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Abstract
In recent times, the potential beneficial uses of abandoned mine sites have been recognised and acted upon through 
the retreatment of tailings in order to win minerals of interest still available in economically viable concentrations. The 
most notable benefit (although not usually factored in financially) is that, once the tailings have been removed, the land 
has a greater potential to be developed further. The main aim of this study was to investigate the contents of copper 
and potentially harmful elements in the tailings of the Musina mine, an abandoned Cu mine in the northern Limpopo 
Province, in order to assess environmental hazards and to provide a first estimate of the feasibility of future economic 
rehabilitation. The concept of reclaiming was here seen in a broad way and ranged from the reworking of tailings or 
other residues to residential and/or recreational use. To quantify the potential economic importance and impacts of the 
metal content of the tailings, geochemical analysis of samples from auger holes and resource modelling were employed. 
Neutral to slightly basic pH values and very low concentrations of arsenic and lead showed that acid drainage and toxic 
groundwater contamination (apart from Cu itself ) would not be a concern. Three-dimensional (3D) and two-dimensional 
(2D) models were applied to estimate the resource potential of the tailings dump. The models revealed that residual Cu in 
the Musina mine tailings is currently at 8555 tonnes. Accordingly, going forward, we recommend a formalised geometal-
lurgical study to assess the economic feasibility of extracting Cu, with a view to reworking the copper tailings dump. It 
is very important that this tailings dump be mined in future, in order to extract all Cu and ensure that the sterilised land 
(up to 95 ha) can be used for other purposes.
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1 Introduction

Mine closure is normally the last stage of production, espe-
cially when production costs overshoot mineral gains [17], 
the mine runs out of resources and/or commodity prices 
drop [36]. Today, mine closure is defined as a budgeted, 
orderly, safe and environmentally sound conversion of an 
operating mine to a closed state [26]. However, derelict 
and ownerless mines exist globally. These are mines whose 

owners or mining or lease holders have abandoned them 
without ensuring that environmental impacts are miti-
gated [12]. The most significant of these impacts relates 
to communities in the proximity, and the risks include cavi-
ties, sinkholes and open shafts, illegal mining, contamina-
tion of soils and ground water [30], and risks related to the 
minerals or chemical substances in the host rock, ore and 
residue deposits [27]. The increase in copper prices in the 
last decade [11] has led to the realisation of retreating of 
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tailings. Amerigo Resources in Chile is processing tailings 
from EL Teniente Mine [39]; Woodlawn Mine in Australia 
managed by TriAusMin is retreating 10 million tonnes of 
tailings from 3 abandoned tailings dumps [38]. In most 
of these operations, extraction of copper (> 90%) was 
achieved by bioleaching, using microbial consortium, 
where elemental sulphur was added to the tailings and 
the pH of leach liquors allowed to fall to ∼pH 1, at which 
point anaerobic conditions were imposed [6], Ahmadi 
et al. [2]. The results suggested that bio-processing these 
waste materials would have economic as well as environ-
mental benefits [5].

In this context, we have studied the tailings of the 
Musina copper mine in Musina town (Fig. 1), northern Lim-
popo Province. It is understood that industrial-scale cop-
per mining started here in 1914 and the mine was closed 
in 1992. No proper rehabilitation was carried out as part 
of its decommissioning process. The aims of this study are 
first to assess the environmental hazards associated with 
the tailings and second, to explore the economic poten-
tial of reclaiming Cu. To achieve this, we have conducted 

systematic sampling by auger, geochemical analyses, min-
eralogy and resource modelling.

2  Geological setting

2.1  Regional geology

The Musina mine is situated in the central zone of the 
Limpopo mobile belt (Supplementary Fig. S1) which 
extends from Botswana to Mozambique, straddling the 
Limpopo–Zimbabwe boundary [3]. The highly deformed 
Limpopo belt (one of the oldest orogenic belts known) is 
more than 700 km long and 250 km wide and is situated 
between the Archean Zimbabwe craton in the north and 
the Kaapvaal craton in the south [28, 33].

The Limpopo metamorphic complex records two oro-
genic events, one at around 2.65 Ga and another at 2.0 Ga 
[25], both of which involved high-grade metamorphism. 
The complex consists of three zones: the Northern mar-
ginal, Central and Southern marginal zone. In the marginal 

Fig. 1  Locality map of the study area at Musina, showing Musina town, its surrounding townships and the location of Musina copper mine 
(adapted: [31])



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1707 | https://doi.org/10.1007/s42452-020-03447-x Research Article

zones, structural trends are ENE-WSW, while the Central 
zone is characterised by N–S trending structures [10]. Cur-
rent isotope dating indicates that an important deforma-
tional event in the central zone, equated by many workers 
with the Limpopo orogeny, occurred at 2.0 Ga [18, 19, 24]. 
However, the large volume of crustally derived granitoids 
found in the Central Zone belongs to the older, 2.65 Ga 
episode [25]. The ~  Ga date reflects extensive strike-slip 
as well as thrust-sense shearing within the Limpopo belt 
when substantial relocation of the central zone occurred 
in a transgressive orogeny [19, 34].

2.2  Local geology

Five major copper deposits are known in the Musina area 
(Supplementary Fig. S2). All are aligned along the Musina 
Fault line, and they are situated where the line intersects 
the contact between metaquartzite (and other parag-
neisses) and granitic gneiss. The mineralisations appear to 
have been localised in fold structures, faults and fractures 
at the lithological contacts, due to competency contrasts. 
The Musina Fault transects all fabrics and structures associ-
ated with the 2.0 Ga event, and thus, it (and the orebod-
ies) must be younger than this, although no reliable age 
has been determined. The ore bodies appear hydrother-
mal and fall into four categories [3]: Breccia pipes, hydro-
thermal replacement bodies, open fissure mineralisation 
and transitions between the three above. The Musina and 
Harper mines differ from the other three in that the gra-
nitic host rock component is Singelele Gneiss, a homo-
geneous pink variety of the anatectic granitic gneisses in 
the area.

3  Material and methods

3.1  Drilling and sampling materials

Nominal 500 m by 500 m drill patterns were laid out over 
the Musina mine tailings dump, and a total of eight explor-
atory auger boreholes were drilled to a depth of 5 m, from 
31 October 2014 to 5 January 2015, using a traditional 
hand auger drill. Material from each successive metre 
was pooled into a sample, which resulted in a total of 40 
samples from the tailings. Spillage from the tailings at four 
localities was also sampled as surface samples, yielding 
five samples (Supplementary Fig. S3).

3.2  Sample analysis

The main analytical work was done at the University 
of Johannesburg using inductively coupled plasma 
(ICP) optical emission spectrometry (OES) as part of a 

multi-element analysis on sample leaches. Cross-checks 
were carried out by X-ray fluorescence (XRF) on pressed 
powders by the Johannesburg laboratory of Sociéte 
Générale de Surveillance (SGS). Pre-treatment methods 
for the ICP-OES analyses were aligned to comply with 
the requirements for the International Organization for 
Standardization (ISO) 11464 of 1994.

3.3  Aqua regia extractant determinations

The aqua regia extraction procedure followed the ISO 
11466 [22] specifications of 1995. Weighed aliquots 
(approximately 3.0 g) of the tailings samples were placed 
in 200-ml Erlenmeyer flasks, after which 20 ml of aqua 
regia was added. The flasks were sealed with parafilm 
and stored overnight at room temperature to allow for 
slow oxidation of organic matter in the tailings, followed 
by boiling under reflux for 2 h using a hot plate (Stuart 
CB300) set at a temperature of 125 ºC.

The extract was allowed to cool and then passed 
through filter paper into a funnel, after which the flask 
was rinsed and the insoluble residue washed onto the 
filter paper. The filtered solution was evaporated and 
the remaining solid was moistened with about 5 ml of 
water, to which was added, while mixing, 5 ml of con-
centrated nitric acid, drop by drop where necessary, to 
reduce foaming. The mixture was then shaken vigorously 
to ensure total dissolution. The solutions were diluted to 
100 g of 1 molar nitric acid in a plastic bottle and stored. 
For analysis of elements by ICP OES, 1 ml of this stored 
solution was diluted further to 10 ml of 4% nitric acid.

3.4  Determination of tailings pH

As per ISO 10390 [20], representative samples weighing 
10.0 g (weighed using a Precisa XB 620 M Top Loading 
Balance) of the tailings (fraction < 2 mm) were placed 
into 200-ml Erlenmeyer flasks with 25  ml volume of 
deionised water (pH-H2O). This mixture was later shaken 
vigorously for 5 min, by hand, followed by a waiting 
period of about 48  h at room temperature prior to 
determinations. An Erlenmeyer flask was sealed with 
parafilm and left overnight to allow for normal calibra-
tion. Because of the susceptibility of pH-meter probes 
to particulate slurries, comprehensive and user-friendly 
pH (pH-Fix 0–14) colour indicator strips (also called dip 
in, read off ) were used for the pH measurements. The 
test strips were dipped into the sample suspension until 
there were no longer changes in colour prior to taking 
readings. This ensured total calibration of the test kit.
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3.5  X‑ray diffraction and X‑ray fluorescence

XRD and XRF analyses were conducted at the Council for 
Geoscience to determine mineralogical and elemental 
composition, respectively. Tailings samples were dried, 
sieved (< 200 mesh) and ground in an agate mortar for XRD 
analysis. A representative sample of the tailings material was 
crushed and milled to a fine powder of around 20 µm in 
grain size. A sub-sample was pressed into a shallow plastic 
sample holder against a rough filter paper to ensure random 
orientation.

XRD measurements were performed on a BRUKER D8 
ADVANCE instrument with a 2.2-kW Cu long fine focus tube 
(Cu Kα, λ = 1.54060) and 90 position sample changer. The sys-
tem was equipped with a Lynx Eye detector with 3.7º active 
area. Samples were scanned from 2 to 70° 2θ at a speed of 
0.02° 2θ steps size/0.5 s and generator settings of 40 kV and 
40 mA. Phase identification was based on BRUKER DIFFRAC 
Plus—EVA evaluation programme. Routinely, phase con-
centrations are determined as semi-quantitative estimates 
(with accuracy ± 5%) using the reference intensity ratio (RIR) 
method and relative peak heights/areas proportions [4]. 
Mineral composition of the tailings samples was determined 
by the external standard method of Chung [7]. Pellets for 
XRF major elements analysis were prepared as follows: the 
milled sample (< 75 µm fraction) was roasted at 1000 ºC for 
at least 3 h to oxidise Fe2 + and sulphur and determine the 
loss on ignition (LOI). Glass discs were prepared by fusing 1 g 
roasted sample and 10 g flux consisting of 49.5% Li2B4O7, 
49.5% LiBO2 and 0.50% LiI at 1150 ºC.

3.6  Methods for 3‑dimensional block modelling 
and resource estimation

In order to enable data visualisation and evaluation of 
resources, a 3D block model was created for the area cov-
ered by the tailings dump. These models include all the data 
and interpret the tailings dump volume. A block model for 
the grade estimation was generated using the modelled sur-
faces for the topography of the tailings dump and filling the 
volume between the two surfaces. Vulcan™ 3D software ver-
sion 9.1.7 was used to model dump solids and surfaces, fol-
lowed by block model estimation. Inverse distance squared 
(IDW) and ordinary Kriging (OK) methods were trialed to 
obtain reserve estimates.

An Excel database file format containing drill hole and 
sampling information was imported into a database in 

Vulcan using a database design file (dhd.dsf). The data vali-
dation process in Vulcan software forms part of quality assur-
ance and quality control (QAQC) and is suitable for undertak-
ing tailings dumps resource estimation. The accuracy and 
provenance of the data are of a satisfactory standard. Eight 
drill holes were used for the Musina mine. The dataset was 
validated for unique collar location and overlapping inter-
vals. No major errors were identified on either dataset. The 
data included collar coordinates in the Universal Transverse 
Mercator (UTM), World Geodetic System (WGS84) system, 
downhole assays and downhole surveys.

4  Results of analyses and discussion

4.1  pH and mineralogy of tailings

pH values obtained from the entire study area showed a 
neutral to weakly basic reaction throughout (7.0–9). Varia-
tions in pH levels with depth were insignificant; all tailings 
were alkaline. This can probably be ascribed to the weather-
ing of plagioclase feldspar, which is a constituent in the host 
rock of the mineralisation [3], and occurs at 6–8% in the tail-
ings, and to the low content or even absence of pyrite (not 
detected by our XRD analysis). The alkaline reaction of the 
tailings of the Musina mine means that no, or little, mobili-
sation of toxic and other metal ions is likely to take place. 
Instead, adsorption will dominate.

Due to erosion, tonnes of tailings material spill from the 
Musina mine tailings into the nearby river and surrounding 
environment every year in the rainy season. Spillage sam-
ples, like the tailings themselves, have neutral to slightly 
alkaline pH values (7.5–8). This river is an important water 
source for communities living downstream [32], and it is thus 
important to note that this pH value signals no high level of 
metal contamination risk.

Tailings samples analysed from the Musina mine (Table 1) 
comprise amphibole, quartz and clinochlore (a variety of 
chlorite) as the most abundant minerals. No dolomite, talc, 
ilmenite or serpentine was detected, but gypsum and smec-
tite occurred as secondary minerals. The primary ore is chal-
copyrite, with quartz and albite gangue [40]. The presence of 
plagioclase and abundant quartz in the tailings is in accord 
with this. Amphibole is known to occur in the Singelele 
gneiss, which forms most of the country rock of the miner-
alisation. Chlorite is the low-grade metamorphic or hydro-
thermal alteration product of most of the mafic minerals 
including probably biotite. When chloritisation occurs, alkali 

Table 1  XRD analysis of two 
Musina mine tailings, mineral 
contents expressed in wt.%

Sample Gypsum Amphibole Plagioclase Quartz Clinochlore Mica Smectite

KSM6C 8 41 6 34 4 3 4
KSM8B – 2 8 49 30 tc 10
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minerals are usually released which means some neutralis-
ing capacity arises from that process. Although sulphides are 
seen in some rock samples, they were not detected in the 
XRD analysis and therefore are minor. Also, they are already 
oxidised as seen from the presence of malachite. Alumino-
silicate minerals, such as plagioclase, can also neutralise 
acid upon weathering, although they are not as reactive as 
carbonate minerals [35]. In this process, Na and Ca are dis-
solved out of plagioclase while Al and Si produce clay miner-
als. Gypsum occurs as a secondary mineral, probably formed 
due to the alteration of plagioclase during the oxidation of 
sulphides in the tailings.

4.2  Element concentrations and correlations

Concentrations of the elements analysed for (Al, As, Au, 
Ca, Co, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb and Zn) are listed in 
supplementary Table S1. As and Pb are below detection 
limits (8.3 and 10 ppm, respectively) for all samples. Au was 
detected in 4 borehole samples and 1 from a spillage, at 
levels below 0.2 ppm. Cu concentrations range from 326 
to 2741 ppm with an average of 954 ppm. Other metals 
present in significant amounts are Al (6844–23,992 ppm), 
Ca (2986–14,299), Fe (17,767–60,114), Mg (5104–17,229), 
Mn (84–396) and P (238–616). Co, Cr and Ni are present 
in trace amounts generally below 100 ppm. The sum of 
concentrations of elements analysed ranges from 34,161 
to 117,974 ppm, reflecting their content dissolved in the 
ISO 11466 [22] aqua regia procedure, that is, not hosted in 
silicates (except clay minerals and chlorite).

Correlation patterns in geochemical datasets are useful 
to establish associations between elements, for instance, 
to elucidate in which phases they occur [8, 23]. We have 
explored this aspect using Microsoft Excel. The raw Musina 
mine tailings data show many significant correlations (cor-
relation coefficient r > 0.5, see Supplementary Table S2). 
These are, however, dominated by the variations in total 
content of extractable elements (those not hosted in 
insoluble silicate minerals) in the tailings and therefore 
not informative. This effect is eliminated by considering 
element amounts as percentages of the sum of element 
contents determined for each sample. These values are 
listed in supplementary Table S3. The correlation matrix 
(Table S4) shows few significant correlations (Fig. 2), which, 
however, can yield relevant information. Negative correla-
tions (Fe vs. Ca, Mg vs. Fe, Cu vs. Al, Mn vs. Fe) indicate that 
the respective elements are hosted in different minerals 
of which one is (or both are) unevenly distributed, while 
positive correlations (Fe vs. Cu, Mn vs. Ca, Mn vs. Mg, P vs. 
Fe, Zn vs. Cu) suggest that these elements occur at least 
partly in the same mineral or mineral association.

The correlations can be used to address two main 
questions on the Musina mine tailings: first, the mode of 

occurrence of Cu, and second, those of Fe and Ca, related 
to the potential for acid mine drainage generation. A cor-
relation of Fe with Cu (r = 0.358, but the slope is 1.9) indi-
cates that Cu chiefly occurred as chalcopyrite (atomic Cu/
Fe ratio ≈ 1) associated with pyrite during deposition of 
the tailings. This correlation is superimposed on a large 
amount of Fe in excess to this association that is uncor-
related with Cu. Further, Fe and Mg are negatively corre-
lated, which means that this excess Fe was not primarily 
hosted in minerals like chlorite or smectite (which would 
also be leached by aqua regia). The negative correlation of 
Mn with Fe (Fig. 2) further indicates that neither Fe, nor Mn 
exists primarily as Fe–Mn oxyhydroxide coatings on grains, 
which form under oxidising weathering. Taken together, 
this points to Fe being present mainly as pyrite.

The acid-generating potential of the tailings is therefore 
a concern. No S analyses were carried out in this study. For 
acid–base accounting (ABA) using the traditional Sobek 
method, 4.8 N hydrochloric acid and 2 N nitric acid are 
used sequentially to leach the sulphate and sulphide sul-
phur, respectively, and carbonate content is analysed by 
titration [15]. With an aqua regia leach as carried out in 
this study, analysing for S is uninformative, as it does not 
discriminate sulphide and sulphate-hosted S. However, the 
metal content correlations yield helpful information. First, 
the positive correlation of Mn with Ca coupled with the 
absence of any correlation between Mg and Ca indicates 
that extractable Ca mainly occurs as calcite. This is because 
Mn is highly compatible in calcite [14]. The additional cor-
relation of Mn with Mg, which indicates its presence in clay 
minerals or chlorite, does not detract from this conclusion. 
Thus, the tailings contain some neutralisation potential. 
However, the average molar ratio of Ca:Fe is 0.3 and of 
(Ca + Mg): Fe is 1.06, and as 2 mol of divalent cations are 
required to neutralise the acid produced from 1 mol of 
pyrite [15], the Musina mine tailings would be expected 
to produce some acid drainage and it is puzzling that the 
measured pH values are neutral to slightly basic. A possible 
explanation is that pyrite is already partly oxidised in situ. 
An indication for this is given by the presence of gypsum 
and also the positive correlation of P with Fe (the only pos-
itive correlation found for P), which can only be explained 
by adsorption of phosphate from solution. As the surface 
of a pyrite grain is oxidised, an iron oxide hydroxide layer 
is formed. Phosphate ions are irreversibly adsorbed onto 
this, and even minimal amounts of adsorbed phosphate 
have been found to prevent further oxidation of the pyrite 
[16]. From a metallurgical perspective, this is interesting: 
the high levels of Fe (up to 6%), if wholly present as sul-
phides, could create problems in recovering Cu, as iron 
sulphides normally float with Cu, making Cu and Fe sepa-
ration difficult and consequently rendering liberation an 
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issue [1]. If Fe sulphides are coated with hydroxides and 
phosphate, this problem would be less severe.

4.3  Distribution of copper in the auger holes

While drilling, it was observed that there were a general 
homogeneity and lack of distinct layering in the tailings, 
and this is confirmed by the lack of systematic variation 
in Cu concentrations with depth in all boreholes, shown 
in Fig. 3.

In all borehole profiles, there is a generally sufficiently 
high concentration of Cu (mean 940 µg/g) to be extract-
able economically. Copper is what the previous opera-
tor was attempting to recover, and recovery was clearly 
poor in some instances. This can be observed at a depth 
of 3–4 m in boreholes KSM04, KSM05 and KSM08 (Fig. 3).

All profiles show different patterns of localised enrich-
ment of Cu with depth. It is therefore highly unlikely that 
there is a single leaching mechanism operating whereby 
the metal would be transported downwards via seepage. 
Boreholes KSM04 and KSM05 were drilled in a water-
logged area of the tailings dump, where a consistent 

distribution with depth would be most likely to result if 
leaching was a major factor controlling concentration. 
However, their distribution patterns are irregular and not 
mutually similar. Thus, it is more likely that variations in 
Cu concentration are simply caused by fluctuations in the 
concentration of the ore mineral, or minerals, in suspen-
sion as the tailings dump was deposited over time. This is 
in accord with the above conclusion that Cu was deposited 
mainly as chalcopyrite.

4.4  Harmful elements assessment summary

The Musina mine tailings have no detectable concentra-
tions of Pb, Cd or As (Supplementary Table S1). This find-
ing, together with the neutral to weakly basic pH values, 
indicates a low environmental and health risk from these 
elements. The high concentrations of Cu are, however, 
a concern. While Cu is unlikely to present an important 
groundwater or surface (river) water contamination, its 
dispersion in dust in the dry season could pose a health 
risk to the large population living in the immediate vicin-
ity. Ingestion of can lead to its damaging accumulation 

Fig. 2  Two-element plots showing correlations between element abundances as percentages (by mass) of the sum of concentrations of 
analysed elements as listed in Table S3
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in liver, brain, kidney and cornea. A retreatment of the 
tailings dump to extract copper would have the added 
advantage of mitigating this risk.

4.5  Modelling and resource estimation

In order to evaluate the economic feasibility of reclaim-
ing the Musina tailings dump, the Cu concentrations 
of the borehole samples were incorporated in a block 
model of the dump. This involved constructing a 3D 
model as described below.

4.6  Triangulation and block model design

Solid triangulations or wireframes were generated from 
the interpretation of drill hole sections. Line sections 
were digitised from each drill hole, snapping to the collar 
points for top surfaces and end-of-hole points for base-
ment surfaces. The ideal method of modelling a tailings 
dump is through 3D laser scanning to output point cloud 
data points for high resolution.

4.7  Block model design

A block model was created for the entire tailings dump 
area and included the upper and bottom surfaces as 
constraints. The block model definition files were gen-
erated with the following parameters (Table 2):

Air blocks outside dump domains were deleted to 
optimise block model size and to ensure that no air 
blocks outside the dump wireframe were estimated. The 
block model was validated through visual inspections 
and creating diagonal sections across dump domains. 
For visualisation purposes, the tailings dump has been 
exaggerated 10 times in the Z dimension.

Block model validation shows that no air blocks exist 
outside dump domains. Multiple sections were created 
across the dump-modelled surfaces to identify any irreg-
ularities in the block model design. The block model of 
the Musina mine tailings dump (Supplementary Figs. 
S4-S7) is valid and accurate for the next stage of resource 
estimation.

Fig. 3  Strip log showing Cu metal concentration and distribution in boreholes
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4.8  Statistics (composite data)

Further statistical analysis was conducted for the tailings 
dump—analysing grade variables (Cu) in the databases 
because raw drilling databases cannot be used for grade 
estimation without statistics. As a result, a compositing 
method was used to break down assays into equal sam-
pling lengths. As boreholes were sampled at 1-m inter-
vals, a 1 m length compositing method was chosen to 
ensure that sample support remained constant [9]. Com-
putational compositing is a method of breaking down a 
sample set according to how it was sampled in the field 
and in the laboratory during sample analysis [37]. The 1-m 
compositing method chosen resulted in a composite data-
base with downhole mid-sample points that were used in 
grade estimation. Basic statistics were investigated for the 
composited databases (Table 3). All these samples were 
used in variography modelling. Table 3 presents general 
statistics analysed for all grade samples.

The histogram presented in Fig. 4 illustrates sample 
counts compared to sample grades. The purpose of pre-
senting this histogram is to identify outliers (anomalous 
samples) that can be removed from the sample database 

Table 2  Limits of the block 
model of the Musina Copper 
Mine tailings dump

Note The extent on X, Y, Z is the distance in metres (m) added on original coordinates to cover the 
extent of the model. Starting coordinate points are Universal Transverse Mercator (UTM) 36 coordinates

Model extent

Origin X Origin Y Origin Z
Coordinates 195,400.0 Coordinates 7,527,000.0 Coordinates 514.0
Extent on X 1700.0 Extent on Y 1900.0 Extent on Z 50.0
Block sizes Block X size (m) Block Y size (m) Block Z size (m)
Parent cell 10.0 10.0 0.5

Table 3  Musina Copper Mine dump: Cu general statistics in µg/g 
(g/tonne)

Cu_Musina Mine.cmp: Cu (µg/g [g/tonne])

Number of samples 45
Minimum 326.45
Maximum 2741.42
Range 2414.97
Average (mean) 954.20
Standard deviation 493.26
Variance 243306.84
Geometric mean 852.76
Geometric variance 1.25
Harmonic mean 769.98
Skewness 1.60
Fisher kurtosis 2.85
Nat. log mean 6.75
Nat. log variance 0.22
Coef. of variance 0.52
Sichel t 951.98
Q1 595.19
Median 819.68
Q3 1177.44

Fig. 4  Cu histogram for the 
Musina mine tailings dump
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or suppressed prior to variogram modelling. Outliers may 
cause confusion when correlating variogram models. Out-
liers are generally identified and suppressed for the pur-
pose of variogram modelling, but later returned for grade 
estimation. This type of comparison enabled to determine 
whether the composite data require any transformation in 
preparation for variogram modelling. In some cases, the 
data can present positively or negatively skewed distribu-
tions. This may then require transformation; for example, 
Gaussian transformation, prior to variogram modelling 
and grade estimation.

It is important to note that the distribution of elements 
in the tailings is essentially attributed to how material has 
been dumped. This is not a natural deposit—geologically 
formed and in situ; instead, it is synthetic. Because of this, 
it is difficult to draw robust conclusions in this case. The 
observation (Sect. 4.3) that no significant enrichment or 
depletion in Cu with depth has been noted (nor for the 
other elements analysed in this study) indicates that the 
effects of the dumping season and fluctuating mining 
operations dominate.

4.9  Resource block model validation

Various methods were used to validate the estimate 
against the composite data, including visual validation and 
drift analysis, also known as swath plots (Supplementary 
Figs. S8-S10). Visual validation was performed by viewing 
cross sections and comparisons of the grade in the block 
model to the sample database. The correlation between 
the sample grades and the block model was good.

4.10  Mineral tonnage estimations and resource 
reporting

No relative density measurements have been conducted in 
the University of Johannesburg laboratory for this project. 
The tonnages calculated are based on densities obtained 
from previous studies. From the density of quartz (2.32 
ton/m3) and the minor component amphibole (c. 3.1), 
loose sand (1.44) and considering that the tailings are 
compacted, a value of 1.7 ton/m3 was used for the Musina 
mine.

Sufficient high-quality data were collected, increasing 
the confidence in the tailings dumps determination. The 
total tonnage of tailings material was used to deduce the 

total amount of elements. The total area of the tailings 
dumps at the Musina mine is 95 hectares (ha) (950,000 
 m2) as given by the model and the volume calculated is 
4,750,000  m3. The average density is 1.7 ton/m3. No geo-
logical losses were included in the mineral resource esti-
mation as there should not be any structure (dyke or sill) 
present in the dump that will cause losses and a 100% 
reclamation of the dump is assumed. These values were 
calculated and tabulated in Microsoft Excel (Table 4).

The cut-off grade is the lowest grade material consti-
tuting all or part of an ore body that can be profitably 
treated. It is anticipated that the Musina dumps would be 
reclaimed by hydraulic mining, which is normally used for 
this type of deposit. This dump reclamation method makes 
the mining of selective areas or layers difficult, making a 
cut-off grade possibly irrelevant. A cut-off grade was, how-
ever, applied in the resource estimation as it is assumed 
that the tailings dump might be reclaimed using several 
options, depending upon the technology available at the 
time.

In order to check for potential biases in the block model 
grade estimate, the inverse distance block grades were 
compared to the OK estimation at a zero-cut-off grade. 
Ordinary kriging estimations provide more robust esti-
mates of the mean grade of tailings because the sample 
data of drill holes are declustered. Figure 5 compares the 
exploitable grades (in ppm, i.e. g/tonne) and tonnages as 
a function of the cut-off grade, two grade models at a zero 
cut-off grade for two mineral resource categories.

5  Conclusions

Conclusions from this study relate to (a) economic poten-
tial through exploitability, (b) environmental and health 
risks and (c) potential for other purposes.

The results presented in this paper indicate the lack of 
full copper recovery by the operator, leading to a signifi-
cant amount of Cu (up to 8 555 tonnes) still in the tailings, 
and can be concluded that the processing plants were not 
efficient during earlier days. A correlation between Fe and 
Cu suggests that the Cu was deposited in the tailings as an 
association of chalcopyrite and pyrite.

A geometallurgical study would help assess the eco-
nomic feasibility of extracting Cu, with a view to reworking 
these tailings.

Table 4  Mineral resource estimation of the Musina mine tailings dumps

a ppm (µg/g)/10 000 = %

Metals Mean (µg/g) Grade (%) Dump tonnage Metal tonnage Density Ha Area  m2 Average dump height (m) Volume (dump)  m3

Cu 943.84 0.09 80,75,000 8555.43 1.7 95 9,50,000 5 47,50,000
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Tailings, specifically those that are in close proximity to 
nearby communities, should be removed or remained in 
a wet process (unearthing them would release dust laden 
with possibly toxic elements). While up to 6% Fe may be 
present in the tailings as pyrite and insufficient neutrali-
sation potential is present, the samples present neutral 
to slightly basic pH and we suggest that the formation 
of AMD is prevented by Fe oxyhydroxide coatings with 
adsorbed phosphate. As long as pH remains non-acidic, 
the metal levels in tailings solution and plants would 
remain below toxic levels. It is important that these tailings 
are rehabilitated in future, to ensure the sterilised land can 
be used for other purposes. Mining the tailings for copper 
could offer a self-funding option that has the potential to 
complete proper rehabilitation.

The main risk is associated with the possible inhalation 
or ingestion of dust, and any remediation of the tailings 
dumps and rock dumps should include stabilising the 
surface (e.g. by using vegetation). As it stands, short-term 

solutions include rehabilitating tailings and rock dumps 
with vegetation cover in order to prevent loose soil from 
being blown or washed away by wind and water, and relo-
cating communities living in affected areas.
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