to accumulate in the beetroot roots
when compared to arsenic that had accumulated in beetroot roots grown in arsenic-enriched soils. A
likely explanation is that, according to Dollard (1986), lead is not remobilised in the phloem and would
therefore be expected to remain in the roots, stems and leaves. Table 8.11 details the mean and
standard deviation of lead accumulation in each plant part.

Table 8.11: Mean lead accumulation in the dry mass of crops grown in lead-enriched soil in relation to
food and feed thresholds

Crop Plant Mean Pb concentration, DM (mg.kg™) Regulated

part threshold, DM
(mg-kg")
Pb[88.1 mgkg']l LSD” Pb[168.9mgkg'] LSD”

Barley Grain BDL a BDL a 0.2+
Leaf EDL a 2.52+1.02 ab 40.0*
Stem 1.86 + 0.74 ab 3.96+1.22 b 40.0*

Garden pea Pea BDL a BDL a 0.3
Pod BDL a 2.78+2.00 ab g2=
Leaf 3.49+1.18 b 32.97 + 10.52 d 40.0*
Stem BDL a 14.10 £+ 3.50 c 400*

Swiss chard Leaf EDL a 8.04 £ 3.78 c 38°

Beetroot Root 11.56 + 4.44 c 12.87 +6.28 c 0.7
Leaf EDL a 30.62 +6.10 d 38°

“ Means assigned the letter “a” are not significantly different from the contral at the 95% probability level (Fisher's LSD test).
BOL: Below method detection limit of 1.4 mo kg™

A Food safety threshold derived from the Mational Food Safety Standards, People's Republic of China (2012).

* DAFF Act Mo. 36 of 1847, Annexure 4: Undesirable substances in farm feeds.

Relatively low amounts of lead accumulated in the aboveground biomass of barley when grown in lead-
enriched soil. While most lead accumulated in the leaves and stems, the lead concentrations were far
lower than the animal feed threshold and would therefore be fit for animal consumption. This trend was
repeated in all crops, with none of the aboveground biomass accumulating lead at concentrations in
excess of the animal feed limit of 40.0 mg kg™' (DAFF, 1947).

Garden peas grown in arsenic-enriched soil and peas grown in lead-enriched soil did not accumulate
lead above the MDL of 1.40 mg £'. Pods grown in soil containing 168.9 mg kg™ lead did, however,
accumulate enough lead to pose a food safety risk, although the results were not statistically significant.

Swiss chard leaves grown in lead-enriched soils simulating 99 years of irrigation at the “target water
quality” of 0.2 mg £' did not accumulate lead in excess of the food safety guidelines. However, the
leaves of Swiss chard grown in 168.9 mg kg lead accumulated more than double the food safety
threshold of 3.8 mg kg lead on a dry mass basis. Peeled beetroot roots were found to have
accumulated lead in excess of the food safety guidelines at both soil lead concentrations (88.1 and
168.9 mg kg') and, in both cases, the results were statistically significant.

144




Irrigation with poor-quality mine water in Mpumalanga

The leaves of beetroot grown in soil containing 88.1 mg kg lead did not pose a risk to human health if
consumed. However, when grown in soil containing 168.9 mg kg-' lead, leaves accumulated over eight
times the lead food safety limit. As with the arsenic analysis, median values were also investigated to
evaluate the validity of using the mean scores, and are recorded in Table 8.12. Comparison of the
median and mean values demonstrated that the selection of the statistical parameter did not change
the result of whether or not the treatment exceeded the dry mass food safety threshold.

Table 8.12: Median lead accumulation in the dry mass of crops grown in lead-enriched soils in relation
to food and feed thresholds

Plant Regulated
Crop rt Median Pb concentration, DM (mg.kg™) threshold, DM
b (mg.kg"")
) Above . Above
Median Pb Median Pb
[88.1 mg.kg™) }:‘ersﬁgfg [168.9 mg.kg" wgsﬁgﬁg
Barley Grain BDL BOL nz=*
Leaf BDL 216 40.0*
Stem 1.69 4.03 40.0*
Gardenpea Pea BOL BDL 03"
Pod BDL 3.73 e a2~
Leaf 3.16 38.16 . 40.0*
Stem BDL 12.92 40.0*
Swiss chard  Leaf BDL 6.26 - 38°
Beetroot Root 12.00 bk 14.42 wee 0.7~
L eaf BOL 59.76 i 3.8
* Mumber of replicates that were above the regulated threshold (maximum of 3).
BOL: Below method detection limit of 1.4 mg.kg'.
*Food safety threshold derived from the Mational Food Safety Standards, People's Republic of China (2012).
* DAFF Act Mo. 36 of 1947, Annexure 4: Undesirable substances in farm feeds.

Generally, the variability of the lead data was higher than that of arsenic, which is reiterated by the MDL
differences (arsenic at 0.7 mg ¢' and lead at 1.4 mg £'). For example, the high standard deviation
(x 3.78) associated with the mean of lead in Swiss chard leaves grown in soils at 168.9 mg lead kg™’
(8.04 mg kg') is explained by a low replicate below the MDL, which skewed the mean. The increased
variability among the lead results may have been due to inter-element interferences or contamination
during the sample preparation and digestion process (EAG, 2007). Figure 8.4 summarises the results
of the lead soil-dosing treatments on the edible plant parts of barley, garden pea, Swiss chard and
beetroot with regard to human food safety. Swiss chard and beetroot leaves accumulated lead well in
excess of the food safety threshold, with beetroot leaves accumulating over eight times the acceptable
limit. Peeled beetroot roots grown in both lead-treated soils accumulated lead at over double the
acceptable limit. Since uptake in the edible parts of all four crops either exceeded the food safety
threshold or was inconclusive, it is advisable that site-specific crop cultivar trials be performed before
utilising a field with elevated levels of lead in order to gauge the human food safety risk.
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Figure 8.4: Lead accumulation, dry mass basis, within edible parts of crops grown in lead-enriched
soil at 88.1 mg kg (simulating 99 years of irrigation at 0.2 mg £') and 168.9 mg kg’ (19 years of
irrigation at 2 mg ) in relation to food safety thresholds

8.4 CONCLUSION

As competition for land and the need to feed a growing population increases, the agricultural industry
will be progressively driven to utilise ever-more contaminated lands and irrigation water sources.
Consequently, the probability of producing crops that pose a human health risk are likely to increase.
Therefore, the results of this study have highlighted the urgent need for agricultural policy makers to
revise irrigation water quality guidelines to ensure sustainable food safety. It is noted that the food safety
thresholds were developed after the irrigation water quality guidelines, and that foliar absorption and
differences between crops or edible parts are not considered in current guidelines. In conclusion, this
study has demonstrated that if food safety thresholds for fresh produce are to be adhered to in South
Africa, the South African Irrigation Water Quality Guidelines (1996) for arsenic and lead need to be
revised so as to negate all possible future contamination of fresh produce resulting from irrigation inputs.
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CHAPTER 9: LIMESTONE NEUTRALISATION OF
SYNTHETIC ACIDS IN AN AQUEOUS ENVIRONMENT
AND SAND COLUMNS

V Moodley, JG Annandale, PD Tanner and PC de Jager
9.1 INTRODUCTION

For irrigation with untreated AMD to be successful, a better understanding is needed of the factors that
influence the efficiency with which a limed soil will be able to neutralise acidity from the irrigation water
applied. This will guide the way in which profiles receiving AMD are strategically managed to best treat
infiltrating acidic waters. Considerations are types of liming material and factors that affect its reactivity, as
well as the placement within or on top of the soil profile to ensure sufficient contact with acidic mine water.

A crucial limitation of limestone as a neutralising agent for acid mine water is its susceptibility to
armouring by metal hydroxides and gypsum. The relatively slow dissolution rate of limestone is another
limitation. However, the following approaches can partially overcome these limitations:

e Maximise the available surface area of limestone (De Beer, 2005)
e Increase the contact time between limestone and acid mine water (Brahaita et al., 2017)

The aim of this study is to assess calcitic limestone as a neutralising agent for synthetic acidic solutions
and to determine whether a soil profile containing limestone can act as a mine water neutralisation
reactor and aid in the treatment of acid mine water percolating through the root zone. This reactor could
essentially serve as a geochemical barrier that may form part of a containment strategy for acid mine
water. Considerations around neutralisation ability, such as limestone particle size in relation to
neutralisation efficiency, and the aggressiveness of the acidic solutions stemming from acidity already
present and the contribution of additional acidity due to the presence of acid-generating metal cations
in AMD were investigated. The location of limestone within the sand column, which emanates from its
placement in the soil profile in relation to the cultivation of perennial and annual crops, and lastly, the
leaching procedure for synthetic acid mine water that relates to the contact time between the limestone
and this leachate, were also considered.

For this sand column trial, it was hypothesised that limestone particle size becomes less important for
neutralisation as acidity increases, as the more aggressive the water, the more effective the dissolution
will be. Additionally, the location of limestone within sand columns is less important for neutralisation
than frequent wetting, which increases the contact time between limestone and the synthetic acid mine
water, thus aiding neutralisation.

9.2 MATERIALS AND METHODS — NEUTRALISATION OF THE SYNTHETIC ACIDS IN AN
AQUEOUS ENVIRONMENT

The first experiment involved neutralisation of sulphuric acid and synthetic acid metal cation mine water
at two pH levels, 2 and 3, using limestone particles of various sizes. The intention was to determine
whether limestone particle size is less important for achieving neutralisation as acidity increases. The
concept of increasing acidity refers to the presence of iron, aluminium and manganese ions, which can
undergo hydrolysis reactions and generate acidity in the form of protons (H* ions). Additionally, these
ions may precipitate as metal hydroxides and armour the limestone, which is identified to be a limitation
associated with limestone neutralisation. Limestone has a relatively slow dissolution rate, and for this
experiment, a mechanical mixing table was used to hasten dissolution and ensure sufficient mixing for
the duration of the experiment.
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A variety of limestone particle sizes was used to address the aim of the experiment. The idea of
performing neutralisation in an aqueous system emanates from the treatment of mine-impacted waters
by active treatment systems (such as a high-density sludge plant). This is because, in this system, the
neutralisation process occurs within the mine-impacted waters as alkaline agents are added to the water
to raise the pH.

The following limestone particle sizes were used for this experiment:

e <0.1mm

e 20.1Tmm<1mm
e 21mm<4mm
e =24mm<10mm

The average mass of single limestone grains of the largest particle size fraction (=4 mm < 10 mm) was
found to be about 0.20 g. This mass was used as the dosage of limestone for the experiment. A mass
of 0.20 g of each of the particle sizes was added to Schott bottles of 100 ml to execute the experiment.
This was conducted in triplicate for each particle size.

To prevent spillage of the acidic solutions from the bottles, 30 ml aliquots of the freshly prepared acids
(sulphuric and synthetic acid metal cation mine water) were added to each of the bottles. The pH of
each acid was directly measured in the Schott bottles using a calibrated Consort C830 pH electrode.
Measurements were taken every 20 minutes. The duration of the experiment was 100 minutes.

9.2.1 Preparation of synthetic acids

The formation of sulphuric acid in mine water contributes to its acidic nature. The sulphuric acid also
facilitates mineral dissolution, which further contributes to the toxic character of mine water by introducing
a variety of soluble metals to it. It is identified that iron, aluminium and manganese are the principal metals
that occur in most mine waters globally. In view of the above, it was decided to include the synthesis of
two types of acid in the project: sulphuric acid and sulphuric acid that had been dosed with iron, aluminium
and manganese ions (which will be referred to as synthetic acid metal cation mine water).

Since most mine-affected waters have a low pH range of 2 to 6, the pH for each of the acids was
targeted at the lower end of this spectrum. Therefore, a pH of 2 and 3 was chosen as the target pH
level for each of the acids used in the experiments. To reach the targeted pH for each acid, it was
necessary to produce a stock solution (1 M H2SO4) from which dilutions could be produced (Table 9.1).

Table 9.1: The required volume of stock solution needed per litre to produce the target pH levels and
actual pH values obtained

Targeted Concentration of H.SO4 Required volume of 1 M H.SO4 Measured
pH synthesised (M) stock solution (cm?) pH
2 0.005 5 2.08
3 0.0005 0.5 3.01

Note: The dilution was prepared according to the formula C{V: = CyV>, where C; denotes the
concentration of the stock solution (1 M), V7 is the volume of the stock solution used, C> is the
concentration of the target pH level and V- is the volume of the target pH to be made (1 ¢).

The synthetic acid metal cation mine water (Table 9.2) was prepared by dosing the sulphuric acid at
the targeted pH level with iron, aluminium and manganese ions. These metal cations were available as
sulphate salts in the laboratory and the following were used:
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e FeSO4. 7H0
e Alx(S04)3.18H20
e MnSO4.H20

Aqion was used to simulate cases whereby the abovementioned metals, at concentrations that could
be encountered in actual AMD, could be combined with sulphuric acid at a concentration of 0.005 and
0.0005 M without causing deviations in the targeted pH of 2 and 3.

From the outputs, those concentrations that were closest to attaining the targeted pH level of 2 and 3 were
used to derive the mass of each salt that would be needed. The synthetic acid metal cation mine water
was then produced by dosing sulphuric acid with the required amounts of the chosen salts as calculated
by Agion (Table 9.2).

Table 9.2: The mass of each sulphate salt required to produce a litre of synthetic acid metal cation mine
water for each target pH level and the concentration of metals present in the acids

. Concentration of metal present
Target Mass of salt required (g) (mg.£")
H
P FeSO.. 7TH.O0 | Alx(S0O4)3.18H20 | MnS0O4.H,0 Fe?* ARt Mn?*
2 4.98 6.17 0.77 1831 973 280
3 2.49 2.47 0.31 915 390 113

9.3 MATERIALS AND METHODS — NEUTRALISATION OF SYNTHETIC ACID METAL CATION
MINE WATER IN SAND COLUMNS

The second experiment focused on neutralising a synthetic acid metal cation mine water in a sand
column that contained limestone. Synthetic acid metal cation mine water corresponding to a target pH
of 2 (see Table 9.2) was used as the percolating solution for this experiment. It was decided to execute
this experiment by conducting a soil column leaching experiment. This experiment aimed to determine
whether the location of limestone in a sand column was less important for the neutralisation of a
synthetic acid metal cation mine water compared to the leaching procedure of the synthetic acid mine
water that relates to the contact time between the limestone and this percolating solution. The focus of
this work was neutralisation by limestone. Therefore, it was motivated that silica sand (2—4 mm) be
used as the medium for the columns as it is representative of a material that has limited to no inherent
buffering ability and facilitates percolation efficiently because of its high hydraulic conductivity.

The concept of the location of limestone emanates from its placement in or on the soil in relation to the
cultivation of perennial versus annual crops. Commonly employed methods of lime application for
perennial grasses involve broadcasting limestone on the surface without physical incorporation.
However, with annual crops, lime is applied to the field and incorporated into the soil. As a result, it was
decided to include treatments where limestone was applied to the surface of some columns, and where
it was mixed with the sand before being packed into other columns.

9.3.1 Soil column components

The columns were essentially clear polyvinyl chloride cylinders with an inner diameter of 10.5 cm, a
length of 30 cm and a volume of 2,598 cm3. The columns fit into a polypropylene base, which held them
in a vertical position. The base had a grid-like sieve on the inside that allowed leachate to exit the
column. A mesh-filter membrane barrier was placed above the sieve to prevent sand from passing
through the column. This barrier consisted of a 2 mm nylon gridded mesh, followed by 5 ym, 10 ym and
20 um filter membranes before being capped by another 2 mm nylon mesh.
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A black rubber O-ring was recessed around the inner diameter of the base to provide a tight seal
between the column and the base (Figure 9.1). The columns were filled to a depth of 25 cm with the
sand, leaving a 5 cm gap to provide space to accommodate the applied volume of synthetic mine water
to pass through the porous medium. Underneath each base, Schott bottles were attached so that the
leachate exiting the columns could be collected and analysed (Figure 9.2).

Figure 9.1: The column ensemble, which consists of a polyethylene tube and its base, with a gridded
sieve to allow leachate to exit the column and prevent the loss of soil

Figure 9.2: The ensemble that was utilised for the percolation and collection of the synthetic acid mine
water that was passed through sand columns containing limestone

9.3.2 Estimating the dosage of limestone applied to the columns

From the aqueous experiment, it was established that the mass of limestone used to induce
neutralisation of the synthetic acid metal cation mine water with an initial pH of 2 was 0.2 g per 30 m{
of acid water used. The approach for the sand column experiment was to use the same amount of
limestone per unit volume of synthetic acid mine water (with a pH of 2) to be passed through each
column. Since a total of 1.8 £ was percolated through the columns, the amount of limestone added to
each column was 12.6 g. Limestone particle sizes of less than 0.1 mm and larger than 4 mm, but less
than 10 mm, were considered for this experiment.
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9.3.3 Treatments and experimental procedure
The treatments for the experiment were as follows:

e Surface application of limestone to the sand columns

e Mixing limestone with the sand before packing it into columns

e Percolating 300 m?{ of synthetic acid mine water twice a week for three weeks (LP1)

e Percolating 100 m? of synthetic acid mine water per day for six consecutive days for three weeks (LP2)
e Limestone particle sizes of less than 0.1 mm and larger than 4 mm, but less than 10 mm

A total of 24 columns were used in this experiment. Of this total, 12 received limestone applied to the
surface of the sand column (Figure 9.3) and the remaining 12 received limestone that was mixed with
the sand before being packed into each column. Six of the 12 columns that received a surface
application of limestone had limestone particle sizes of less than 0.1 mm. The other six received
limestone particle sizes of larger than 4 mm, but less than 10 mm. The same division was used for the
12 columns that received limestone that was mixed with sand before being packed.

Figure 9.3: Surface application of 12.6 g limestone with a particle size of larger than 4 mm, but less
than 10 mm (left) and less than 0.1 mm (right)

The leachate from each column was collected in Schott bottles attached beneath the columns. Before
application of the next percolation event, the leachate was transferred into 50 m{ centrifuge tubes for
analysis. The leachates were analysed for pH only.

9.4 RESULTS
A summary of the results that were obtained for the individual experiments is included in Appendix A8.

9.4.1 Effect of imestone particle size on the neutralisation (increasing of pH) of sulphuric acid

Sulphuric acid is the primary source of acidity that affects mine-impacted waters, and its acidifying
potential is attributed to the presence of hydrogen ions (Dold, 2014). This strong diprotic acid will
disassociate releasing hydrogen and sulphate ions into solution as follows:

H2S04 () 5 2H*(@q) + SO4% (aq)
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Upon contact with an alkaline material such as limestone, the hydrogen ions consume the limestone,
resulting in its dissolution. This causes the release of Ca?* ions in addition to decreasing the
concentration of hydrogen ions in solution and essentially marks neutralisation as the pH increases
(Fusi et al., 2012).

CaCOs (s) + 3H* (aq) +S0O42 (aq) + H20 () 5 CaS04.2H20(s) + HCO3(aq)

In addition to neutralisation, partial sulphate removal can be achieved by the precipitation of calcium
sulphate as gypsum, hemihydrate or anhydrite, depending on neutralisation conditions (Geldenhuys et al.,
2003; Petkov et al., 2017).

Figures 9.4 and 9.5 represent the influence of a series of limestone particle sizes on increasing the pH
(neutralisation) of sulphuric acid at a pH of 2 and 3, respectively. Both figures indicate fine-textured
limestone with a particle size of less than 0.1 mm, which generated a pH slightly higher than 7, and was
the highest increase overall. This particle size proved to be the most efficient as this rapid increase in
pH occurred during the first 20 minutes of the reaction. As limestone particle size became coarser, it
was less effective in increasing the pH of the sulphuric acid, with a larger hydrogen ion concentration
(symbolic of a lower pH).

Figure 9.4 shows that sulphuric acid with an initial pH of 2 required longer than 80 minutes to initiate a
marked increase in pH when coarser limestone particle sizes were used. A particle size of less than
1 mm generated a pH slightly lower than 5; particle sizes larger than 1 mm, but less than 4 mm,
generated a pH slightly lower than 4; and particle sizes larger than 4 mm, but less than 10 mm, yielded
a pH lower than 3 over the duration of the experiment. Sjoeberg and Rickard (1984) found that, at a low
pH, the rate of limestone dissolution in an aqueous environment is almost directly proportional to the
concentration of hydrogen ions present in that system. That is, the lower the pH of an acid, the greater
the concentration of hydrogen ions (H+) present in solution. A shorter period is consequently required
to dissolve the limestone, consume acidity and reach neutrality. Subsequently, it can be expected that
the higher the pH of an acid, the lower the concentration of hydrogen ions present in the solution and
consequently the longer the period needed to dissolve the limestone and achieve neutrality.

Figure 9.5 explains that, within a period of 20 to 40 minutes, the coarser particle sizes begin to cause a
noticeable increase in the pH of the sulphuric acid. Limestone with a particle size of less than 1 mm
generated a pH slightly higher than 7; that greater than 1 mm, but less than 4 mm, produced a pH
slightly higher than 6; and a particle size greater than 4 mm, but less than 10 mm, resulted in a pH of
about 5 over the duration of the experiment.

A slight delay, after the initially rapid increase in pH was observed for fine-textured limestone (Figure 9.4).
Itis plausible that, when fine-textured limestone is used, the slight delay experienced could be attributed
to the formation of gypsum precipitate in solution due to the process of homogenous nucleation. This
step is identified to be responsible for sequestering sulphate concentrations in solution. The
homogenous nucleation is likely due to the product of the concentration of Ca?* and SOs? ions
exceeding the solubility product (Ksp) of CaSO4 (Ahmad, 2006). As a result, the ion activity product
(IAP) would theoretically be larger than the Ksp for CaSOs, implying that the aqueous system (solution)
is supersaturated with respect to the elements that form this solid, and that its precipitation in this
environment is possible (Essington, 2003).

A slight delay after the initially rapid increase in pH was noted for both fine-textured limestone and
limestone with a particle size less than 1 mm, which occurred after 40 minutes with the pH appearing to
plateau (Figure 9.5). This suggests that limestone with a particle size of less than 1 mm was slightly
constrained in its capacity to further increase pH, which could have been the result of the precipitation of
calcium sulphate (gypsum). Potgieter-Vermaak et al. (2006) mention that a slight delay after the initial fast
increase is due to a layer of precipitate on limestone particles that prevents further dissolution and
consequently neutralising ability. This explains the plateau in the pH that is observed for the solution.
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This precipitate is referred to as armouring. Hammarstrom et al. (2003) call this layer of precipitate,
which has developed on the surface of the particles, a rind of CaSOas. This coat is formed because of
heterogenous nucleation, a surface-induced precipitation process. Sparks (2003) explains the surface-
induced precipitation process as follows: There are zones around the limestone surface where the
dielectric constant of the solution will be less than that of the bulk solution. This results in a decrease in
the solubility around these zones and causes the formation of surface precipitates.
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Figure 9.4: Neutralisation of sulphuric acid with an initial pH of 2 as influenced by a series of imestone
particle sizes
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Figure 9.5: Neutralisation of sulphuric acid with an initial pH of 3 as influenced by a series of limestone
particle sizes

154



Irrigation with poor-quality mine water in Mpumalanga

9.4.2 Effect of imestone particle size on the neutralisation (increasing of pH) of synthetic acid
metal cation mine water

Synthetic acid metal cation mine water is essentially sulphuric acid that contains metal cations such as
Fe2*, AI®* and Mn?*. The assumption is that two sources of acidity are contained within the synthesised
mine water. The concentration of hydrogen ions in the sulphuric acid is the primary source of acidity,
while the ability of these metal cations to facilitate hydrolysis reactions is the secondary source of
acidity, referred to as mineral acidity (Madiseng, 2019).

Figures 9.6 and 9.7 represent the influence of a series of limestone particle sizes on increasing the pH
of synthetic acid metal cation mine water with a pH of 2 and 3, respectively. Both figures show that
limestone with the finest texture, i.e. with a particle size of less than 0.1 mm, generated a pH slightly
higher than 5 (the highest increase in pH overall) and plateaued at this range. A slight delay, after the
initially rapid increase in pH for limestone with the finest texture, was also observed with the synthetic
mine water with a pH of 3 (Figure 9.7). This suggests that metal hydroxide and hydroxysulphate
precipitation had occurred within these systems. At a pH of 5.5, Fe®* had precipitated as ferric hydroxide
in solution, which has a characteristic orange-ochre-like colour (Figure 9.8). No other particle size
fraction considered visibly demonstrated this precipitate.

The development of this precipitate can be attributed to the oxidation of Fe2* to Fe®*, which is influenced
by increasing the pH of the aqueous system. The increase in pH essentially drives redox conditions,
which prevents dissolved iron (Fe?*) from being stable and consequently causes its oxidation and
precipitation as ferric mineral species (Clarke et al., 1985). Bailey (2016) supports that at a pH of greater
than 4.5, Fe®* is likely to precipitate as Fe(OH)s. This precipitation is also likely to have generated acidity
by producing additional hydrogen ions in solution. The mineral acidity that has been generated is
supposedly responsible for causing the plateau in the increase in pH (neutralisation).

As particle size increased, the coarser sizes stimulated only a slight increase in pH (to about 3.5 at
most) with the pH appearing to be restricted or buffered against further increases as the experiment
continued (figures 9.6 and 9.7). The minimal increase in pH is attributed to limestone dissolution
kinetics, which is influenced by the surface area of the limestone particle (Sun et al., 2000), and
miniscule precipitate formation on the surfaces of the coarser size fractions is supposedly the main
factor, resulting in the only slight observed increase in pH.

Smaller specific surface areas are associated with coarser particle sizes, implying that a longer period
is needed to initiate an increase in pH, thus favouring the precipitation of metal hydroxides and
hydroxysulphates. These precipitates are responsible for contributing additional acidity, which must be
consumed in conjunction with the present quantity in the system.

This is suggested to prolong the dissolution of coarser particles of limestone, in particular, and increase
the probability of the surfaces of these particles being armoured by these precipitates. Jones et al.
(2014) mention that the precipitation of metal hydroxides, such as Fe(OH)3, is not a rapid process and
requires some time to occur. Furthermore, there will be zones or areas around the coarser particles that
may experience higher pH conditions than the bulk solution. This can oxidise ferrous iron around these
zones into ferric iron, which can enable hydrolysis reactions and precipitation as iron hydroxide minerals
such as Schwartmenite, Goethite or even Lepidocrocite (Jones et al., 2014).

By the process of heterogenous nucleation, surface-induced precipitation of iron hydroxide and
hydroxysulphate minerals may coat the limestone that can eventually build up over time. The precipitation
of these minerals can contribute additional acidity due to the generation of hydrogen ions because of the
hydrolysis reaction involved (Madiseng, 2019). The additional hydrogen ions could well act as a buffer to
increasing the pH of the acid (neutralise it), especially if coarser limestone particles are used.
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It then appears that, as the particle size of limestone used increases, its reactivity would essentially
decrease and be demonstrated to be ineffective in neutralising acidic solutions, which contain metals
that can liberate additional acidity, like acid mine water.
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Figure 9.6: Neutralisation of synthetic acid metal cation mine water with an initial pH of 2 as
influenced by a series of limestone particle sizes
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Figure 9.7: Neutralisation of synthetic acid metal cation mine water with an initial pH of 3 as
influenced by a series of limestone particle sizes
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Figure 9.8: The precipitation of ferric hydroxide, represented by the orange-rust-like colour
at a pH of about 5.5

9.4.3 Neutralisation of a synthetic acid metal cation mine water in a sand column

The approach was to pass synthetic mine water through sand columns, which contained limestone that
was mixed with sand before being packed into the columns (Figure 9.9), and which was applied to the
surface of the columns (Figure 9.10). Motivation for these application methods emanates from the
placement of lime in relation to the cultivation of annual and perennial crops. Lime is incorporated
(mixed) into the soil for annual crops, whereas for perennial crops, surface application is a commonly
employed technique. The ability of limestone to neutralise acid mine water is constrained by the slow
dissolution rate. Increased contact time between the limestone and acid mine water should overcome
this limitation to some extent.

Therefore, two leaching treatment procedures were used: LP1 and LP2. LP1 involved leaching 300 m¢{
of the synthetic mine water twice a week, whereas LP2 involved leaching 100 m{ of the synthetic mine
water daily. Figure 9.9 shows that fine-textured limestone, i.e. a particle size of less than 0.1 mm was
the most effective in neutralising the leached synthetic mine water for both procedures with a pH higher
than 4. However, leaching 100 m{ of the synthetic mine water daily (LP2) was more effective in
facilitating the neutralisation of synthetic acid mine water in sand columns with limestone that was mixed
with sand. It was observed that the pH for both procedures decreased after the initial increase, probably
due to the limestone being consumed, thus the concentration of limestone is thought to have decreased
over time.
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Figure 9.9: Neutralisation of synthetic acid metal cation mine water according to two leaching
procedures (LP1 and LP2) in a sand column with limestone of less than 0.1 mm and less than 10 mm
in size that is mixed with sand

Coarse limestone, that has a particle size greater than 4 mm, but less than 10 mm, performed poorly in
terms of neutralising the percolate, and showed a minimal increase in pH for both leaching procedures
(LP1 and LP2) (Figure 9.9).

Figure 9.10 illustrates that fine-textured limestone is also most effective at increasing the pH of the
leached synthetic mine water in sand columns with the limestone applied to the surface. Initially,
leaching 300 m{ of synthetic mine water twice a week (LP1) led to a pH slightly higher than 5. As
leaching progressed according to LP1, the pH markedly decreased for these columns. However,
leaching 100 m{ of synthetic mine water daily (LP2) was slightly more effective at facilitating an increase
in pH (neutralisation) than LP1.
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Figure 9.10: Neutralisation of synthetic acid metal cation mine water according to two leaching
procedures (LP1 and LP2) in a sand column with limestone of less than 0.1 mm and less than 10 mm
in size applied to the surface of the columns

Coarse limestone performed poorly in terms of neutralising the percolate and showed a minimal
increase in pH for both leaching procedures where limestone is applied to the surface of the sand
columns (Figure 9.10).
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Shorter contact time with LP1 is not as effective in neutralising leached synthetic mine water for both
the surface application of limestone and mixing limestone with sand, whereas an increased contact time
with more frequent leaching, as with LP2, is more effective for both locations of limestone in the sand
columns. Limestone particle size also has an effect in that fine-textured limestone is more effective for
both application methods, but is more effective with frequent leaching at a smaller volume/fraction
(LP2). In a study conducted by Brahaita et al. (2017), similar results were obtained. They concluded
that by increasing the length of their limestone channel, reducing the water flow rate and adding more
limestone, the time of contact could be increased, which resulted in the highest efficiency in terms of
neutralisation. Therefore, it is probable that leaching synthetic mine water with 100 m{ daily reduced
the flow rate, which allowed for an increased contact time between the limestone and the leachate,
which neutralised the leachate more effectively.

9.5 CONCLUSIONS

The first hypothesis states that limestone particle size is less important for neutralisation as acidity
increases and the concentration of hydrogen ions increases, which will allow for effective dissolution
and increase the pH. The study rejected this hypothesis based on the following experiments:

e Neutralising sulphuric acid with a pH of 2 and 3 by using a series of limestone particle sizes
e Neutralising synthetic acid metal cation mine water with a pH of 2 and 3 by using a series of
limestone particle sizes

The primary finding was that coarser particle sizes of calcite would essentially require prolonged periods
to attain an end-point pH of 7 as the acidity of the solution increased or its pH decreased (demonstrated
by the experiment that involved sulphuric acid). Furthermore, the capacity of these particles to increase
the pH of solutions, which can generate additional acidity, is buffered against (demonstrated by the
experiment involving synthetic acid metal cation mine water).

It is suggested, however, that, to overcome these challenges, a larger dosage of limestone of coarse
size fractions could be considered to lessen the duration required and to compensate for additional
acidity introduced. The concern raised, however, is that, by applying excessive quantities of larger
particles to overcome these challenges, the potential of their surfaces to experience precipitate
accumulation increases. This may render the limestone ineffective as it would be armoured by gypsum,
hydrosulphates and metal hydroxide precipitates.

The abovementioned experiments suggest that the particle size of limestone considered will be
important for increasing the pH (neutralisation) of acidic solutions as they had demonstrated that fine-
textured limestone was more efficient than coarse-textured limestone in neutralising the acid because
it enabled quicker dissolution of the limestone. The study confirmed that fine-textured limestone can
increase the pH of the acid so that ferrous iron can be oxidised to ferric iron, which precipitated into
ferric hydroxide. This precipitation is beneficial, as it would sequester metals.

This indicates that particle size remains a key factor for neutralisation, and if a limed soil profile is to
receive AMD, then fine particle size is required to do the following:

e Increase the surface area for the neutralisation reaction

e Reduce armouring concerns, which restrict the dissolution potential and neutralisation efficiency of
limestone

e Enable the sequestration of metals through precipitation, which could then be stored in the soil profile

The second hypothesis states that the location of limestone in sand columns becomes less important
for neutralisation with more frequent leaching at a lower volume, which increases the contact time
between the limestone and the synthetic acid mine water, thus aiding neutralisation.
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The study accepted this hypothesis based on the column leaching experiment. The ability of limestone
to neutralise synthetic acid mine water is not dependent on the location of limestone in the sand
columns. The study showed that increased contact time between the limestone and synthetic acid mine
water was more effective in neutralisation by leaching 100 m{ of synthetic acid mine water daily, which
probably reduced the flow rate, thus aiding neutralisation by increasing contact time. Additionally, the
particle size of the limestone considered in the sand column remained crucial with fine-textured
limestone demonstrated to be the most appropriate. Therefore, it is suggested that if AMD is applied as
irrigation to limed soil, appropriate irrigation techniques must be carefully considered and managed to
favour the contact time between the soil solution and the liming material to enable neutralisation.
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CHAPTER 10: MANGANESE(Il) OXIDISING
POTENTIAL OF SELECTED SOILS UNDER
DIFFERING OXIDATION CONDITIONS

SN Heuer, PC de Jager, PD Tanner, JG Annandale and HM du Plessis
10.1 INTRODUCTION

Using mine-affected water for irrigation may alleviate water treatment costs post-mine closure, and an
additional and supplemented water supply may assist in the reclamation of valuable agricultural lands
(Rodda et al., 2011). According to Annandale et al. (2006), irrigation with mine-affected water offers a
plausible solution to the environmental and economic problem mine-affected waters pose, as long as it
is effectively implemented, monitored and managed.

Many mine-affected waters contain appreciable concentrations of manganese. Understanding the
extensive relationships manganese has in the soil is thus of utmost importance if this manganese mine-
affected water is to be responsibly used. The South African Irrigation Water Quality Guidelines,
published by the Department of Water Affairs and Forestry in 1996 (DWAF, 1996), has set manganese
irrigation threshold concentrations. The manganese concentrations in these guidelines are as follows:
0.2 mg/t when irrigating with this water quality for 100 years; 10 mg/t when irrigating with this water
quality for 20 years; and 100 mg/kg when irrigating with this water quality for 100 years. The speciation
of manganese in irrigation waters and the soils to which they are applied determine whether manganese
is bioavailable, environmentally mobile or toxic. Manganese is highly redox active in the soil, and rapid
rates of Mn(ll) oxidation in soils render Mn(Il) unavailable. The rate of the biotic and abiotic oxidation of
Mn(ll) depends on the specific environmental conditions and sorbents present (Elzinga, 2011; Lefkowitz
et al.,, 2013). If some soils and conditions rapidly oxidise and render Mn(ll) unavailable, a blanket
manganese threshold value, as stated in the Irrigation Water Quality Guidelines, may need to be
reconsidered. A better understanding of the Mn(ll) oxidation potential of soil allows users, researchers
and authorities to make better-informed decisions about the utilisation of manganese-rich mine water
in agriculture and its considered environmental impact.

The aim of this study is to determine the impact a changing oxidising environment and a soil’s inherent
manganese concentration will have on a soil’'s Mn(ll) oxidising propensity. The hypotheses of this study
are that soils with elevated inherent manganese oxide concentrations in oxidised environments will
have a greater Mn(ll)-oxidising propensity than soils with little to no inherent manganese concentrations.
The objectives of the study are to investigate the Mn(ll) oxidation of soils with different total manganese
concentrations under differing oxidising conditions.

10.2 MATERIALS AND METHODS

After the completion of the Mn(ll) batch sorption trial, a quantitative mass balance can be determined.
By analysing the soil before and after the trial, a quantitative comparison can be made as to what each
soil sorbed, and the degree of sorption and manganese speciation. By analysing the solution’s
manganese content using ICP-AES analyses, the Mn(ll) amount sorbed and removed from solution can
be determined. The adsorption coefficients and isotherms for each soil for Mn(ll) determine the
efficiency and theoretical adsorption type for Mn(ll) in the soils. Determining the oxidisable and reducible
fractions of manganese in the soil before and after the experiment will allow one to determine the
effectiveness of the soil in oxidising Mn?* to Mn(lll + 1V), and therefore its Mn(ll)-oxidising propensity.

162



Irrigation with poor-quality mine water in Mpumalanga

10.2.1 The soil’s physical and chemical characterisation
Soil description

Four selected soils were used for this study: sand, andesitic-derived soil, dolomitic-derived soil and
manganese oxide-coated sand. After soil sample sourcing and the collection of these four soils, they
were stored in a temperature control room at 4 °C. Field moist conditions were maintained until the
sorption batch study began. Table 10.1 shows the general characterisation, classification and
description of the four selected soils used in this study.

The andesitic-derived soil was sourced from the University of Pretoria’s Experimental Farm. The soil
samples were collected up to a depth of 20 cm, and appeared reddish-brown in colour, indicative of the
presence of clays, with intermittent small manganese concretions visible. The dolomitic-derived soil was
sourced in the Irene area near Pretoria. This dolomitic-derived soil is rich in manganese. The soil samples
were collected up to a depth of 30 cm. Basement dolomite was intermittently intersected during the sample
collection process due to the undulating bedrock profile. This dark brown soil had calcitic (white) and
manganese oxide (black) concretions dispersed throughout the sample. This is indicative of the
composition of the dolomitic bedrock, as both the bedrock and the in situ soil were rich in calcium and
manganese.

Two of the soil samples used were not sourced in situ from the environment: the sand and the
manganese oxide-coated sand. The sand filter media and the manganese oxide-coated sand were
bought from a water treatment company, which states that it sources its manganese oxide sand from
the USA, where it is manufactured. The sand is sourced from a quartzite quarry outside Pretoria.

Table 10.1: General soil sample description and classification

Soil sample Source Soil description Geology
Sand Water treatment 99% silica sand (< 2mm) -
company
. University of Hutton soil classification Hekpoort Formahon andesite,
Andesite- : Pretoria Group,
; . Pretoria 0—20 cm depth
derived soil Experimental Farm Orthic A Transvaal Supergroup
P (Eriksson et al., 2006)
Mispah soil classification Lyttleton Formation, Malmani
Dolomite- Irene shooting p0_30 cm deoth Subgroup, Chuniespoort
derived soil range, Pretoria Orthic A hard F?ock Group, Transvaal Supergroup
(Obbes 2000)
Also known as “Birm”
i 0,
Magnesium- Water treatment | Bly'welghlp a 90% .
coated sand company aluminium si icate core is -
coated in a 10%
manganese dioxide

Soil physical characterisation

Soil colour and texture analyses were performed. The dry soil colour was visually determined using the
Munsell 7.5 YR colour chart. The soil texture analysis used is a method adapted from Bouyoucos
(1962). The soil preparation and pre-treatment for the soil texture analysis were as follows: Remove the
organic matter, 20 m{ of hydrogen peroxide was added to each 50 g soil sample. The samples were
placed on sand baths where they were heated and where excess water could evaporate. De-ionised
water was added intermittently to slow the soil and hydrogen peroxide reaction as this is a very
aggressive exothermic reaction.
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Soil texture determination was as follows: Following the removal of the organic matter, pre-treatment,
10 m{ of a Calgon-dispersing agent and 200 m{ of deionised water was added to each soil sample. The
samples were decanted into separate dispersion cups and mixed with an electric beater for five minutes.
Samples were then passed through a 0.053 mm wire mesh sieve until the solution appeared clear. This
is to ensure that the sand fraction was separated from the clay and silt fractions. Deionised water was
added to the silt and clay fractions to make up a 1 £ container.

Sand fraction determination was as follows: The fraction of the samples that did not pass through the
0.053 mm sieve, were carefully collected and transferred to containers and dried overnight in an oven.
The dry mass sand fraction was weighed and the sand fraction percentage determined.

Clay fraction determination was as follows: A blank sample of 1 £ was made up of a 10 m{ Calgon
dispersing agent and deionised water. The 1 { samples were thoroughly mixed with a plastic plunger.
After 06:35 hours of the sampling being undisturbed, a standard hydrometer (ASTM No 152 H) was
slowly placed into the 1 £ cylinders and the hydrometer readings were taken. The clay fraction
percentage was determined using the appropriate temperature column.

Silt fraction determination was as follows: The silt fraction percentage was calculated by subtracting the
clay and sand fractions from 100%.

Soil chemical characterisation

The soil pH and cation exchange capacity were determined to chemically classify the soils. Soil pH was
calculated to determine the relative hydrogen ion activity in the soil. To each 10 g soil sample, 25 m{ of 1
M potassium chloride solution was added. The samples were agitated and left undisturbed for an hour,
after which a calibrated pH meter was used to measure the pH of the supernatant. This process was
repeated with 25 m{ of deionised water, still having the 1:2.5 soil/water mass basis ratio (FSSA, 1974).

The soils’ cation exchange capacity analysis used an adapted method from Zelazny et al. (1996): A
quantity of 0.2 M KCI was added to 5 g of each soil. The samples were agitated for 20 minutes and then
centrifuged for 10 minutes. The clear supernatants were decanted. This procedure was repeated four
times. The samples were then washed with 30 m{ of 0.04 M KCI three times over, and the supernatants
were again decanted. The samples were weighed to determine the volume of the entrained solutions.
Finally, 30 m{ of 0.2 M ammonium chloride (NH4Cl) was added to the washed and weighed samples,
agitated and centrifuged a final time. This process was repeated four times, with the supernatants collected
each time. The collected supernatants were analysed for K* using ICP-AES (Zelazny et al., 1996).

10.2.2 Manganese batch sorption experiment

Experimental description and layout

The Mn(ll) batch sorption trial comprised four soils (sand, andesitic-derived soil, dolomitic-derived soil
and manganese oxide-coated sand), exposed to a 200 mg Mn(ll)/kg soil loading in solution. The soil-
solution system consisted of 500 m{ of manganese sulphate solution (MnSO, - 4H,0) exposed to 300 g
of each selected soil. The soils were not pre-treated or air-dried, and the experiment began with soils
at field moist conditions. These soils were split into three batches, and each batch was exposed to
different oxidation regimes: a 20-day oxidation/aeration, a 40-day oxidation/aeration, and a 15-day
oxidation/aeration plus a 25-day cycle increasingly reducing oxidation/aeration. This Mn(ll) batch
sorption trial was carried out in duplicates for each soil and oxidising regime. Figure 10.1 shows the
basic experimental set-up of this Mn(lIl) batch sorption trial.
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Figure 1 0. 1: Basic experimental set-up of the Mn(ll) batch sorption trial

The Mn(Il) loading used in this Mn(Il) batch sorption trial is double that of the stated South African Irrigation
Water Quality Guidelines’ manganese threshold. This Mn(ll) loading of 200 mg Mn(ll)/kg was chosen to
determine whether soils are capable of oxidising larger applied amounts of Mn(ll) than stated in the
guidelines.

The following calculations indicate how the Mn(ll) loading and salt concentrations were determined:

Using 500 m{ of deionised water and 300 g of soil, a set Mn(ll) loading of 200 mg/kg, the concentration
of Mn(Il) (mg/t) can be determined as follows:

Mn (II) concentration ( lg)*volume (L)

Mn (I1) loading (mg/kg) =

soil mass (kg)
(x 29)(0.5L)
200 mg/kg = W

X =120 mg Mn (Il)/ £

Knowing the Mn(Il) concentration (mg/t), the total salt concentration (MnS0, - 4H,0) can be determined:

Mn (II)loading ( )*Totul salt (MnS04+4H,0)molecular mass(mol)

Total salt concentration (g/f) = et motecular mass()
mol

_ 0.12%223.08
1x54.94

Therefore, adding 0.495 g MnS0, - 4H,0 to 1 { of water.

The contact time determined to be suitable for the maximum removal of Mn(ll) by the soils was split into
two contact or sampling time periods: 20 days and 40 days. Samples were agitated for 30 minutes daily
at room temperature. Each sample was aerated daily for five minutes (specific for each batch’s allotted
time) and stored in a temperature-controlled room (21 +0.3) °C, after the daily redox, pH, EC (uS/cm)
and TDS (mg/f) measurements had been taken. Figure 10.2 shows the samples before daily aeration
took place. Figure 10.2(ii) shows an example of the daily measurements being taken for samples of the
batch sorption trial.
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Figure 10.2: Samples after measurements were taken, before daily aeration; (ii) daily measurements
using an ORP probe

10.2.3 Soil monitoring, analyses and extractions

Soil redox monitoring

As the pH of the soils was unaltered by any pre-treatments, the changes to the soil’s natural pH, EC and
TDS conditions were observed throughout the experiment. Manganese speciation would thus have been
under conditions similar to those found of the soils in situ. This allows for simulating, in a laboratory-scale
experiment, similar conditions if the experiment was to be in situ. Monitoring the redox conditions of the
system ensured that the system remained oxidative during the aeration phases so that the oxidation
conditions were not viewed as a hindrance to the soils’ Mn(ll)-oxidising propensity. This ensured that the
manganese species present reflected a system under oxidative conditions. Monitoring the redox
conditions of the system during the periods of no aeration allows the effect of the system’s oxidative
conditions on the Mn(ll)-oxidising propensity of the soils to be determined.

The HM digital ORP 200 meter was used in this experiment to measure the daily redox potentials of the
solution. The oxidation reduction potential (ORP) probe uses a glass sensor and platinum reference
electrode cell. The HM digital COM 300 meter, a combined probe, was used to make daily pH, EC
(uS/cm) and TDS (mg/t) measurements. The HM digital COM 300 meter uses platinum electrodes and
a pH glass sensor with reference tube electrodes.

After 30 minutes of daily agitation, the redox probe is inserted until it is completely covered by the system’s
solution. After the system has stabilised, a potential difference reading is obtained and transformed into a
standardised redox potential (Eh) reading. This value was recorded for all the soils under both oxidising
regimes daily over the entire time frame of the experiment. The same process was followed for the use of
the combined probe, and daily pH, EC (uS/cm) and TDS (mg/f) measurements were recorded.

Manganese adsorption coefficients

The batch sorption experiments were carried out, and from the Mn(ll) ions left in solution at the end of
the experiment, the adsorption coefficient and isotherms of the different soils were determined under
differing oxidising conditions. The batch sorption experiment was carried out at a constant concentration
of Mn(lIl) and a constant soil-to-liquid ratio of 1:1.67, 300 g soil and 500 m{ manganese sulphate solution.
ICP-AES readings of Mn(ll) were taken of the solution added to the different soils at the start of the
experiment and at the end of the experiment.

Using known relationships between adsorption and adsorbents, a comparison of the Mn(ll) adsorption
efficiencies, the adsorption capacities and modelling of the adsorption isotherms could be determined.
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Using these calculations, a better understanding of the adsorption capacities of the manganese in these
soils could be obtained.

The Mn(Il) adsorption capacity (mg/g) was calculated using the following expression (Langmuir, 1918):

_(Co_ Ce)'V

e = m
Where C,is the initial manganese concentration in solution (mg/f), C, is the final manganese
concentration in solution (mg/f), V is the volume of solution (mf), and m is the mass of sorbent used (g).

The manganese sorption efficiency (MSE) (as a percentage) was calculated using the following expression
(Ilgwe and Abia, 2007):
c,— C
MSE% = CRRPT
Co

Where C, is the initial manganese concentration in solution (mg/f), and C, is the final manganese
concentration in solution (mg/t).

Total electron demand

A volume of 4 ml 0.2 M Kl and 12 ml 0.1 M HCI was added to 2 g field moist soil. All samples were
centrifuged for 15 minutes and membrane filtered. A starch solution (0.2 g potato starch boiled with 30 m¢{
water) was added to the extractants as the indicator solution. The extractants were titrated to a
colourless endpoint using 2 mM Na,S,0; (Bartlett, 1988).

Figure 10.3 gives a graphic representation of the manganese mass balance, and how determining each
fraction should provide more accurate and quantitative answers as to the speciation and oxidation of
manganese by these different soils. The KCI extraction analyses the exchangeable and oxidisable
manganese fraction of the soil, while the hydroxyl amine extraction analyses the reducible manganese
in the soil. Knowing the concentrations of these three main fractions of the soil-solution system before
and after treatment should allow one to determine the manganese adsorption and oxidisable potential
of the different soils.

Aqueous Min —<
(adsorption
efficiency)

Exchangeable
&oxldlzable { @

Reducible Mn

Figure 10.3: A simplification of the soil-solution system as seen in the manganese batch sorption
experiment, showing the concept of manganese mass balance determination
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10.3 RESULTS
10.3.1 Soil physical and chemical characterisation
Soil physical properties

The results of the adapted soil texture analyses from Bouyoucos (1962) or the “rapid method”, and the
use of the Munsell colour chart provided an overall representation of the different soils’ physical
characteristics (Table 10.2).

Table 10.2: Texture analyses of the selected soils

Soil texture
Soil sample Dry soil colour | Textural class | Clay Silt Sand
fraction | fraction | fraction
Sand 75YR7/6 Sand 1 2 98
Andesite-derived soil 2.5YR4/8 Clay 60 5 35
Dolomite-derived soil 7.5YR 2.5/3 Sandy loam 18 28 54
Manganese-coated sand 7.5YR 2.51 Sand 2 4 94

Soil chemical properties

The results provided in Table 10.3 provide a basic chemical characterisation of the selected soils used
in the batch sorption experiment.

Table 10.3: Basic chemical characterisation of the selected soils

Soil sample pH (H,0) pH (KCI) CEC (cmol,/kg)
Sand 4.45 3.32 1.36
Andesite-derived soil 5.65 4.09 5.45
Dolomite-derived soil 6.39 4.1 9.32
Manganese-coated sand 10.78 7.6 112.5

The pH (KCI) values were between two to three units lower than that measured by the pH (H,O). This
can be assumed to be an experimental error and these values are taken as being less accurate than
the pH (H;O). The pH of the manganese oxide-coated sand was surprisingly high, indicating the
presence of residual alkalinity, presumed to be from the production process of this sand. The sand and
andesitic-derived soil are slightly acidic, and the dolomitic-derived soil is near neutral. The baseline pH
assessment of these soils allows for comparison with any changes in the soils’ pH after the experiment
is complete.

The manganese oxide-coated sand and the andesite- and dolomite-derived soils have a higher inherent
manganese oxide content. The surface charge of the manganese oxides, coupled with the presence of
clay minerals, both contribute to the cation retention capacity of the soils. Based on the above cation
exchange capacity results, the manganese oxide-coated sand is expected to show the highest
manganese cation retention of all the soils, while the sand is expected to have the lowest manganese
cation retention. These results do not indicate the manganese-oxidising potential of the soils, but rather
the ability of the soils to retain dissolved manganese cations on surface adsorption sites.

10.3.2 Manganese batch sorption experiment

The following section looks at the adsorption efficiencies and adsorption coefficients, using linearised
Langmuir and Freundlich adsorption isotherms to model the adsorption capacities of the four soils.
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The Mn?* adsorption efficiencies of the four soils provides insight into how well the soils adsorb
manganese from solution. The type and number of surface adsorption sites depends on how well the
specific soil adsorbs Mn?* from solution.

Table 10.4: Summary of the Mn(ll) adsorption efficiencies (as a percentage) for the four selected soils
in the batch experiment

Oxidation regime
Soil type 2q days 4q days 15 days oxidativg and
oxidative oxidative 25 days reducing
Mn(ll) sorption percentage
Sand 23.9 53.8 254
Andesitic-derived soil 99.9 99.9 99.8
Dolomitic-derived soil 99.9 99.9 99.8
Manganese oxide-coated sand 94.3 98.9 96.6

A seen in Table 10.4, the sand samples had the lowest sorption efficiencies, indicating that the soil with
the lowest manganese oxide content and lowest CEC has the least surface adsorption sites for Mn?*,
and the presumed lowest oxidising ability.

Maximum removal of Mn?* from solution is within 20 days for the andesitic-derived, dolomitic-derived
and manganese oxide-coated sand samples. Adsorption by these soil samples is thus rapid. The sand
samples were only able to remove a bit more than half the Mn?* ions in solution after 40 days under
oxidising conditions. Sand has a low adsorption capacity for manganese in solution, and irrigating with
manganese-rich waters on very sandy soils means that large amounts of manganese remain
environmentally available and will easily leach through the soil profile.

The 15-day oxidation followed by 25-day reducing conditions had little impact on the manganese
adsorption of the andesitic-derived, dolomitic-derived and manganese oxide-coated sand samples. The
decrease in the oxygen content (Eh) of the sand-solution system saw a great decrease in the Mn?*
adsorption of the sand.

The soils with an increased inherent Mn(lll + IV) content had increased surface adsorption sites for the
removal of Mn?* ions, and were better able to remove Mn?* from solution, making it less environmentally
mobile. An analysis of the oxidisable and reducible manganese content of the soils will indicate the
manganese-oxidising potential and intensity of these soils.

The amount of adsorption at equilibrium and the adsorption coefficients provide an indication of effect
of the different oxidising regimes on the different soils’ manganese adsorption capacities.

Table 10.5: Summary of adsorption coefficients for Mn(ll) of the four selected soils for the three different
oxidising regimes

Oxidation regime
15 days oxidative
Soil type 20 days 40 days
oxidative oxidative gl 2? e
reducing
ge (mg/g)
Sand 46.3 109.2 50.3
Andesitic-derived soil 188.6 196.4 193.3
Dolomitic-derived soil 199.9 199.8 199.7
Manganese oxide-coated sand 199.9 199.8 199.6
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The adsorption capacities indicate that the 15-day oxidation followed by 25-day reducing conditions
impact on the adsorption capacity. Sand is most greatly affected by the removal of oxygen from the soil-
solution system, showing a decrease in its adsorption capacity by half when compared to the 40-day
oxidising regime. This provides the premise that oxygen, as an oxidant, has an impact on the adsorption
capacity of some soils. A greater impact is seen on soils with lower inherent manganese oxide
concentrations. The adsorption capacity of the andesitic-derived soil indicates that this soil’s
manganese adsorption capacity is positively influenced by the increased exposure time to an oxidised
system. The increased levels of oxygen present provide higher adsorption capacities.

The adsorbents’ performance is studied by adsorption isotherm data. This adsorption data is obtained
from the batch sorption experiment. The adsorption isotherm data is modelled to predict and compare
the adsorption performance of different materials, to optimise adsorption mechanism pathways, to
determine the adsorbents capacities, and to effectively design adsorption systems to treat water that
has undesired contaminants (Thompson et al., 2001).

The two-parameter linear Langmuir and Freundlich isotherm models are used to predict the overall
adsorption behaviour of sorbents. Using the linearised forms of these isotherm models is the most
widely adopted method to determine the isotherm parameters due to their mathematical simplicity. In
recent years, a linear analysis has been found to cause discrepancies between the predicted and
experimental data (Chen, 2015).

Table 10.6: Summary of linearised Langmuir isotherm parameters for Mn(ll) on the four selected soils

Linearised Langmuir adsorption isotherm
Soil type q. (mglg) K, (LImg) | qumax (Mg/g) R? R,
Sand 68.7 -0.599 459 0.9971 -0.014
Andesitic-derived soil 199.8 -0.922 49.8 0.9991 -0.002
Dolomitic-derived soil 193.2 -10 000 200 1 -8.3x 107"
ETEETEED @i 6 199.8 -4.38 108.7 0.9999 -0.009
coated sand
2.0 A ¢
r
1.8 - L@
1.6 - e
rd
1.4 y=0.0218x-0.0364 ,“
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o 10 y = 0.005x - 5E-07 7
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Figure 10.4: Linearised Langmuir isotherm for the adsorption of Mn(ll) for the four selected soils
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Due to sand not adsorbing a great deal of the applied Mn?* ions, the Langmuir isotherm is a completely
separate population when compared to the manganese oxide-coated sand, the dolomite-derived soil
and the andesite-derived soil.

Even though the coefficient of determination suggests extremely good correlation for these soils, the
linearised Langmuir isotherm constants determined suggest otherwise. Due to the intercepts of linear
regression lines being negative, the Langmuir constant is also determined to be negative, which affects
the separation factor. Negative K;and R; values indicate that the linearised Langmuir adsorption
isotherm does not correctly depict the adsorption process of Mn?* onto the surfaces of the selected
adsorbents. The assumptions used in the description of the Langmuir model of a monolayer of adsorbed
ions and the homogenous distribution of adsorption sites of the adsorbent are therefore not suited to
any of the adsorbents in this batch study.

10.3.3 Soil monitoring, analyses and extractions

Soil redox monitoring

Appendix A9 shows the monitored pH, EC (uS/cm) and TDS (mg/f) measurements for the four soils
over the period of the experiments for all the oxidation regimes. None of the different oxidative regimes
and the addition of Mn(Il) seemed to have an effect on the pH, EC or TDS of the four soil systems. After
the first four days of exposure of the soil to Mn(Il) and oxidation, the soil systems stabilised and the pH,
EC (uS/cm) and TDS (mg/f) remained relatively constant over the period of the experiment.

Figures 10.5A and 10.5C show the Pourbaix diagrams (Eh vs pH) for the 40-day oxidation and the 15-
day oxidation followed by 25-day reducing regimes for the four soils. Using the theoretical Pourbaix
diagram, a prediction can be made of the expected manganese speciation over the monitoring period
of the different oxidation regimes. Monitoring the system’s Eh confirms the system’s oxygen status, and
ensures that reducing conditions are not occurring when oxidation conditions should be taking place.

From Figure 10.5B, a steady increase in Eh is observed over the 40-day period, while the pH is constant
over the experimental period. The increase in the system’s Eh provides the premise to assume that the
speciation of manganese tends towards an increase in the solid Mn(lll) and Mn(IV) phases present in
the system. As the number of days of oxidation increases, the manganese species present in the
system changes from Mn?* to the more insoluble Mn,O, and MnO, phases.

Figure 10.5D shows the change in Eh of the soil systems over the 15-day oxidising followed by 25-day
reducing conditions. The manganese oxide-coated sand, even at its high pH, had a theoretical
manganese species change from a manganese oxide to a manganese hydroxide form. This is due to
the decrease in the redox status of the soil system. The other three soils showed an increase in the
system’s Eh, followed by a period of about two or three days of constant Eh, and finally a period of
sharp decrease in the system’s Eh. There were brief periods of Mn Mn,0O, and MnO, phases at around
Day 15 to Day 20, followed by the bulk of the solution being in the Mn?* phase for the three soils. This
specific change in the systems’ Eh showed how a system’s manganese speciation is highly dependent
on the system’s Eh. It can also be said that the system’s Eh therefore has a great influence, theoretically,
on the oxidation and manganese oxide species that would form under different oxidation conditions.

It is noted that, due to the residual alkalinity present in the manganese oxide-coated sand, and that no
pre-treatment of acid washing was administered, the very alkaline pH of this system will influence the
manganese speciation seen throughout the experiment for this soil.
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Figure 10.5: The redox potential (mV) vs the pH of the four soils over the 40-day aeration/oxidising period (A and B), as well as for the four soils over the 15-
day aeration/oxidising followed by 25-day reducing period (C and D)
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Hydroxyl amine extraction

The results of inherent manganese oxide concentrations, as well as the effects of different oxidising
regimes on the easily reducible forms of manganese from the experiment, are seen in Table 10.7.

Table 10.7: Easily reducible manganese fractions for the four soils under three different oxidising regimes

Contact time

15-days oxidative and

Soils 20-days oxidative 40-days oxidative 25-days reducing
Reducible Mn(lll and 1V) (mg/kg)

Sand 36.8 58.8 38.6

Andesitic-derived soil 735.8 933.2 682.6

Dolomitic-derived soil 2710.5 2880.4 2620.7

Manganese oxide-

coated sand 802.7 922.7 794.6

It was observed that all soils showed an increase in the Mn(lll + 1V) fractions of the soil when Mn?* was
added to the system. Under the 40-day oxidising conditions, higher amounts of the added Mn?" was
converted to Mn(lll + IV), indicating that increased time under highly oxidised conditions allows for
greater quantities of manganese oxidation of Mn?* to Mn(lll + IV).

The soil with the highest easily reducible forms of manganese was dolomite. This is due to its inherently
high amount of manganese, visually seen in the soil profile as black manganese nodules. The soll
expected to have the highest Mn(lll + V) was the manganese oxide-coated sand, yet it did not. The reason
for this was that the hydroxylamine extraction solution was most likely not a strong enough reductant to
remove the greater portions of Mn(lll + 1V) coated on the sand. The way in which the manganese oxide
coating is chemically bound to the sand during the production process requires a stronger reductant,
possibly dithionite-citrate or acid ammonium oxalate, to reduce and remove these fractions.
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Figure 10.6: Easily reducible fraction of manganese in the four soils for the three different oxidising regimes

No significant differences were observed among the three oxidising regimes of the sand soil samples.
This means that sand’s reducible manganese fraction is not statistically affected by the change in oxygen
levels in the system. As sand has a low CEC and inherent manganese oxide content, the reducible
manganese values seen are due to the oxidation and subsequent precipitation induced by the aeration.

Dolomite had the largest Mn(lll +1V) fraction. This is due to its inherently large manganese oxide
concentration, directly related to its residual formation from the parent material. The large Mn(lIl +1V)
concentrations indicate that this dolomite soil has a large potential to accept electrons and be a strong
oxidising agent. There was a slight decrease in Mn(lll +IV) content for the reducing conditions. This can
be attributed to some Mn(lll +1V) being reduced to Mn(ll) during the time of low redox potential.

The andesitic-derived soil saw a greater decrease in Mn(lll +1V) content during the reduced conditions.
This can be attributed to its low ability to buffer changes in the system to reduced conditions. A greater
fraction of the soil’s inherent Mn(lll +IV) was reduced to Mn(ll). All the soils showed an increase in
Mn(Ill +1V) concentrations with increasing oxidation conditions. An increase in the oxidising period
shows an increase in the oxidation of the added Mn?* ions. Soils with higher Mn(lll +1V) contents oxidise
Mn?* more readily and rapidly, and irrigating these soils with manganese-rich waters would render most
of the Mn?* unavailable, as it would be rapidly oxidised.

Table 10.8 shows the relationship and correlation between total electron demand (TED) and the
hydroxylamine extractable manganese fraction of the soils, or the reducible manganese fraction of the
soil (Mn(lll + 1V)), as well as the relationship of all the oxidising agents present in the soil on the soil’s
overall Mn?* oxidising capacity, especially the influence of Mn(lll + 1V) content on the soil’'s TED.
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Table 10.8: The regression analysis and coefficient of determination for the total electron demand and
hydroxylamine values of the four soils under three oxidising regimes

Y=0 Y=0 Y=0
041 | Y=-0009x+87 | 004 | Y7 '%305" * 1001| Y=0005x+1.9
_ Y = -0.0005x Y = -0.001x +
0.74 | Y =0.03x-563 | 0.002 o 0.09 o
) Y = -0.0.3x Y =-0.13x +
0.89 | Y=001x+227 | 0.04 v, 0.95 o1

The sand has no linear regression and coefficient of determination due to sand having zero TED for all
samples. The 20-day oxidative conditions for the remaining three soils show a linear regression, with
the points being relatively near one another. For the 40-day oxidative and 15-day oxidative followed by
25-day reducing conditions, the R? values do not show a strong correlation. The reason for this is that
no trend was seen in the values, instead there was a close cluster of the data points. Even though a
poor correlation is observed between the TED and reducible manganese content in these samples, this
relationship is possibly not a true reflection of the actual relationship usually seen with TED and
reducible manganese. If more data points were to be included, an increase in the accuracy of the
conclusion can be obtained.

Potassium chloride extraction

The results of inherent manganese oxide concentrations, as well as the effects of different oxidising
regimes on the easily oxidisable forms of manganese from the experiment, are seen in Table 10.9.

Table 10.9: Easily oxidisable manganese fractions for the four soils under three different oxidising regimes

The only significant differences between the oxidising regimes were for the andesitic-derived soil. This
is attributed to a decreasing redox potential of the system (decreasing Eh and O, content), which means
that there is an increase in the amount of easily oxidisable Mn(ll) present. A decrease in surplus electron
acceptors, O,, means that the Mn(lll +1V) also becomes reduced, and there is an increase in the amount
of exchangeable Mn(ll) present in the soil. The Eh of the andesite-derived soil was at an optimum value
for the Mn(lll +IV) to be more readily reduced than in the other soils.
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The abnormally high Mn(ll) value for the 15-day oxidation followed by 25-day reducing conditions can be
seen as a possible experimental error, but the decrease in the Mn(lll +IV) content for this soil under this
oxidising regime, as clearly seen in Figure 10.7, attributes the higher Mn(ll) fraction to the Mn(lll +IV)
reduction. Statistically, in the andesite soil, there is a significant difference between the two oxidising
regimes and the 15-day oxidation followed by 25-day reducing regime.

The sand soil had the highest fraction of exchangeable or oxidisable Mn(ll). This is due to the fact that
sand has a low inherent CEC, low clay content and a low inherent manganese oxide content, all
characteristics that greatly contribute to manganese adsorption and oxidation.

All soils showed an increase in Mn(ll) content, however slight, with a decrease in the O, content of the
system. This is attributed to the increased reduction of the Mn(lll +1V) fraction in the soils.

C
40 9| @sand b

W Andesitic derived soil

35 4| ®@Mn oxide coated sand

@ Dolomitic derived soil

Oxidizable Mn (I1) (mg/kg)

20 day oxidation 40 day oxidation 15-days oxidizing & 25-days reducing

Oxidizing regimes

Figure 10.7: Easily oxidisable fraction of manganese in the four soils for the three different oxidising regimes

Combining figures 10.6 and 10.7, Figure 10.8 shows the total manganese analysed. The ratio between
oxidisable and reducible manganese in each soil for each oxidation regime can be seen.
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derived soil coated derived soil derived soil coated derived soil
sand sand

20 day oxidation 40 day oxidation 15-days oxidizing & 25-days reducing

Figure 10.8: Easily oxidisable and reducible fractions of manganese making up the total manganese
fraction of the four soils for three oxidising regimes

10.3.4 Manganese (ll) oxidising potentials

Variations in the oxidising abilities and states within a soil profile result in the variable oxidation-
reduction status and adsorption, dissolution and precipitation throughout the profile (Somera, 1967).
Knowing the distribution of Eh throughout the soil will provide a provisional profile distribution of
manganese oxide formation. The ability of the soil to buffer a change in the Eh conditions also influences
the soil’'s response to changes in the addition or removal of electrons and the speciation of many
elements (Von de Kammer et al., 2000).

As stated by Heron et al. (1994), the oxidising capacity of soils helps predict the movement and
development of a contaminant plume, and can help to understand aquifer redox zones. Heron et al.
(1994) defined oxidation capacity as depending on the availability of electron acceptors or oxidised
species. This influences the ability of a system to restrict changes in the development of reduced
conditions.

Based on these results and the understanding gained throughout this experiment, a simple analysis or
categorisation can be determined. Figure 10.9 provides a generalised summary of predicting a soil’s
manganese-oxidising potential when looking at the inherent manganese oxide concentration of soils
and their manganese-adsorption capacities.
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Figure 10.9: A simplified breakdown of how measuring adsorption and the oxidisable and reducible
fraction of manganese can be used to determine a soil’'s manganese oxidising potential

The following two calculations are used to determine the manganese-oxidising potential percentage
and the manganese-adsorption efficiency percentage.

(NH,0H extractable Mn —KCl extractable Mn)*l00
Total Mn

MOP (%) =
o . - _ (Co=Ce)y
% Mn adsorption ef ficiency = 0 100

When comparing the two calculations, the accuracy and applicability of using solely the manganese
adsorption coefficient is questioned. Only looking at how much Mn?* is removed from the solution
system does not report on the speciation and availability of manganese after adsorption and oxidation.
If all the added Mn?* ions are adsorbed, the manganese adsorption coefficient would be 100%. If the
speciation of the adsorbed and oxidised Mn?* ions is analysed, there will be a higher fraction of
oxidisable Mn(ll) than reducible Mn(lll +IV), for example, providing an MOP value a lot smaller than that
first determined by the manganese adsorption coefficient.

Table 10.10: Manganese adsorption efficiency percentage and manganese oxidising potential percentage
for the four soils under three different oxidising regimes
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For soils with a higher inherent manganese oxide content, there is not much difference between the
adsorption efficiency values and the MOP. For soils with little to no inherent manganese oxide content,
the MOP would be a more accurate calculation and determination of the manganese oxidation. The
MOP considers the chemical speciation of manganese, and not merely what is adsorbed from solution.
This provides important information as to the reactivity and mobility of manganese in the soil.

When looking at the factors that affect the MOP of soils, this chapter focuses on two aspects, the
inherent manganese oxide content and the redox potential of the system. Relating the MOP percentage
of the soil to the change in the system’s Eh can provide possible insight into the influence the system’s
Eh would have on the soils’ MOP. This relationship can be seen in Figure 10.10.
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Figure 10.10: The MOP percentage of the soils in correlation with the change in Eh (mV) of the different
soil systems over the period of the batch sorption experiment

Sand has a lower coefficient of determination due to some outliers being a bit high and a bit low, and
shows a positive linear regression relationship between MOP and AEh. As the system’s Eh increased,
the MOP percentage of the sand also increased. Sand’s MOP is, therefore, controlled by a combination
of the soil’s inherent manganese oxide concentration, and the Eh conditions of the system. As sand
has a low inherent manganese oxide content, the system’s Eh is possibly more influential when it comes
to the adsorption, oxidation and precipitation of Mn?* to Mn(lll + V).

Manganese oxide-coated sand does not show a great difference in MOP for the great changes in Eh
experienced by the soil-solution system. A big decrease in the system’s Eh barely affected the soil’s
MOP. This means that the oxidising potential of the manganese oxide-coated sand is mainly controlled
by the inherent manganese oxide content and, to a much lesser extent, the system’s Eh. This soil has
a high inherent manganese oxide content. This shows that Mn?* oxidation is mainly controlled by
surface oxidation processes.

The dolomitic-derived soil had a similar result, as seen by the manganese oxide-coated sand. A change
in the system’s Eh had very small effect on the dolomite-derived soils’ MOP. With an extremely low
coefficient of determination, no strong correlation can be determined between Eh and MOP. As with
manganese oxide-coated sand, the dolomitic-derived soil has a high inherent manganese oxide
content, and surface oxidation processes mainly control the MOP of this system.
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Itis also noted that the system’s rate of oxidation was not examined in this experiment. The relationship
between the rate of Mn?* oxidation and the system’s change in Eh is an aspect to examine in further
work. Over longer periods of contact time and aeration periods, the effect of Eh alone on the Mn?*
oxidation is not solely a factor that affects MOP.

The andesitic-derived soil had the strongest correlation between MOP and change in the system’s Eh.
With an increase in the system’s Eh showing an increase in MOP between 10 and 15%, the MOP and
Eh of the andesitic-derived soil system can be seen to be greatly affected by these two factors.

Knowing the soil type, its inherent manganese oxide content and the Eh fluctuations in the soil profile
can provide invaluable information to users looking to irrigate with manganese-rich water. Knowing the
soil’s potential to oxidise Mn?* can help determine the fitness for use of water, and accurately project
any environmental risks or concerns associated with irrigation practices.

10.4 CONCLUSION

Four selected soils with varying inherent manganese concentrations were exposed to a manganese
loading of 200 mg Mn(ll)/kg in a batch sorption experiment with differing oxidation conditions. The
purpose of this experiment was to determine how effectively these soils adsorb and oxidise the added
Mn?*, and how fractions of the adsorbed Mn?* have speciated into easily oxidisable Mn(ll) and easily
reducible Mn(lll + IV). Using such determinations of adsorption and manganese speciation, a better
understanding can be established of how well soils are able to oxidise manganese, and how feasible it
is to consider irrigating specific soils with large amounts of Mn?* without expecting to negatively affect
soils and subsequently ecosystems.

The order of the adsorption capacities of the selected soils was found to be dolomite-derived soil >
manganese-coated sand > andesitic-derived soil > sand. This is fairly consistent with what was
predicted in the hypotheses, that soils with higher inherent manganese content would adsorb and
oxidise higher concentrations of Mn?* from solution.

The data of the adsorption of Mn(ll) by all four soils cannot be effectively expressed with the Langmuir-
and Freundlich-type adsorption isotherms. The linearisation of these models did not sufficiently describe
the Mn(ll) adsorption process and the experimental data either. Other more accurate adsorption models
can be used to determine the adsorption parameters for such manganese batch sorption studies.

A batch sorption experiment can provide abundant contact time for the system to reach equilibrium, and
for the system to adsorb and oxidise the maximum amount of Mn?* possible. Quantifying the MOP of
soil is possible by looking at the speciation of the adsorbed and oxidised manganese species. The
dolomitic-derived soil and the manganese oxide-coated sand were the soils with the highest inherent
manganese oxide content. These soils were the most effective in adsorbing and oxidising Mn?* from
solution under oxidising conditions. These soils had the lowest exchangeable and oxidisable Mn(ll)
content, and were therefore classified as the soils with the highest manganese-oxidising potential in
this experiment.

Soils with a high electron-accepting ability can ideally oxidise larger quantities of Mn?* ions if they were
to be irrigated with manganese-rich mine waters. This study concludes that current manganese
concentrations in the Irrigation Water Quality Guidelines should take the MOP of soils to be irrigated
into account.
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CHAPTER 11: ECONOMIC FEASIBILITY AND
ANALYSIS OF MINE WATER-IRRIGATED CROPPING
SYSTEMS

H Oosthuizen, GR Backeberg, JG Annandale, PD Tanner, M Aken, HM du Plessis and SN Heuer
11.1  INTRODUCTION

There is much interest in the use of mine-affected water for irrigation, especially if these saline waters
are gypsiferous (dominated by calcium and sulphate). Extensive research has been done on the
agronomic productivity of mine water-irrigated crops and the effects such waters have on soil and water
resources. Questions are now being asked about the economic feasibility of this practice, especially
considering that alternative approaches to managing mine-impacted waters are normally very
expensive, especially when considering the large volumes of waters that need to be managed.

SAPWAT4 was used to determine typical crop irrigation requirements in the Mpumalanga Highveld.
The calculation of crop irrigation requirements was based on climate data from Quaternary B11F,
assuming a loam soil under centre pivot irrigation. This quaternary falls in a summer rainfall area and
the climate is described as warm temperate, warm summer. Irrigation water availability assumed that
the mine generated an average of 10 M{ per day. Provision was made for a small buffer storage dam
of 40 M{, the equivalent of four days’ water supply to assist with short-term water management. For the
purpose of this study, no other storage costs were assumed, but if the mine had to pump at a constant
rate, additional storage would need to be built if on-site storage in mine voids was not possible. The
assumption was also made that the farmer rents the land at R750/ha per annum.

Two scenarios were modelled to utilise a water supply of 10 M{ per day:

e  Scenario 1: Maize mono-cropping (1,400 ha) (summer crop)
e  Scenario 2: Maize (450 ha) and soybean (225 ha) (summer rotation) and oats (675 ha) as a winter
crop (double-cropping) for high-density grazing for weaner backgrounding

The Mine-Fin model was developed for this project as a user-friendly financial assessment model that
integrates the following:

e  Whole-farm planning (20-year period)
e Financial analysis
e Comparison of different scenarios

The modelling framework consists of six modules:

e Enterprise crop budgets

e Projected capital budget

e Whole-farm cash flow projection over a 20-year period
e Income statement projection

e Projected balance sheet

e Economic and financial analysis
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11.2 COMPARATIVE ECONOMIC VIABILITY SCENARIOS

In order to determine economic viability and financial feasibility, the model provides for the following set
of criteria: internal rate of return (IRR), net present value (NPV), cash flow ratio, debt ratio and highest
debt.

Table 11.1 displays comparative indicators for the two scenarios. Production assumptions include
hectares cultivated, crop yield expectations and stocking rate per ha on irrigated oats. Higher crop yields
are expected for Scenario 2 due to the benefits of a crop rotation system compared to the monocrop
system of Scenario 1.

Scenario 2 has a lower capital investment due to the much smaller area cultivated per season. However,
with a double-cropping system (summer and winter crop), hectares cultivated annually are more or less
the same for the two scenarios, resulting in a much lower capital investment per hectare cultivated
(R33,218 for Scenario 2 as opposed to R53,308 for Scenario 1). Although Scenario 2 cultivates less
than half the area of Scenario 1, its production income is much higher due to the high gross turnover
realised from weaners on the high-density grazing system of irrigated oat pastures during winter
months. The higher production cost ratio (82% for Scenario 2 compared to 51% for Scenario 1),
however, results in a lower rate of return on capital invested.

The 20-year average cash flow ratio (155%) for Scenario 1 illustrates solid repayment capacity (norm:
2115%). The highest debt ratio (94%) is above the norm of 50%, which means that the farming operation
will not be financially feasible without subsidisation or own capital contribution. The debt ratio decreases
substantially over time. The maximum loan amount, including working capital, and without any own
capital contribution or subsidies, amounts to R107 million. Scenario 1 has an IRR of 27.2% and an NPV
of R38.1 million. The NPV/m? was calculated at R10,48 m-.

The 20-year average cash flow ratio (113%) for Scenario 2 is marginally below the norm of 2115%, but
still illustrates repayment capacity. The highest debt ratio (106% in Year 2) exceeds 100%, which means
that the operation is technically insolvent during the first two years of operation. From Year 5 onwards,
the debt ratio is within acceptable financing norms, i.e. under 50%. It is clear that the operation will not
be bankable from a commercial point of view without own capital contribution or subsidy. The maximum
loan amount, including working capital, amounts to R103 million. Scenario 2 has an IRR of 21.7% and
an NPV of R16.6 million. The NPV/m?3 was calculated at R4,55 m=.
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Table 11.1: Comparative indicators for Scenario 1 (monocrop) and Scenario 2 (crop rotation)

Production assumptions Scenariol| Scenario 2
Total ha cultivated - seasonal crop 1400 675
Total ha cultivated annually 1400 1350

Maize yr 1 (t/ha) 12.48 13.02

Maize yr 3 (t/ha) 13.00 13.51

Maize yr 5 (t/ha) 13.00 14.00
Crop yield Maize yr 7 (t/ha) 13.00 14.00

Soybeans yr 1 (t/ha) 3.60

Soybeans yr 3 (t/ha) 4.05

Soybeans yr 5 (t/ha) 4.50

Soybeans yr 7 (t/ha) 4.50
Stocking rate (weaners / ha oats) 8.00
Financial indicators Scenariol| Scenario 2
Capital investment * 74 631 000 44 844 000
Capital investment per ha cultivated 53308 33218

L Yrl 48 048 000 64 858 050

Production income

Yr5 50 050 000, 67 144 050
Direct and non- Yrl 25278337 54 691 253
allocated costs Yr5 25278 337 54 691 253
20-yr avg prod cost ratio 51% 82%
20-yr avg cash flow ratio 155% 113%
Highest debt ratio 94% 106%

Yr3 62% 98%
Debt ratio Yr6 8% 25%

Yr 10 5% 6%

Yr3 -29391151] -30598 844
Bank balance Yr6 30975 560 -2926 547

Yr 10 116 058 457 38 275 168
Maximum loan amount (end of year) 61 816 359| 42 023 397
Maximum loan amount including working capital 107 884 025 103 019 302
Breakeven Yr3 Yr7
Net Present Value (NPV) 38 147 917 16 600 092
Internal Rate of Return (IRR) 27.2% 21.7%
Irrigation water requirement (m3) 3640000 3593 250
NPV per m3 R 10.48 R4.55

* Initial investment - vehicles, equipment and machinery - no land

Table 11.2 displays the sensitivity and modelling results of the different scenarios. Scenarios are

defined as follows:

e Scenario 1: Irrigated maize — monocrop production system (1,400 ha): base case irrigation water

salinity (EC of 150 mS/m)

e  Scenario 1a: Same as Scenario 1, but with 50% own capital contribution
e  Scenario 1b: Same as Scenario 1, but EC 350 mS/m yield levels apply
e Scenario 1c: Same as Scenario 1, but EC 650 mS/m yield levels apply

Scenario 2: A 450 ha short season maize, and 225 ha soybeans (summer crop rotation) and 675 ha
oats as a winter crop for grazing with beef weaners (double-cropping): base case EC 150 mS/m
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e  Scenario 2a: Same as Scenario 2, but with 50% own capital contribution
e  Scenario 2b: Same as Scenario 2, but with 70% own capital contribution
e Scenario 2c: Same as Scenario 2, but EC 350 mS/m yield levels apply
e Scenario 2d: Same as Scenario 2, but EC 650 mS/m yield levels apply

The 50% own capital contribution (i.e. 50% of capital investment) has a positive impact on highest debt
ratio, as well as loan amount required. Both scenarios 1 and 2 will not be commercially viable without own
capital contribution or subsidisation. A 50% own capital contribution (R37.315 million) for Scenario 1 is
required to get the annual financial indicators within acceptable financing norms. Without any own
contribution, a loan of R108 million in Year 1 will be required to start the operation (including operational
expenditure). With the 50% own contribution (R37.315 million), the required loan amount decreases to
R67.3 million.

For Scenario 2, a 70% own capital contribution (R31.390 million) is sufficient to get the project within
acceptable financing norms measured annually. Without any own contribution, the project will require a
loan of R103 million to finance capital and operational expenditure. With the 70% own contribution
(R31.390 million), the required loan amount decreases to R69 million.

The negative impact of increasing EC levels on yield and profitability is clearly illustrated in the declining
NPV, IRR and NPV/m3.

Large-scale crop production maximises economies of scale, but is not that efficient at creating jobs.
Settling several emerging commercial farmers on such a scheme would be beneficial from a social
perspective (increased job creation and improved livelihoods of more people compared to the large
commercial farm option). However, economies of scale would be lost, making such farming activities
less resilient and riskier, and government or industry support would be required to get these producers
on their feet. It may be ideal if this could be done with existing farmer support programmes.

All scenarios modelled, including those with EC 650 mS/m levels, demonstrate positive financial returns.
Scenario 2d (EC 650 mS/m) shows the lowest NPV per m3, i.e. R2,22 NPV per m? irrigation water
applied. This is, however, still a positive return on investment compared to the expected cost of around
R26/m3 for alternative mine water treatment.
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Table 11.2: Sensitivity analysis

Scenario 1 Scenario 2
Base case 50% own Base case Base case Base case 50% own 70% own Base case Base case
EC150 mS/m contr EC350 mS/m | EC650 mS/m | EC150 mS/m contr contr EC350 mS/m | EC650 mS/m

Production assumptions Scenariol | Scenario la | Scenario 1b | Scenario 1c Scenario2 | Scenario 2a | Scenario2b | Scenario 2c | Scenario 2d
Total ha cultivated - seasonal crop 1400 1400 1400 1 400 675 675 675 675 675
Total ha cultivated annually 1400 1400 1400 1 400 1350 1350 1350 1350 1 350

Maize yr 1 (t/ha) 12.48 12.48 12.30 10.13 13.02 13.02 13.02 13.02 10.91

Maize yr 3 (t/ha) 13.00 13.00 12.30 10.13 13.51 13.51 13.51 13.24 10.91

Maize yr 5 (t/ha) 13.00 13.00 12.30 10.13 14.00 14.00 14.00 13.24 10.91
Crop yield Maize yr 7 (t/ha) 13.00 13.00 12.30 10.13 14.00 14.00 14.00 13.24 10.91

Soybeans yr 1 (t/ha) 3.60 3.60 3.60 3.60 3.60

Soybeans yr 3 (t/ha) 4.05 4.05 4.05 4.05 4.05]

Soybeans yr 5 (t/ha) 4.50 4.50 4.50 4.50 4.46

Soybeans yr 7 (t/ha) 4.50 4.50 4.50 4.50 4.46
Stocking rate (weaners / ha oats) 8.00 8.00 8.00 8.00 8.00)
Financial indicators Scenario 1 Scenario 1 Scenario 1 Scenario 1 Scenario 2 Scenario 2 Scenario 2 Scenario 2 Scenario 2
Capital investment * 74 631 000 74 631 000 74 631 000 74 631 000 44 844 000 44 844 000 44 844 000 44 844 000 44 844 000
Capital investment per ha cultivated 53 308 53 308 53 308 53 308 33218 33218 33218 33218 33218
Production income Yrl 48 048 000 48 048 000 47 347 300 38 988 950 64 858 050 64 858 050 64 858 050 64 858 050 62 241 975

Yr5 50 050 000 50 050 000 47 347 300 38 988 950 67 144 050 67 144 050 67 144 050 66 208 500 63 266 929
Direct and non- Yrl 25278 337 25278 337 25278 337 25278 337 54 691 253 54 691 253 54 691 253 54 691 253 54 691 253
allocated costs Yr5 25278 337 25278 337 25278 337 25278 337 54 691 253 54 691 253 54 691 253 54 691 253 54 691 253
20-yr avg prod cost ratio 51% 51% 53% 65% 82% 82% 82% 83% 87%
20-yr avg cash flow ratio 155% 158% 150% 128% 113% 114% 115% 111% 107%
Highest debt ratio 94% 49% 94% 111% 106% 63% 47% 106% 126%

Yr3 62% 8% 69% 110% 98% 42% 21% 98% 124%
Debt ratio Yr 6 8% 5% 8% 94% 25% 6% 5% 36% 119%

Yr 10 5% 4% 5% 10% 6% 4% 4% 6% 14%

Yr3 -29391 151 7 096 240 -33 607 354 -59 392 254 -30 598 844 -12 030 886 -4 881419 -30964 228 -40 489 985
Bank balance Yr 6 30975 560 69 793 393 20058 827 -30512 187 -2 926 547 18 466 908 26 085 047 -5450190| -24377 946

Yr 10 116 058 457| 158 340 389 95 886 705 14 446 371 38 275 168 61514 804 69 812 785 32714 180 3269 786
Maximum loan amount (end of year) 61 816 359 20182753 62 536 506 71126 824, 42 023 397 22 429488 15994 972 42 023 397 44712 076
Maximum loan amount including working capital 107 884 025 67374669 107884025 107884025] 103019302| 103019302| 103019302| 103019302 103019 302
Breakeven Yr5 Yr3 Yr3 Yr9 Yr7 Yr5 Yr4 Yr7 Yr10
Net Present Value (NPV) 38147917 44 753 002 31632 145 10 489 892 16 600 092 23593 029 26 342 261 14 794 057 8111 848
Internal Rate of Return (IRR) 27.2% 40.7% 24.6% 15.0% 21.7% 36.7% 50.0% 20.8% 15.8%
Irrigation water requirement (m3) 3 640 000 3 640 000 3 640 000 3 640 000 3593 250 3593 250 3593 250 3593 250 3593 250
NPV per m3 R 10.48 R12.29 R 8.69 R 2.88 R 4.55 R 6.46 R7.22 R 4.05 R2.22

* Initial investment - vehicles, equipment and machinery - no land
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11.3 CONCLUSION

The objective of this study was to determine the economic viability of irrigating with poor-quality mine
water. Two different scenarios were modelled: Scenario 1: Maize mono-cropping (summer crop, long
grower) — 1,400 ha, and Scenario 2: Maize (450 ha) and soybean (225 ha) (rotation) and oats (675 ha)
as a winter crop (double-cropping) for grazing for weaner production. DSS modelled yields for EC 150 mS/m
were applied for maize, soybean and oats in the base case for each scenario.

The NPV for Scenario 1 was calculated at R38.147 million and the IRR at 27%. Both indicators
demonstrate economic viability, although the highest projected debt ratio (94%) exceeded financing
norms. The NPV per m® mine water was calculated at R10,48/m3. The NPV for Scenario 2 was
calculated at R16.6 million and the IRR at 22%. The NPV per m?® mine water was calculated at R4,55/m3.
Although the NPV and IRR demonstrate economic feasibility, the highest projected debt ratio (106%)
again, similar to Scenario 1, exceeded financing norms. Both these scenarios are economically viable,
but will not be financially feasible without own capital contribution.

Increasing EC levels, as can be expected, led to decreased yields that have a negative impact on
economic viability. However, even with very poor-quality water at an EC of 650 mS/m, a positive return
on investment (R2,22 NPV per m? irrigation water applied) is realised, compared to the expected cost
of around R26 per m? for alternative mine water treatment.
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CHAPTER 12: CONCLUSION

JG Annandale, PD Tanner and SN Heuer
121 PROJECT OVERVIEW

The expensive treatment and discharge of effluent from a mine into water resources is normal practice
for most South African mines, and decanting mine water is now exacerbating South Africa’s water
quality challenges. The beneficial use of poor-quality mine water for irrigation has proven to be a cost-
effective, alternative re-use of mine-affected water. If mines can assist in creating irrigated cropping
systems that can produce food for local needs, as well as additional income, this can empower local
communities and create economic opportunities.

This WRC project has demonstrated that irrigation can be responsibly used as part of an integrated
poor-quality mine water treatment strategy, and the guidelines developed (TT 855/2/21) can assist key
decision makers to reduce risks when considering irrigation with mine water. The long-term impact and
sustainability of mine water irrigation was quantified from the 19-ha unmined land monitoring data and
the modelling of this system. On a small experimental scale, the use of untreated AMD on limed soil,
limed and clarified AMD, and limed AMD that still contains metal hydroxide sludge (unclarified), showed
promising results on crop growth, with limited negative effect on soil properties.

Not all mine-impacted water is suitable for irrigation purposes, thus risk-based approaches and long-
term monitoring are imperative for ensuring sustainable irrigation with acceptable environmental impact.
All potential risk factors associated with the soil, water and crops irrigated with mine waters should be
assessed to indicate monitoring requirements and identify means of setting thresholds for action when
monitoring indicates that constituents of concern are outside acceptable limits. Using models such as
SWB and the SAWQI-DSS, assessments on site-specific factors that influence the suitability of mine
water for irrigation can be undertaken.

Irrigation with mine water over the long term can be viable, sustainable and feasible if the appropriate
management practices are in place.

122 RECOMMENDATIONS

Possible future studies that may reinforce the notion that irrigation with poor-quality mine water is a
feasible alternate water utilisation strategy can include the following:

e  Further investigating the impacts through foliar injury or damage of selected agronomic and
pasture crops irrigated with mine-affected water

e Assessing food safety guidelines through field-based trials on historically contaminated sites

e Assessing irrigation water quality guidelines and food safety guidelines for other potentially
hazardous trace elements like cadmium, chromium and mercury

e Reviewing the method detection limits and the toxicity characteristic leaching procedure for
assessment of high-density sludge using the South African Guidelines

e Investigating the impact of irrigating limed soil with untreated AMD on soil chemical properties and
the potential of the profile to act as a neutralising reactor
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APPENDIX A1: Mafube unmined land costing report

Fertilizer regime and budget

Table A1:1: Fertilizers applied to the field at the Mafube unmined site

9.1.2 (38) 0.5% Zn @ 500

- 161.3 17.9 35.8 . R2 572,59
3.21 (38)&?1‘2"_12” @200 38 253 12.7 . R1 343,00
None - - - - R0,00
R3 915,59
9.1.2 (38)&?1‘2"_12” @500 142.5 15.8 316 . R2 526,00
4.3.4(36) 0.4% Zn + 3.9%
s 327 245 327 9.75 R1 400,00
@ 250 kg ha!
o]
Uzrseg : 6|<°a-1 115 - - - R1088,75
R5 014,75
9.1.2 (38)&?1‘2"_12” @500 142.5 15.8 316 . R2 580,00
4.3.4(36) 0.4% Zn + 3.9%
s 327 245 327 9.75 R1 490,00
@ 250 kg ha™!
250 kg e 15 - - - R1 150,50
R5 220,50
9.1.2 (38)k%5hZ°_1Z” @500 142.5 15.8 316 . R2 640,00
434 (36) 0.4% Zn + 3.9%
s 327 245 327 9.75 R1 520,00
@ 250 kg ha™!
250 kg e 15 - - - R1210,00
R5 370,00
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Table A1:2: Pre-planting herbicide sprays at Mafube unmined site

2{ha' R196,00
700 m{ ha! R62,89
200 m{ ha™! R13,40
2 L per 2 000 £ water R2,90
2 {ha' R51,00
R 326,19
256 m{ ha' R52,47
1.2 L ha' R98,40
2{ha' R73,80
100 m{ ha R6,30
100 m{ ha' R3,40
2 {ha' R56,00
R 290,38
260 m{ ha! R55,00
1.2 L ha' R104,40
2{ha' R76,50
100 m{ ha R6,80
100 m{ ha' R3,60
2{ha' R58,00
R 304,30
280 m{ ha! R59,50
1.2 L ha' R105,00
2{ha' R78,60
100 m{ ha' R7,00
100 m{ ha' R3,80
2 {ha' R59,50
R 313,40
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Table A1:3: Post-planting herbicide sprays at Mafube unmined site

2.5 ha’ R196,00
682 m{ ha™' R62,89
800 m{ ha™' R13,40
er 2 000 £ water R2,90

R 326,19
200 m{ ha™! R52,47
682 m{ ha™' R98,40
2 L ha' R73,80
100 m{ ha R6,30
100 m{ ha R3,40
R 290,38
200 m{ ha™! R55,00
690 m{ ha™' R104,40
2 L ha' R76,50
120 m{ ha R6,80
100 m{ ha R3,60
R 304,30
210 m{ ha™' R59,50
690 m{ ha™' R105,00
2 L ha' R78,60
120 m{ ha R7,00
100 m{ ha R3,80
R 313,40

Table A1:4: Post-planting fungicide sprays at Mafube unmined site

500 m{ ha!
500 m{ ha'

R107,75
R14,25
R 326,19
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Table A1:5: Beestepan Boerdery Costing Report

2016/17 2017/18 2018/19 2019/20
Direct input costs Dryland Dryland | lIrrigated Dryland | Irrigated Dryland | Irrigated
R per ha
Fertilizer and minerals 3915,59 2 200,00 5014,75 4 358,00 5265,5 4 663,10 5634,10
Herbicides and insecticides 556,63 394,05 394,05 399,20 399,20 427,15 427,15
Fungicides 122,00 - - - - - -
Seeds 1727.68 1745,30 2 706,30 1776,00 2 841,62 1 882,60 2 983,70
Fuel 1 441.59 1 528,09 1 528,09 1604,45 1604,45 1716,76 1716,76
Repairs and maintenance 1577,65 1672,31 1672,31 1755,95 1 755,95 1 878,90 1 878,90
Rent 450,00 477,00 477,00 500,85 500,85 535,90 535,90
Depreciation 1 625,43 1722,96 1722,96 1809,11 1809,11 1 935,75 1 935,75
Fixed improvements 74,01 78,45 78,45 82,40 82,40 86,50 86,50
Wages (temporary staff) 367,27 389,31 389,31 408,78 408,78 429,22 429,22
I 2016/17 2017/18 2018/19 2019/20
Dryland Dryland Irrigated Dryland Irrigated Dryland Irrigated
Salaries (permanent staff) 2 675,83 2 836,38 2 836,38 2978,20 2978,20 3 196,30 3196,30
Medical aid (Provident Fund) 209,37 221,93 221,93 233,03 233,03 247,02 247,02
Electricity 326,97 346,59 346,59 363,92 363,92 382,12 382,12
Transport for contractors 80,88 85,73 85,73 90,00 90,00 94,50 94,50
Insurance and licences 85,68 90,82 90,82 95,36 95,36 102,04 102,04
Silo cost and packaging 3,67 3,89 3,89 4,09 4,09 4,30 4,30
Telephones 24,86 26,35 26,35 27,70 27,70 29,70 29,70
Statutory levies and WCC 130,86 138,71 138,71 145.65 145,65 155,85 155,85
Sundry operating expenses 118,45 125,56 125,56 131,88 131,88 138,50 138,50
Total cost per hectare R15 514,42 R15 980,09 R17 859,17 R16 779,10 R18 752,15 R17 906,20 R19 978,30

Note: Irrigation and pumping costs (estimated at R5 000 per ha) are covered by Mafube Colliery.
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APPENDIX A2: Mafube unmined pivot: grain chemical analyses

Table A2:1: Chemical constituents of the grain of white maize from the irrigated Mafube unmined pivot

Year Year
Dryland
K 18,3 14,5 12,92 K 17,3 21,5 18,3
Mg 8,9 9,63 9,11 Mg 9,8 9,5 10,1
Ca 0,4 0,61 0,68 Ca 0,3 0,6 0,85
Na 0,022 0,009 0,01 Na 0,024 0,029 0,03
o0 S 9,5 8,2 8,9 S 9,9 8,3 9,1
% P 32,3 24 27,5 P 31,2 26,8 29,7
€ B 0,015 0,066 0,04 B 0,017 0,03 0,01
; Fe 0,112 0,12 0,15 Fe 0,142 0,12 0,163
‘® Mn 0,044 0 0,013 Mn 0045 | 0055 | 0,053
O Al 0,01 0,011 0,015 Al 0,01 0,03 0,021
Cu 0,008 0,005 0,003 Cu 0,008 0,004 0,004
Zn 0,143 0,125 0,2 Zn 0,157 0,17 0,26
Hg 0,001 0,001 0,001 Hg 0,001 0,001 0,001
Cd 0,001 0,001 0,001 Cd 0,001 0,001 0,001
Cr 0,0009 0,0004 0,0007 Cr 0,0004 0,0006 0,0003
Pb 0,006 0,006 0,006 Pb 0,006 0,006 0,006
Year Year
Dryland
K 11870 12405 12655 K 12350 14840 15890
Mg 2620 2450 2905 Mg 2510 2423 2630
Ca 1895 2120 2230 Ca 2000 1975 2015
£ Na 85 92 95 Na 31 30 33
3 S 445 425 450 S 775 763 790
L) P 350 355 341 P 419 433 421
B 3,9 3,3 4,5 B 3,5 4,7 3,8
Fe 2,6 2 2,4 Fe 3,5 3,2 3,3
Mn 3 2,7 3,1 Mn 6,9 5 6,5
Al 43 42 58 Al 43 36 49
Zn 12 6,8 14 Zn 19 12 15
Year Year
Dryland
K 12630 10895 11210 K 13780 12105 13345
Mg 4015 3928 4210 Mg 4650 4380 4515
Ca 6200 6110 6450 Ca 6430 6085 6570
17, Na 8,9 8,7 9,2 Na 67 65 70
q>" S 1080 880 1230 S 1870 1633 1950
8 P 980 850 1100 P 1810 1440 1750
= B 6,2 5,9 7 B 9,7 10,3 10,1
Fe 20 22 18 Fe 11 15 13
Mn 41 45 38 Mn 51 55 48
Al 497 519 489 Al 396 385 401
Cu 2,4 2,6 2,3 Cu 2,8 3 2,9
Zn 27 29 28 Zn 29 25 27
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APPENDIX A3: Mafube unmined pivot: average soil constituent concentrations

Table A3:1: Laboratory analysis results for soil sampling sites within the pivot boundary (0—30 cm depth)

Chemical Constituents (mg/L)
Depth
pH EC Na K Ca Mg | so. | P | Fe Mn Al Ccu Zn
5,8 181 24 62 632 201 223 48 80 18 812 2 4
5,7 213 27 69 627 191 250 56 91 23 893 3 4
6,1 173 22 79 623 176 211 45 76 16 798 2 3
6,3 166 19 71 642 169 204 39 74 14 801 3 3
5,6 201 26 78 622 186 243 63 82 26 876 3 3
6,4 142 17 70 639 181 210 41 72 15 810 3 3
6,4 170 19 67 631 189 202 43 70 16 809 3 3
6,5 145 17 59 639 181 197 38 66 17 778 2 3
6,3 134 15 57 626 176 200 41 65 13 766 2 3
g 6,4 122 17 55 640 160 189 46 63 14 793 2 3
3 6,5 130 14 61 597 133 161 39 60 11 763 1 2
°' 6,4 126 16 59 602 151 152 43 59 10 770 2 2
6,6 133 17 56 589 146 176 48 68 13 781 2 3
6,5 126 18 61 578 161 185 58 74 14 759 2 3
6,4 112 13 64 567 146 117 48 63 13 743 2 3
6,2 108 15 71 574 170 106 55 61 14 756 2 3
5,8 180 21 84 563 183 239 69 71 25 887 3 4
5,5 191 23 81 613 195 248 71 77 29 912 3 4
5,4 220 29 96 619 198 251 69 83 31 956 3 4
5,3 231 26 101 626 203 261 74 88 34 970 4 5
6,5 134 17 68 580 172 133 41 59 13 734 2 3
Chemical Constituents (mg/L)
Depth
pH EC Na K Ca Mg | so, | P | Fe Mn Al Cu Zn
5,9 190 26 59 643 197 230 41 85 20 841 2,5 3
5,9 211 28 74 624 181 262 52 81 25 905 2,5 3,5
6,2 190 18 80 630 185 226 52 61 18 812 2,5 2,5
6,2 175 22 65 637 176 197 43 68 15 826 3 3
5,8 212 29 74 631 199 251 57 77 24 887 2,5 3
6,2 136 18 80 626 190 218 43 60 16 823 2,5 2,5
6,2 181 21 63 614 199 220 38 67 18 813 2,5 3,5
6,3 151 18 62 627 195 213 42 73 14 801 2,5 3
€ 6,3 141 16 67 620 187 212 37 65 12 794 2 3
S 6,3 130 14 63 631 173 196 48 60 16 802 2 3,5
o 6,5 125 16 60 607 141 170 42 51 12 778 1,5 2,5
°. 6,6 120 14 69 619 155 155 41 48 9 784 2 2
6,6 141 18 47 599 142 173 50 43 12 795 1,5 2,5
6,5 136 19 60 563 172 190 56 52 14 765 2,5 3
6,3 123 14 60 577 150 123 45 59 16 730 2 3
6,1 91 13 65 589 174 113 53 54 18 745 2,5 3,5
57 185 25 74 614 191 240 70 69 29 901 3,5 4,5
54 203 26 79 631 193 250 68 76 32 923 3 4,5
5,5 216 31 99 623 206 243 70 86 30 1003 3 4,5
54 246 28 97 616 200 254 76 93 36 998 3,5 5,5
6,4 141 19 71 564 189 141 46 52 15 745 2,5 3,5
Chemical Constituents (mg/L)
Depth
pH EC | nNa | kK [ ca | wmg [ so, | P T Fe | wmn [ Al [ cu [ zn
5,8 202 29 68 650 210 245 55 90 23 856 2,5 3,5
5,8 220 30 75 634 197 267 59 78 30 912 3 4
6,3 201 19 84 641 191 232 62 65 22 826 1,5 3,5
6,3 183 25 62 649 184 209 57 73 16 839 2,5 3,5
5,7 210 26 78 650 206 260 69 83 22 897 2,5 3,5
6,3 131 22 85 639 198 225 58 64 17 839 3 3,5
6,3 178 28 70 627 208 231 49 78 20 840 3 3
6,2 161 20 68 630 212 229 54 72 15 821 1,5 3,5
6,3 145 19 74 635 193 227 49 78 15 804 1,5 3
g 6,2 128 21 69 625 188 212 60 62 17 810 2 3,5
2 6,4 130 22 71 621 165 191 63 56 14 791 1,5 2
c' 6,5 116 20 78 626 161 161 65 55 11 799 2 2,5
6,6 135 25 59 610 155 187 70 50 13 807 1,5 3
6,3 128 24 67 580 180 204 71 58 15 778 2 3
6,2 117 18 65 591 162 139 58 64 18 745 2,5 2,5
6 121 16 70 576 180 125 66 60 17 756 2,5 3,5
5,6 171 26 75 623 200 253 78 80 26 918 3 3,5
5,3 210 29 84 636 199 261 84 84 34 930 3 3,5
51 204 33 102 630 212 258 80 92 32 1019 3 4
5 232 29 106 629 206 250 88 97 40 1008 3,5 4,5
6,3 157 21 83 587 194 146 56 60 20 756 2,5 3,5
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Table A3:2: Laboratory analysis results for soil sampling sites within the pivot boundary (30-60 cm depth)

. Chemical Constituents (mg/L)
Year Point Depth
pH | ec [ nNna | k | ca [ mg | so. [ P ] Fe | mn ] A | cu | zn
58 176 22 58 645 205 260 37 74 16 854 2 3,5
5,8 232 24 62 650 190 287 45 83 21 906 2,5 3
6,2 186 16 70 641 174 236 26 71 15 816 2 2,5
6,5 171 12 65 669 175 235 22 68 12 843 2,5 2
5,9 221 22 72 635 190 270 a4 75 22 899 2,5 1
6,6 146 10 60 651 176 246 29 62 13 843 2,5 2
6,5 165 13 59 659 188 236 30 59 12 829 2 3
6,6 149 15 55 664 183 229 28 53 14 805 2,5 2,5
I3 6,4 140 12 53 671 178 231 32 50 12 798 2,5 3
8 6,5 136 13 52 673 161 207 39 59 11 816 2 2,5
w0 6,5 136 11 57 623 134 186 30 57 10 785 1,5 2
cl> 6,5 131 8 55 630 147 196 31 45 12 794 1,5 2
@ 6,7 139 10 50 619 149 208 37 57 15 796 2 3
6,6 140 12 58 615 163 219 37 61 13 774 2 3
6,5 120 10 60 591 150 143 34 52 13 765 1,5 2,5
6,4 118 11 65 598 168 136 41 58 12 769 1,5 2,5
6 189 18 74 588 181 289 55 70 26 923 2,5 4
5,7 206 20 76 630 197 299 59 70 27 936 3 4,5
58 229 27 83 628 199 288 56 77 30 1012 2,5 4
5,6 249 23 105 643 205 306 50 75 31 998 3,5 4,5
6,6 139 14 59 601 170 156 20 54 13 754 2,5 3
Chemical Constituents (mg/L)
Depth
pH EC Na K ca | wMg | soa | P | Fe Mn | Al [ cu Zn
5,8 211 30 63 655 192 239 39 80 17 855 2,5 3
5,9 220 24 84 639 183 257 43 77 21 912 2,5 3,5
6,1 199 24 86 632 174 237 23 58 14 826 2,5 2,5
6,2 184 23 77 645 166 206 26 62 12 834 3 3
6,4 219 31 87 649 203 267 46 69 17 899 2,5 3
6,1 161 20 89 636 188 221 32 55 10 834 2,5 2,5
6,1 170 20 68 630 190 228 34 63 11 833 2,5 3,5
6,2 155 16 70 637 197 231 30 68 12 826 2,5 3
£ 6,1 153 18 73 645 184 226 35 62 11 810 2 3
8 6,2 144 20 69 640 170 209 42 55 11 816 2 3,5
"? 6,4 140 14 62 630 143 182 35 48 9 791 1,5 2,5
a 6,5 150 11 71 640 151 167 28 a4 6 806 2 2
6,5 157 15 53 633 148 182 40 41 10 816 1,5 2,5
6,4 153 21 65 587 179 201 38 47 12 789 2,5 3
6,3 131 16 67 594 156 134 32 50 14 746 2 3
6 122 19 75 606 171 120 46 48 16 758 2,5 3,5
5,6 199 27 81 625 196 256 58 66 21 913 3,5 4,5
5,3 221 32 84 641 187 263 56 71 22 930 3 4,5
5,4 232 36 106 638 201 254 64 81 24 1010 3 4,5
5,3 255 34 102 629 196 269 61 93 27 1009 3,5 5,5
6 163 20 80 587 181 167 26 48 13 756 2,5 3,5
Chemical Constituents (mg/L)
Depth
pH EC Na K Ca Mg | so, | P | Fe Mn Al Cu Zn
5,9 218 26 72 666 212 252 51 86 20 863 3 3,5
6 236 29 73 647 200 273 54 71 27 926 2,5 3,5
6,4 225 18 89 658 189 241 57 62 20 840 3 3
6,3 209 22 66 650 196 216 50 71 15 851 2,5 3
5,8 229 21 72 659 210 271 63 84 20 906 3 2,5
6,1 231 20 81 647 205 234 52 65 13 856 3 3
6,1 155 23 76 639 216 240 45 73 14 851 3 4
6 141 16 70 641 220 245 50 70 12 843 2,5 3
£ 6,2 146 15 78 650 195 236 44 66 11 819 2,5 3,5
8 6,1 150 17 82 638 197 229 49 60 14 823 2 3,5
o 6,1 169 16 80 643 173 210 51 55 10 812 2 3
°| 6,2 139 17 85 641 174 189 56 51 8 809 2,5 2,5
@ 6,4 145 20 66 635 164 201 62 49 11 821 2 3
6 163 16 74 597 194 211 63 51 13 798 2 2,5
6 146 15 70 604 170 151 50 62 14 761 2,5 3,5
6,1 131 15 78 589 186 149 61 55 16 765 2 4
5,8 209 22 80 631 195 261 69 74 22 926 3 4,5
5,5 229 24 88 648 208 278 74 81 24 947 3,5 4,5
52 239 27 112 641 223 260 72 79 28 1029 3,5 4
53 256 25 110 637 217 267 80 81 34 1016 3 5
6,2 169 16 90 591 206 159 45 53 16 768 3 4
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Table A3:3: Laboratory analysis results for soil sampling sites within the pivot boundary (60-90 cm depth)

Chemical Constituents (mg/L)
Depth
pH | ec | nNa | k | ca | wmg | so, | p | Fe | mn | A | cu | zn
5,9 185 18 53 649 209 270 41 79 20 860 2 3
5,8 240 12 51 663 193 302 52 86 26 910 2 2,5
6 199 10 66 671 170 245 34 74 23 820 1,5 2
6,3 180 8 56 689 171 251 28 78 20 855 2 2
6 245 16 67 654 189 286 46 80 26 907 2,5 15
6,4 165 7 45 673 182 261 37 67 24 856 2,5 2
6,5 189 12 51 698 197 249 41 63 23 831 15 2,5
6,5 161 14 49 645 190 241 36 58 18 812 2 2
£ 6,4 152 11 56 683 175 257 40 59 20 809 2 2,5
8 6,5 149 10 59 691 163 229 42 64 19 822 15 2
o 6,5 142 8 45 647 137 200 34 62 16 795 1,5 2,5
Q‘ 6,4 140 5 41 626 151 224 37 50 17 806 1,5 2,5
e 6,5 151 8 43 627 155 226 40 63 18 810 2 2,5
6,3 163 11 47 632 169 230 42 67 16 789 2 3
6,4 143 9 53 605 147 160 38 60 17 770 15 2
6,3 127 8 47 609 170 151 46 64 20 754 2 2,5
6,1 199 16 62 601 188 307 59 74 30 936 2,5 3,5
5,8 212 15 68 645 195 321 63 76 30 947 3 5
5,8 239 13 65 633 203 306 64 83 36 1023 2 3,5
5,5 264 15 89 651 201 329 54 81 37 1005 3,5 4
6,4 151 11 49 612 178 179 30 62 16 764 2 3,5
Chemical Constituents (mg/L)
Depth
pH EC Na K Ca Mg | so, | P | Fe Mn Al Cu Zn
57 206 26 60 662 202 243 36 74 16 862 2,5 3
5,8 229 22 76 647 186 263 40 71 17 923 2,5 2,5
6 213 20 82 640 175 247 26 60 13 843 2 2
6,1 201 22 75 652 171 211 22 56 10 851 2,5 2
6,3 236 25 81 657 206 273 45 61 14 906 2,5 1,5
6,2 172 19 84 643 191 230 33 52 8 854 3 2
6,2 197 21 63 633 193 233 31 60 9 850 2 2,5
6,3 153 14 62 641 201 237 27 61 10 841 2 2
£ 6,2 165 16 67 650 187 236 31 55 10 822 2 2,5
8 6,3 159 19 61 645 174 216 40 52 11 829 2 2
a:‘ 6,6 167 15 56 640 150 199 33 46 10 803 15 2,5
8 6,6 162 12 66 649 155 175 26 40 7 814 15 2,5
6,4 155 13 50 644 157 189 36 36 10 825 1,5 2,5
6,4 163 19 61 602 186 212 35 40 11 791 1,5 3
6,3 143 15 60 603 164 142 30 42 12 753 1,5 2,5
6,3 126 17 67 614 180 129 44 46 14 769 2 3
6 223 24 74 632 207 266 51 61 18 932 3 3
57 239 30 80 649 192 273 50 65 20 956 2,5 4,5
5,8 261 32 100 649 206 260 53 73 22 1023 2,5 4
5,6 251 35 94 636 200 273 55 85 24 1020 3 4,5
6,1 172 15 76 599 183 179 17 41 14 767 2 3
Chemical Constituents (mg/L)
Depth
pH EC Na K Ca Mg so, | P | Fe Mn Al Cu Zn
5,7 223 22 76 658 216 248 49 82 16 271 2,5 3
5,9 226 24 79 640 197 271 50 66 20 940 2 3
6,2 231 16 90 659 184 243 51 57 14 862 1,5 3
6,4 211 20 71 654 189 218 46 64 11 867 2 3
6 225 18 75 661 215 268 55 73 13 923 2 2
5,9 236 16 84 652 212 241 46 59 9 874 2,5 3
6 159 18 80 648 226 246 40 61 10 869 2 3
6,2 147 14 78 651 237 251 44 60 8 851 2 2,5
£ 6,1 152 12 86 649 209 240 39 58 7 832 2,5 3
S 6,4 159 13 90 636 210 231 41 50 12 830 1,5 2,5
(=) 6,3 173 12 85 647 189 218 43 49 8 826 2 2
ol 6,5 141 11 87 653 178 194 51 46 8 827 15 2
© 6,2 149 14 70 648 170 214 57 41 10 834 15 2,5
6,1 179 12 73 603 204 226 61 50 11 809 2 2,5
5,9 151 12 69 610 181 160 47 56 12 777 2 3
6 139 11 80 697 193 153 56 51 11 779 1,5 2,5
6 216 15 83 647 204 270 76 66 15 936 2,5 2,5
5,8 235 17 90 655 216 281 69 70 17 957 2,5 4
5,4 257 18 120 658 236 269 62 64 21 1039 2,5 3,5
5,5 261 19 113 649 228 271 76 75 27 1025 2 4
6 170 11 92 609 212 170 42 43 13 779 2,5 3
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Interpolation maps for soil analyses within pivot boundary

5.08-5.38 559-570 579-584 590-597 6.10-6.29
5.39-5.58 571-5.78 5.85-5.89 5.98 - 6.09 6.30 - 6.59
& pH N
6 ® Sample Sites |_ _ ! Pivot/Irrigated Land [ Mafube Unmined Land W £
— m
universiy oF rreroia 0 50 100 200 300 400 500 s
YUNIBESITHI YA PRETORIA
Imagery courtesy of ESRI
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0.78-0.83 0.87-0.89 0.93-0.95 1.00-1.03 1.10-1.16
0.84-0.86 0.90-0.92 0.86-0.99 1.04 -1.09 1.17-1.24
Carbon (C)

% N

® Sample Sites |_ _1 Pivot/ Irrigated Land = Mafube Unmined Land - &
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Imagery courtesy of ESRI
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595.92 - 746.01

288.60 - 341.69 |:| 373.27 - 392.04 |:| 403.21 - 421.98 |:| 453.56 - 506.64
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746.02 - 998.41

]
]
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Imagery courtesy of ESRI
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118.19 - 128.58

:I 102.02 - 118.18

]
]

128.59 - 135.29

135.30 - 145.70

161.87 - 186.94

I:I 145.71-161.86
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Qs

UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Magnesium (Mg)
mg/kg 2
® Sample Sites |_ _ ! Pivot/ Irrigated Land = Mafube Unmined Land - .
m
50 100 200 300 400 500 s
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I:I 9.34 -10.22 I:I 11.61-13.74 |:| 17.08 - 22.22 I:I 30.24 - 42.66 I:I 61.96 - 91.89

10.23 - 11.60 13.75-17.07 22.23-30.23 42.67 - 61.95 91.90 - 138.37

& Sodium (Na) \
mg/kg
® Sample Sites |_ _! Pivot/Irrigated Land [ Mafube Unmined Land w £
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Imagery courtesy of ESRI
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41.37 - 53.68 62.29 - 68.27 7247 -78.45 87.06 - 99.36 117.02 - 142.30
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Imagery courtesy of ESRI
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76.91-101.25 133.48 - 176.10

I:I 12.13 - 20.08 I:I 26.10 - 34.05 I:I 44.58 - 58.48

UL
0L
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|:| 6.51 - 9.66 |:| 12.19-14.20 |:, 16.74 - 19.87 |:| 23.80 - 28.67 |:| 34.76 - 42.32
|:| 9.67-12.18 |:| 14.21-16.73 |:| 19.88 - 23.79 |:| 28.68 - 34.75 |:| 42.33-51.76
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Imagery courtesy of ESRI
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14.53 - 19.68

[ ]
]
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28.01-41.92 58.58 - 78.50 102.36 - 130.91 165.11 - 206.03 255.03 - 313.67

41.93 - 58.57 78.51-102.35 130.92 - 165.10 206.04 - 255.02 313.68 - 383.87
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[ ]
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1.03-1.18 1.31-1.40 1.49-1.55 1.61-1.67 1.76-1.85
1.19-1.30 1.41-1.48 1.56 - 1.60 1.68-1.75 ! 1.86-1.97
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APPENDIX A4: Soil-water balance simulations

Fractional interception of MAFUBE
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Figure A4:1: Measured (symbols) and simulated (lines) fractional interception (top), and crop height
(bottom) simulating the effect of saline mine water irrigation

Note: N = Number of observations; r2 = Coefficient of determination; D = Willmott's (1982) Index of
Agreement; RMSE = Root mean square error; MAE = Mean absolute error
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Table A4:1: SAWQI decision support system (DSS) — Tier 1 results

Irrigation Water Fitness-for-Use (Tier 1)

Sample identification: 45: Mafube Unmined Pivot - Trrigation Water

Site description: 45: Generic using conservative assumptions

Water Analysis

Calcium 221.0
Magnesium 130.0
Sodium 54.0
pH 7.8
Electrical Conductivity (mS/m) 215.0
SAR (mal/L)"0.5 0.7

Major constituents (mg/L)

Bicarbonate 250.0
Chloride 220
Sulphate 965.0
Total Dissolved Solids (TDS) 1642.0
Suspended Solids (55) 120.0

Charge balance error: -0.1%

Biological Constituents
E. coli {counts/100 mL)

Chemical Oxygen Demand (ma/L)

Pesticides (pg/L)

Nutrients (mg/L)
Total inorganic nitrogen (N) 2.2
Total inorganic phospharous (P) 1.2
Total inorganic potassium (K) 28.0

Atrazine
Trace Elements in irrigation water (pg/L) and soil (mg/kq)
Water Soil Water Soil

Aluminium 315 0 Lead 0
Arsenic 0 Lithium 0
Beryllium 0 Manganese 1125 0
Boron a Mercury 0
Cadmium 0 Molybdenum 0
Chromium 0 Nickel 0
Cobalt 0 Selenium 0
Copper 1] Uranium L]
Fuoride 480 0 Vanadium 0
Iron 160 0 Zinc 90 0
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Tier 1: Fitness-for-Use
Soil Quality
Fitriess-for-use ECe
(mS/m) Predicted equilibrium soil profile salinity (ms/m)
Seil profile el 0- 200
salinity
Tolerabie 400 - BID 404
Degree of Qualitative indication of the impact on soil permeability
Fitness-for-use e as manifested by reduced:
Permeability Surface Infiltrability Soil Hydraulic Conductivity
Sal Tdeal None None
Permeability
Tolerabia Maoderate
Fitness-for-use COD Load Chemical Dxygen Demand (COD) Load
(kg/ha per {kg/ha per month)
manth)
Qidisable deal a- 400 Mo data
Carbon
Load
9 Tolerabie 1000 - 1600
Mumber of years of 1000 mm irrigation before Trace Elements
Fitness-for-use reach accumulation threshald in topsail
Tdeal = 200 years 1o reach soil accumilation thieshold
Soil Mo of years Sail Mo of years
Trace Element | Accumulation to reach Soil | Trace Element | Accumulation to reach Soil
Threshokd Booumulation Threshold Accumulation
{mgkg) Threshold {mg/kg) Threshakd
Trace Element Al 2500 = 1000 u 1250 Mo data
Accwmlation hs 0 No cata n wo [
B 50 Mo data Hg 1 No data
cd 5 Mo data Mo No data
o 50 Mo data ] 100 Mo data
Co 5 Mo data % 10 Ho data
Cu 100 Mo data 1] 5 No data
F 1000 417 v 50 Mo data
Fe 2500 = 1000 In 500 > 1000
Pty 100 Mo data
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Tier 1: Fitness-for-Use
Yield and Quality of a Generic Sensitive Crop with 1000 mm irrigation p.a.
Fitness-for-use Relative crop Predicted relative crop yield (%) as affected by:
yiekd (%) Salinity (EC) Baron (B) Chioride (C1) | Sodium (Ma)
Root Zone Efects Tdeal a0 - 100 No data 100 e
Degree of leaf seorching
Fitness-for-use Deares under sprinkler irrigation caused ly:
Leaf sconching of leal scorching o @ )
when wetbad Tdeal [ Hone
W of estimated N P K removal 3t harvest and amount
that is applied through irrgation
[High nulrient concentrations
Fitness-for-use Contribution to may impact development of sensitive crops)
eslimated
N P K Remmoval Hitrogen () Phosphornous (P) Potassium (K)
Contribution to NPK by crop
removal by generic Removal | Applied | Removal | Applied | Removal | Applied
(%) (g ha) (%) (kg /ha) (%) (kg/ha)
sensitive crop
44 2
Fitness-for-use | Excess infections per
1000 persons p.a. Predicted exoess infections per 1000 people p.a.
M Idsal <1 Mo datz
Contamination
3- 10
Fitness-for-use Atrazine boad Estifated Atrazine load
(g/ha) (g/ha)
Qualitative Ideal <50 Mo data
Atrazine Damage
| Toerte | 7500 |
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Tier 1: Fitness-for-Use
Irrigation Equipment

Corrosion oF Scaling of Irrigation Equipment

Fitriess for Use Calbegory determined by the corrosion or scaling patential
indicated by the Langelier Index

Filness-for-use
Corrosion (Langelier Index) Scaling (Langelier Index)
Mot Cormshe 0o +0.5

Clogging of Drippers

Filness-for-use

Fitness for Use Category determined by the potential of a constituent be cause clogging of drippers

Suspended Solids
(mag/fL)

Manganess (Mn)
(ma/L)

Total Iron (Fe)

Ecolf

(mg/L) (106 per 100 mL)
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Table A4:2: SAWQI DSS — Tier 2 results

Irrigation Water Fitness-for-Use (Tier 2)

Sample identifcation: 44: Mafube Unmined Pivol Ivigation water
Site description: 47 Mafube Unmined Pivol - White Maize-Wheat Rotation

Water Analysis
Major constituents (mgj/L)

Calcium 2210 Bicartonate 250.0
Magresium 129.0 Chiride 210
Sodiuim 55.0 Sulphate 963.0
pH 78 Totad Dissohed Solids (TDS) 1639.0
Bactrical Conductivly {mS/m] 2140 Suspended Solids (55) 8.0
SAR (mol/L}*0.5 07 Charge halance error: 0.1% DS | EC: 766
Biclogical Constituents Mutrients {mg/L)
E. ol {oounts/ 100 m) Total inorganic ntrogen (N) 21
Ohemical Omygen Demand (mgiL) Total inorganic phosphorous (P) 11
Total inorganic potassivm (K) 8.0
Pesticides (pg/L)
Alraringe
Trace Elements in irFfigation water {pg /L) and soil {mg/kag)
Waber Sl Waber Saail
Aluminium 312 L1} Le=ad o
Asenic Q Lithiuim o
Beryllium a Manganess 1123 0
Boron Q Mercury o
Cadmisim Q Malybderim o
Chwoimiim a Nickes o
Cobalt ia Selerium o
Copper a LUranium ]
FAiiaride 480 a Wanadium o
Iron 157 a Zinc B o
Site Specific Characteristics
Crop Sail
Sumimear g Maire (Com) ol teacture Sandy loam
Plant date { DDV MM) im Soil depth (m} 20
Wiinter crop Whesat Initial water content Wiet {FC)
Plant date { DY MM} 5 Profiie avalable wabter (mm) 240
Irrigation management Plant available waler (mmyim) 120
Trrigation system Overtead Fiesd capacity (m/m) 022
Trrigattion timing Amoint (mm) 10 Walting point [mym) 0.10
Refill option Fiekdl capacity Bulk density (Ma/m3) 1.40
Weather station CEMSBOKFONTEIN (45 years) MAP (mim) 73
Water Balance
Water balance companents Maize (Corn) Wheat
Mean seasonal irrigation (mm) 415 fo2
Mean seasonal rinfall (mim) 62 £i2
Mean seasonal evaporation (mm) 329 349
Mean seasonal transpation [mm) 49 385
Mean seasonal evapotranspiration (mim) 798 735
Mean seasonal drainage (mim) ] 18
Effective seasonal kaching fraction (36} 59 24
Effective annual leaching fraction (%) 162

Wersion: 28 Jan 2021
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Tier 2: Fitness-for-Use
Soil Quality of a Sandy loam soil with 447 mm irrigation p.a.
Fitness-for-use ECe s of time soil profile salinity is predictid to fall within a particular
(mS/m) Fitness-for-use cabegory
Soil profile
Tdeal 0 - 200 100
salinity
400 - 800
. N Degres of % of time soil permeability is predicted to fall within a particular
e e esd Fhmmuuﬂu‘f
Permeability Surface Infiltrability Soil Hydraulic Conductivity
Sail
Tdeal L a0 a5
Prermesbility
I
Fitness-for-use COD Load %y of time Chemical Oxygen Demand (COD) Load is predicted to
(kg ha per Fall within a particular Fitness-for-use category
month)
Onidisable e P p—
Carbon
v et |
Number of years of 447 mm imigation before
for-use memmmﬂm'lw
Tdeal = 200 years ko mach soil secumulation threchold
Soil Mo of years Soil No of years
Trace Element Accumulation to reach Soil Trace Element Accumulation to reach Soil
Threshakd Accumulation Threshold Accumulation
{mg k) Threshold {img kg Threshold
Trace Elemant Al 2500 = 1000 L 1250 Mo data
B 5 e [ w TR
Be =0 Mo itz Hg 1 Mo data
cd 5 Mo data Mo 5 Mo data
or =0 No data ] 100 Mo data
Co 5 Mo data 50 10 Mo it
Cu 100 Mo data u 5 Mo data
F 1000 a2 W 50 Mo dlista
Fe 2500 = 1000 In 500 = 1000
2 100 Mo data
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Tier 2: Fitness-for-Use
Yield and Quality of a Maize (Com) crop with 447 mm irrigation per season

W of time vield s within relative
Fitmss-for-use Relative crop crop yield category, as affected by:
L)
yed e Salinity (EC) Boron [B) Chloride (CI) | Sodium (Na)
Root Zone Effects Ideal S0 - 100 100 Mo data 100 100
7050
Dhegrese of beafl sconching
under sprinkler irrigation
Fitness-for-use Degres .
of leaf scorching caused by:
Leaf scorching Chiloride (CI) Sodium (Na)
wihen wethed Hore Mo

E g

I

Maan applisd N P K at harvest
and % of time N P K removal at harvest
is within fitness-for-use categories
{High nutrient concentrations may impact
Fikmtss - fiowr-use Contribution bo
development of sensitive crops)
N P:,wl Mitrogen (M) Phasphorous [P) Potassium (K)
Contribution to NPK Time | Applied Time Applied Time Applied
RsRo (%a} (kg /ha) (%) (kg /ha) (%) (kg/ha)
Tckeal 0 - 10% 100 10 73 3
Fitness-for-use | Excess infections per Predicted excess infections per 1000 people p.a.
1000 persons p.a.
Microbial Toesl <1 No data
Contamination
| Tokrbk | 3-10
Fikmtss - fiowr-use MAtrarine boad % of tme Atrarine load s orediched to fall within
{Maire, Salm) particular fitness -for-use category
fha
- (@/ha)
Atrarine Damage kgl =000 Mo dats
1300 - 1830
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Tier 2: Fitness-for-Use

Irrigation Equi

pment

Corrosion or Scaling of Irrigation Equipment

indicated by the Langefier Index

Fitnass for Use Category determined by the corrosion or scaling pobential

Corrosion (Langelier Index)

Sealing (Langelier Index)

Nt Cormosie

+10i o +2.0

Clogging of Drippers

Fitness for Use Category determined by the potential
of an irrigation water constituent to cause clogging of drippers

Fitness-for-use
Suspended Solids o Manganese [Mn) Total Iron {Fe) E.colf
(mg/L) (mg/L} (mg/L) (10" per 100 mL)
<0.2 0.2 =1 Mo daste
11 | os-15 2-5
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APPENDIX A5: Mafube rehabilitated land

Table A5:1: Rehabilitated site sampling point coordinates and depth to spoil layer, pre-infilling (2018)

Mark

Coordinates

Depth to spoil (cm)

A S 25°47.498 E 029°45.891 120
B S 25°47.439 E 029°45.945 85
C S 25°47.490 E 029°45.953 110
D S 25°47.541 E 029°45.957 125
E S 25°47.368 E 029°45.998 37
F S 25°47.420 E 029°46.005 32
G S 25°47.484 E 029°46.007 72
H S 25°47.476 E 029°46.076 120
I S 25°47.472 E 029°46.139 116
J S 25°47.430 E 029°46.085 92
K S 25°47.539 E 029°46.008 96
L S 25°47.526 E 029°46.079 132
M S 25°47.593 E 029°46.014 105
N S 25°47.558' E 29°46.002' 128
O S 25°47.513' E 29°46.006' 98
B S 25°47 475 E 29°46.082' 124
Q S 25°47.506' E 29°46.039' 60
R S 25°47 487 E 29°45.977 77
S S 25°47.506' E 29°45.922' 125
T S 25°47.455' E 29°45.999' 60
U S 25°47.423' E 29°46.030' 42
V S 25°47.433' E 29°45.968' 47
w S 25°47.400' E 29°45.998' 70
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S

. Rehabilitated Site |
-\: Sampling points and depth to spoil [

Google Earth

Figure A5:1: Map of rehabilitated site indicating sampling points and depth of profile
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APPENDIX A6: Kromdraai irrigation system design

WRC IRRIGATION PROJECT

KROMDRAAI MINE, WITBANK

DESIGN DATA & BUDGET COSTING VER 6
NR DESCRIPTION UNIT QUANTITY ALG 1 2 3 4

BILL OF MATERIALS blue | red | green
IN-BLOCK:

1.01 |Vyrsa 66 Plastic Sprinklers, with 3.96 x 2.38mm nozzles unit 12 4 4 4
1.02 |Vyrsa 66 Plastic Sprinklers, with 3.96 x 2.38mm nozzles unit 24 8 8 8
1.03 |Vyrsa 36 Plastic Sprinklers, with 3.96 x 2.38mm nozzles unit 12 4 4 4
1.04 |Camlock, Type D, Female Coupler x Female BSP, 20mm unit 48 48
1.05 |Camlock, Type A, Male Adaptor x Female BSP, 20mm unit 48 48
1.06 |Polyprop Reducing Hex Nipple, 25 x 20mm BSP unit 48 48
1.07 |Polyprop Male Adaptor, 25mm x 25 M-BSP unit 96 9
1.08 |LDPE Pipe, Class 6, 25mm 100m Roll 2 120
1.09 |Stainless Steel Pipe Clamp, 17 - 38mm unit 96 96
1.10 |PTFE Thread Sealiung Tape, 19mm x 10m unit 16 16
1.11 |25mm Black Steel Socket unit 48 48
1.12 |25mm x 6mm Flatbar 6,1m 1 1
1.13 |Y-Section Fence Droppers, 2450mm length unit 48 48
1.14 |Fabrication of Sprinkler Risers unit 48 48
1.15 |Plastic Saddle, 32mm x 25mm BSP unit 23 2 2 3 2
1.16 |Plastic Saddle, 40mm x 25mm BSP unit 23 2 2 4 1
1.17 |Plastic Saddle, 50mm x 25mm BSP unit 20 2 3 3
1.18 |Compression Male Adator & Ball-Lock Valve, 32mm x 25BSP unit 23 2 2 3 2
1.19 |Compression Straight Coupling, 32mm unit 6 6
1.20 |Compression Straight Coupling, 40mm unit 6 6
1.21 |Compression Straight Coupling, 50mm unit 3 3
1.22 |Compression Elbow, 32mm unit 2 2
1.23 |Compression Elbow, 40mm unit 14 2 1 2 1
1.24 |Compression Elbow, 50mm unit 11 2 1 2
1.25 |Compression Reducer, 40 x 32mm unit 20 2 2 3 1
1.26 |Compression Reducer, 50 x 32mm unit 5 2 1
1.27 |Compression Reducer, 50 x 40mm unit 5 2 1
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NR DESCRIPTION UNIT QUANTITY ALG 1 2 3 4
1.28 |Compression Equal Tee, 40mm unit 5 2 1
1.29 |Compression Equal Tee, 50mm unit 5 2 1
1.30 |Compression Reducing Tee, 40 x 32mm unit 11 2 3
1.31 |Compression Reducing Tee, 50 x 32mm unit 2 2
1.32 |Compression Reducing Tee, 50 x 40mm unit 11 2 2 1
1.33 |HDPE Pipe, SDR17, PN10, 32mm 100m Roll 5 80 42 28
1.34 |HDPE Pipe, SDR17, PN10, 40mm 100m Roll 5 44 82 14
1.35 |HDPE Pipe, SDR17, PN10, 50mm 100m Roll 3 32 32
VALVE CLUSTERS:
1.36 |Compression Male Adaptor, 40mm x 40 BSP unit 5 2 1
1.37 |Compression Male Adaptor, 50mm x 40 BSP unit 8 2 1 1
1.38 |Netafim Control Valve with Plastic 3-Way selector unit 9 1 1 1
-5 75 PP 2" HBSP MAN 3WNC S
1.39 |Compression Male Threaded Tee, 50mm x 40 BSP unit 3 1
1.40 |Compression Male Threaded Elbow, 50mm x 40 BSP unit 6 2
1.41 |Compression Female Threaded Tee, 50mm x 50 BSP unit 3 1
1.42 |Compression Reducing Male Adaptor, 75mm x 50 BSP unit 3 1
WATER METERS:
1.43 |Arad 40 mm Multi - Jet Water meter with EV -10 £ unit 3 1 1 1
1.44 |Polyprop Reducing Bush, 50 x 40mm unit 6 2 2 2
1.45 |Compression Female Adaptor, 75mm x 50 BSP unit 6 2 2 2
FLUSHING CONNECTIONS: Inter | Away
1.46 |Compression Female Threaded Reducing Tee, 75mm x 50 BSP unit 3 2 1
1.47 |Polyprop Barrel Nipple, 50mm unit 4 2 2
1.47 |Netafim Control Valve with Plastic 3-Way selector unit 2 1 1
-5 75 PP 2" H BSP MAN 3WNC S
1.48 |Compression Female Adaptor, 75mm x 50 BSP unit 1 1
SUB-TOTAL (excluding 15% VAT)
2 |MAIN LINES & PUMPS
MAIN LINE:
2.01 |HDPE Pipe, SDR17, PN10, 75mm 50m Roll 32 4599 | 660 | 652 | 221
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NR DESCRIPTION UNIT QUANTITY ALG 1 2 3 4
2.02 |Compression Straight Coupling, 75mm unit 35 3 32
2.03 |Plastic Saddle, 75mm x 50mm BSP unit 3 1 1 1
2.04 |Double Air Valve, 50mm BSP unit 3 1 1 1
SUCTION SIDE: (ALL SYSTEMS)
2.05 |Compression Male Adaptor, 75mm x 80 BSP unit 3 1 1 1
2.06 |Compression Male Adaptor, 75mm x 50 BSP unit 3 1 1 1
2.07 |PVC Full Face Threaded Flange, PN16, 50mm unit 3 1 1 1
2.08 |M16 x 55mm Galv Hex Bolts & Nuts unit 12 4 4 4
2.09 |50mm IR Rings unit 6 2 2 2
PUMPS:
2.10 |CRI MVS-16/05T Vertical Pump Unit, 5.5kW Motor unit 1 1
- Inlet/Outlet: 50mm T16
211 |CRI MVS-16/07T Vertical Pump Unit, 7.5kW Mator unit 2 1 1
- Inlet/Outlet: 50mm T16
2.12 |Starter, USB with Blackbox Protection, 5.5kW unit 1 1
2.13 |Starter, USB with Blackbox Protection, 7.5kW unit 2 1 1
DELIVERY SIDE: (ALL SYSTEMS)
2.14 |PVC Full Face Threaded Flange, PN16, S0mm unit 3 1 1 1
2.15 |Polyprop Hex Barrel Nipple, 50mm BSP unit 9 3 3 3
2.16 |Tommy PVC Threaded Compact Ball Valve, 50mm BSP unit 3 1 1 1
217 |Toemmy PVC Threaded Check Valve, 50mm unit 3 1 1 1
218 |Compression Male Adaptor, 75mm x 80 BSP unit 3 1 1 1
2.19 |M16 x 55mm Galv Hex Bolts & Nuts unit 12 4 4 4
2.20 |50mm IR Rings unit 6 2 2 2
FLUSHING AT PUMP:
2.21 |Compression Female Threaded Tee, 75mm x 80 BSP unit 1 1
2.22 |PVC Reducer Male x Female Threaded, 3" x 2" unit 1 1
2.23 |Polyprop Hex Barrel Nipple, 50mm BSP unit 1 1
2.23 |Netafim Control Valve with Plastic 3-Way selector unit 1 1
-S 75 PP 2"HBSP MAN 3WNC S
2.24 |Compression Male Adaptor, 75mm x S0BSP unit 1 1
2.25 |Compressio Elbow, 75mm x 90° unit 2 2
PRESSURE RELIEF:
2.26 |Compression Female Threaded Tee, 75mm x 50 BSP unit 3 1 1 1
227 |Mipel Pressure Relief Valve, 50mm BSP x 10 Bar unit 3 1 1 1
228 |PTFE Thread Sealing Tape, 19mm x 10m unit 60 20 20 20
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NR

DESCRIPTION

UNIT

QUANTITY

ALG

CONTROL SYSTEM: IRRIGATION AND SYSTEM FLUSHING

229

Galcon CSI 24AC radio control system, inclusive of

unit

- Intemet/remote based programmable

- 3 x Control computers

- 3 x Transmitters, Relays, Solenoids

- Steel Enclosures

- Installation, Travelling & Expenses

- Field comissioning after installation

2.30

General procurement cost - Irrigation Unlimited

unit

231

Delivery on site

unit

SUB-TOTAL (excluding 15% VAT)

SUB-TOTAL

+15% VAT

TOTAL

A o]
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Figure A6:1: Irrigation design layout

235



Irrigation with poor-quality mine water in Mpumalanga

Irrigation uniformity evaluation

Uniformity Evaluation

Sprinkler Name VYRSA Base Pressure (KPA) 344.8
Sprinkler Model VYREB6 Riser Height (CM) 30.5
Nozzle Size 4mm x 2.4mm P/C Set Screw Setting
Flow Rate (LPM) 23.09 Degree of Arc 360
Date/Time of Test 06/20/02 07:18 Mins./Revolution 0.84
Testing Facility C.ILT. Record Number 2911-P
Comment Sprinkler provided by: VALPLASTIC
Distr. Uniformity 85% Min (mm/Hr) 5.0 Spacing
CU (Christiansen) 91% Mean{mm/Hr) 6.6 6.2 (Theor.) Rectangular
Sched Coeff (5%) 1.2 Max (mm/Hr) 8.4 15.0M x 15.0M
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APPENDIX A7: South African and international hazardous waste classification
systems

Systems using total and soluble concentrations to classify wastes
Republic of South Africa (RSA) Guidelines

The South African guidelines consider 20 constituents, with six of them (Mn, Sb, V, CI, SO4, NO3)
appearing only in this system (Department of Environmental Affairs, 2008; Costley, 2013; Department
of Water Affairs and Forestry, 1998). The guidelines compare the toxicity characteristic leaching
procedure (TCLP) analysis of the material against leachable concentration thresholds (LCTs) (Table
A7.1, summarised in Figure A7.1). These thresholds are divided into LCTO (minimum threshold), LCT1
and LCT2 (intermediate thresholds) and LCT3 (the maximum threshold). According to Department of
Environmental Affairs (2008) and Costley (2013) the LCT1 values were derived from the minimum
values (LCTO) of the Standards for Human Health Effects for Drinking Water in South Africa by
multiplying them by 50 (a generic dilution attenuation factor (DAF)). This factor was suggested by the
Industrial Waste Resource Guidelines: Solid Industrial Waste Hazard Categorization and Management
of June 2009. The LCT2 values were derived by doubling the LCT1 values, while the maximum
threshold (LCT3) values were derived by multiplying the LCT2 values with a factor of 4 to raise the
thresholds. This multiplication factor is also used by the Environment Protection Authority (EPA) of
Australia, Victoria State, to calculate some of their thresholds from drinking water values.

The South African regulation further compares the total elemental analysis of the material against
stipulated total concentration thresholds (TCTs). The TCTs are divided into TCTO (minimum threshold),
TCT1 (intermediate threshold) and TCT2 (maximum threshold). The TCTO values were obtained from
South African soil screening values that are protective of water resources, while the TCT1 values were
derived from the land remediation values for commercial/industrial land determined by the Department of
Environmental Affairs’ Framework for the Management of Contaminated Land of March 2010. The TCT2
values were derived by multiplying the TCT1 values by a factor of 4 (Department of Environmental Affairs,
2008; Costley 2013). After the total and soluble concentrations of the waste have been compared to the
various TCT and LCT levels, the waste is classified into one of five types, as outlined in Table A7.2.

Table A7:1: Classification of waste according to the South African system (Department of Environmental
Affairs, 2008; Costley, 2013; Department of Water Affairs and Forestry, 1998)

Element or chemical Waste Risk Management
substance concentration type
LC>LCT3orTC>TCT2 Type 0 Very high | Direct landfilling not allowed, needs to be
risk treated first, reassessed/classified, needs
structure with lining ("H:H facility) for disposal
to prevent leaching
LCT2<LC=<LCT3or Type 1 High risk | Treatment not a prerequisite, needs a
TCT1 <TC<TCT2 structure with lining ('H:H facility) for disposal
to prevent leaching

LCT1<LC<LCT2and TC | Type 2 Moderate | Needs a structure with lining ('H:H facility) for

<TCT1 risk disposal to prevent leaching
LCTO<LC<LCT1and TC | Type 3 Low risk | Leaching is not a major concern, as such a
<TCT1 structure without lining (?H:h facility) is used

for disposal (can be explored for use in
construction industry and agriculture)

LC<LCTOand TC<TCTO | Type4 Inert A structure without lining (?H:h facility) is used
for disposal as leaching is not a major
concern (can be explored for use in
construction industry and agriculture)
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'H:H = Hazardous waste landfill with lining to prevent leaching, can receive from 1 to 4 rated wastes; but
2H:h = Hazardous waste landfill without lining to prevent leaching, can only receive 3 and 4 rated wastes

SR
(" A CATEGORY MANAGEMENT
ASSESSMENT AND CATEGORY DESCRIPTION Types 0-2: HH:
ANALYSIS LC>LCT3 or TC>TCT2: Type O Type 0: Very high risk facility with
Solid — Total and LCT2<LC<LCT30or TCT1<TC< TCT2: Type 1 Type 1: High risk — lining to prevent
Waste TCLP LCT1 < LC<LCT2 and TC< TCT1: Type 2 Type 2: Moderate risk leaching
extractable LCTO<LC<LCT1and TC< TCT1: Type 3 Type 3: Low risk Types 3-4: Hh:
LC < LCTO and TC < TCTO: Type 4 o facility without
Type 4: inert lining
- J

—

Figure A7.1: Simplified solid waste classification system of the Republic of South Africa

Australian (New South Wales) Guidelines

The Australian Guidelines were considered as they are partially aligned to the national waste classification
system that forms part of the Australian Waste Database. These guidelines consider a total of nine
elements (Table A7.2) (New South Wales Environment Protection Authority (EPA), 2014). Some of these
element limits (fluorine, molybdenum and nickel) were sourced from the Australian Drinking Water
Guidelines of the National Health and Medical Research Council (NHMRC) (New South Wales EPA,
2000), but arsenic, cadmium, Cr(VI), lead and silver were adapted from the United States EPA (2012).
The threshold for beryllium was calculated based on beryllium in The Health Risk Assessment and
Management of Contaminated Sites. Waste is initially screened (first screening stage) by considering total
content only (referred to as specific contaminant concentrations (SCC)) (Figure A7.2). In the case of
general solid waste, i.e. putrescible (liable to decay), non-putrescible (equivalent to Type 3 and Type 4
of the South African system) the total concentration (TC) < minimum SCC (SCC1). Restricted solid
waste TC < maximum SCC (SCC2)) refers to wastes that have the potential to pollute the environment
(equivalent to Type 1 and Type 2 of the South African system). If the TC of a constituent exceeds SCC1,
further assessment with the toxicity characteristic leaching procedure (TCLP) may be carried out, and
if TC is equal to or exceed SCC2 thresholds, then a TCLP assessment (second screening stage) must
be done. At the second screening, using both SCC and TCLP thresholds, final clarity on the status of
the waste is obtained, i.e. if TC > SCC1. At the second screening, TCLP is divided into TCLP1 (minimum
threshold) and TCLP2 (maximum threshold). Hazardous solid waste is equivalent to Type 0 of the South
African system (Department of Water Affairs and Forestry, 1998). The application of this system for
high-density sludge classification can be seen under the results section of Chapter 6.

4 N
SECOND SCREENING
FIRST SCREENING TC >SCC1, but LC < TCLP1: General
Solid ANALYSIS TC < SCC1: General solid waste (no solid waste
waste mmmm) | Total and TCLP | === | ) ther screening needed) mmm TC<SCC2and LC < TCLP2:
extractable TC > SCC1: May need second screening Restricted solid waste
TC > SCC2: Needs second screening TC>SCC2 and LC > TCLP2:
Hazardous
- J

Figure A7.2: Simplified solid waste classification system for Australia (New South Wales)

Systems using only soluble concentrations of constituents to classify waste.

The USA Guidelines
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The US Environmental Protection Agency (EPA)'s Regulations are managed by the Resource
Conservation and Recovery Act of 1976, which classifies waste based on hazardous properties. It
considers eight elements (Table A7.3) of concern. These elements are considered to cause acute or
chronic health effects via the groundwater route.

The consideration of these inorganic constituents was further facilitated by available and appropriate
chronic toxicity reference levels (CTRLs) on which to base the calculation of thresholds. These elements
also had adequate data for the fate and transport model used to establish element-specific dilution
attenuation factors used to convert CTRLs to thresholds. Furthermore, these constituents have been
shown to have toxic, carcinogenic, mutagenic or teratogenic effects (United States EPA, 1990). The
main concern is the solubility of these constituents, and the only analysis performed is a TCLP
extraction, after which the data is evaluated against threshold level (summarised in Figure A7.3).

The critical difference between the US EPA Guidelines and the other guidelines considered is that
essential trace elements for plants or crops do not form part of their hazardous waste classification. These
are boron, manganese, iron, zinc and copper. The US EPA Regulations, therefore, open the possibility
for waste materials/by-products from industry and mining that have low solubilities of non-essential
elements for plants and environmentally harmful constituents, to be considered for use in agriculture.

Chinese and Canadian (Alberta, British Columbia, Ontario and Manitoba) Guidelines

The Canadian and Chinese regulations also only require a toxicity characteristic leaching procedure
(TCLP) extract, after which the data is compared against leachability thresholds (summarised in
Figure A7.3). China adopted the US EPA Guidelines (Liu et al., 2015), except that they consider copper,
nickel, beryllium and zinc in addition, but do not consider selenium (Table A7.3). Thresholds for all
other elements, except for mercury in both guidelines (the Chinese and the US EPA Guideleines) are
identical. The Canadian guidelines are also similar to those of the US EPA, except that, in addition,
Alberta considers boron, cobalt, copper, nickel, iron, uranium and zinc. British Columbia considers
boron, copper, uranium and zinc, while Ontario and Manitoba consider boron and uranum.

ASSESSMENT

ANALYSIS
Solid waste —) s | | C < TCLP: Non-hazardous
TCLP extractable

LC > TCLP hazardous

Figure A7.3: Simplified solid waste classification system for US EPA, China and Canada (Alberta, British
Columbia, Ontario and Manitoba)

In summary, the South African system considers the most elements (20) and is the most stringent. Both
the total elemental content (referred to as total concentration, determined by X-ray fluorescence (XRF)),
and the solubility of the elements are assessed (referred to as leachable concentration). Five hazardous
categories have been established (Types 0—4). Currently, all waste, including Type 4 (inert waste), must
go to a managed storage facility. The Australian system has two screening levels. The first uses only
total elemental content (referred to as specific contaminant concentration (SCC), divided into SCC1 and
SCC2, determined by XRF. If the total elemental content of a waste exceeds SCC1 thresholds, further
assessment against TCLP thresholds (second screening stage) may be carried out, but, if the total
concentration exceeds SCC2 thresholds, then TCLP assessment must be done. A material can
therefore be classified as a general, restricted or hazardous solid waste. With the US EPA, Canadian
and Chinese guidelines, the main concern is the solubility of constituents in a waste, and as such, the
approach adopted considers leachable concentration data that is evaluated against TCLP thresholds.

The elements considered by the various systems are summarised below (Table A7.3).
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Table A7.1: Summary of elements considered by each system.

_ South Australia : Cana(_ia_1 uUs .
Constituent Africa (New South Ontario and British Alberta | EPA China
Wales) Manitoba Columbia
As X X X X
Ag X
B
Ba X
Be X X
Cd X
Co
Cr
Cu
Fe
Hg
Mn
Mo
Ni
Pb
Sb
Se
U X X X
\Y
Zn
Cl
SO4
NOs
F
Total

XX

X X
X X
X X

XXX

XXX [ X

XXX [X X[ X

XX

XXX XXX [ X
XXX

D [>< || > | > [ >

© (X
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APPENDIX A8: Limestone neutralisation results

Table A8:1: Summary of the neutralisation results of 0.005 M sulphuric acid (pH = 2) that was reacted with
0.20 g CaCOs of various particle size fractions

Limestone particle size (mm)
Reaction <0.1 201<1 | =21<4 | z4<10
time
(minutes) pH of the aqueous system
20 7.19 2.45 2.35 2.27
40 7.47 2.59 2.47 2.26
60 7.54 2.95 2.69 2.39
80 7.60 3.42 2.95 2.46
100 7.51 4.92 3.85 2.80

Table A8:2: Summary of the neutralisation results of 0.0005 M sulphuric acid (pH = 3) that was reacted
with 0.20 g CaCQg; of various patrticle size fractions

Limestone particle size (mm)
Reaction <0.1 201<1 | =21<4 | 24<10
time
(minutes) pH of the aqueous system
20 7.66 5.29 4.04 3.29
40 7.61 7.28 6.10 3.95
60 7.66 7.22 6.77 4.52
80 7.67 7.19 6.75 5.62
100 7.69 7.19 6.72 6.06

Table A8:3: Summary of the neutralisation results of synthetic acid metal cation mine water with an initial
pH of 2 that was reacted with 0.20 grams of CaCOs of various particle size fractions

Limestone particle size (mm)
Reaction <0.1 201<1 | =21<4 | =z4<10
time
(minutes) pH of the aqueous system
20 417 2.72 2.26 217
40 4.87 3.31 2.69 2.54
60 5.21 3.42 2.90 2.70
80 5.24 3.43 3.08 2.86
100 5.32 3.46 3.20 3.02
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Table A8:4: Summary of the neutralisation results of synthetic acid metal cation mine water with an initial
pH of 3 that was reacted with 0.20 grams of CaCQg3 of various particle size fractions

Limestone particle size (mm)

Time <0.1 201<1 | 21<4 | =24<10
(minutes) pH of the aqueous system
20 5.53 3.74 3.58 3.37
40 5.40 3.75 3.59 3.43
60 5.60 3.79 3.64 3.51
80 5.69 3.84 3.67 3.58
100 5.67 3.86 3.68 3.60

Table A8:5: Summary of the neutralisation results of percolating synthetic acid metal cation mine water
with an initial pH of 2 through a sand column that contained limestone

Leaching Particle size fraction of | Placement of pH of the leachate exiting
procedure limestone used in limestone in column
column (mm) column Time (hours)
48 96 144 | 192 | 240
LP 1 <0.1 Surface 512 | 443 | 4.07 | 4.05 | 3.98
Mixed 409 |4.13 | 3.93 | 3.95 | 3.77
>24<10 Surface 2.36 | 242 | 2.36 | 2.37 | 2.32
Mixed 223 |1 245|238 | 239|235
LP2 <0.1 Surface 455 | 463 | 445|448 | 4.24
Mixed 463 | 4.41 | 413 | 4.12 | 3.98
24<10 Surface 244 |1 259 | 247 | 245 | 2.40
Mixed 243|260 | 254 | 252 | 2.45
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APPENDIX A9: Soil redox monitoring
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Figure A9.1: Change in pH of the four soils over the 20-day
aeration/oxidizing period.
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Figure A9.3: Change in Total Dissolved Solids (TDS — mg/L) of the

four soils over the 20-day aeration/oxidizing period.
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Figure A9.2: Change in Electrical Conductivity (EC - uS/cm) of the

four soils over the 20-day aeration/oxidizing period.
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Figure A9.4 Change in Redox Potential (Eh - mV) of the
four soils over the 20-day aeration/oxidizing period.
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Figure A9.5: Change in pH of the four soils over the 40-day
aeration/oxidizing period.
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Figure A9.7: Change in Total Dissolved Solids (TDS — mg/L) of the
four soils over the 40-day aeration/oxidizing period.
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Figure A9.6: Change in Electrical Conductivity (EC - uS/cm) of the
four soils over the 40-day aeration/oxidizing period.
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Figure A9.8: Change in Redox Potential (Eh - mV) of the
four soils over the 40-day aeration/oxidizing period.
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Figure A9.9: Change in pH of the four soils over the 15-day
aeration/oxidizing and 25-day increasingly reducing period.
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Figure A9.10: Change in Electrical Conductivity (EC - uS/cm) of the
four soils over the 15-day aeration/oxidizing and 25-day

increasingly reducing period.
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Figure A9.12: Change in Redox Potential (Eh - mV) of the
four soils over the 15-day aeration/oxidizing and 25 day
increasingly reducing period.

Figure A9.11: Change in Total Dissolved Solids (TDS — mg/L)
of the four soils over the 15-day aeration/oxidizing and 25-day
increasingly reducing period.
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