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Abstract: Artisanal and Small-scale river sand mining is one of the upcoming activities associated
with the environmental crisis concerning the water ecosystem. However, the determination of the
duration in which illegal sand mining has occurred, and the future prediction on the extent of river
sand mining is not well-established in most of the world. This study aimed to assess the extent of
river sand mining activities across some of the catchments in Limpopo province, South Africa and
understand the sustainable extraction of sand resources. This was followed by the determination of
when sand mining activities commenced in each of the individual catchments. Thus, remote sensing
was applied to predict the extent of river sand mining from the year 1992 to 2022, and statistical
prediction models were utilised to predict the extent of sand mining for the next 10 years. The results
of the study suggest that most of the catchments started to experience illegal sand mining activities
from the year 1992, though the extraction was relatively low. Equally, a decrease in vegetation
coverage across the river system has been evidenced, which also suggests that the extraction of sand
and gravel has been elevated from the year 2010. In terms of the prediction model, the Turfloop
River system was predicted to experience a large extraction ratio in the coming 10 years, with about
92.415 ha of land expected to be affected. Meanwhile, the Molototsi River system was denoted to be
the least affected river system, with a reduced extraction ratio of about 6.57 ha expected in the next
10 years’ time.

Keywords: river sand mining; remote sensing; prediction model; artisanal and small-scale mining

1. Introduction

Sand mining activities, particularly uncontrolled or illegal sand mining activities, threaten
the water quality of affected streams and the safety of river-based sporting and associated
activities [1]. As a result, both central and local governments in most countries restrict sand
mining operations [1]. For example, in China, governments at various levels have formulated
laws and regulations to prohibit illegal sand mining. However, despite such measures, illegal
sand mining activities are still rampant in regions such as the Yangtze River Basin, the Yellow
River Basin, the Pearl River Basin and the Huaihe River Basin [2-5]. These increases in sand
extraction are partially driven by incomes derived from such activities [6]. Moreover, illegal
sand mining is typically covert, mobile, and a fragmented activity, and therefore, it can be
difficult to detect and manage timeously [6].

As aresult, illegal river sand mining is becoming a widespread environmental problem
in countries like China [7], Bangladesh [8], India [9,10], Kenya [11,12], Nigeria [13,14], South
Africa [15-20] and Botswana [21]. Within these countries, such mining activity is driven by
different factors. For the most part, it appears that illegal sand mining is necessitated by
the need to meet some of the socioeconomic needs of people who practice it.
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Illegal sand mining, by the nature of its scale, lends itself under the broad umbrella of
Artisanal Small Scale Sand Mining (ASM), a supposedly legal framework whose regulation
is problematic to implement for many governments across the globe [22]. In Africa, ASM
is the ‘brainchild” of the African Mining Vision (AMV), whose aim is to transform the
African mining industry into a knowledge-based one and an accommodative industry
to absorb several role players who are willing to participate in the mining sector [22].
However, the lack of a consistent framework to both classify and regulate the ASM sector
has given rise to unregulated and hazardous mining practices [22]. For the most part,
Gathogo and Amimo [23] conceptualised ASM in terms of its simplicity, where one needs
only the simplest of tools and largely informal activities without following much protocol.
Zvarivadza [24] further refers to ASM as the exploitation of marginal ore deposits using
rudimentary tools, such as picks, shovels, wheelbarrows, panning dishes, and so on. Simi-
larly, Rupprecht [25] described ASM as manual, smallest and simplest mining operations
that involve the use of simple tools with basic mining and processing techniques and are
carried out predominantly in rural areas.

The exploitation of sand deposits by humans is receiving global attention due to the
negative environmental impacts associated with it [17]. Sand mining has expanded at an
exponential rate globally because sand is a critical natural resource whose utilisation is
leading to the construction of many well-known infrastructures like modern skyscrapers
across many cities in the world [7]. Similarly, the impacts of exploiting sand deposits by
illegal river sand mining have been studied globally [7].

As indicated by previous researchers [20,26], the Limpopo province has been experi-
encing illegal river sand mining for some time. Two rivers, namely, Nzhelele and Mokolo,
which are some of the main river catchments in the province, amongst others, have been
investigated. However, these studies were rather confined to very small areas given the
size of the Limpopo Province, to the exclusion of other important river systems such as
Lephalale, Letaba and Lepelle (Olifants), which have not been systematically investigated.
Furthermore, the few previous studies that were conducted [17,20-26] focused rather on
a limited time frame regarding their data collection and analyses. Thus revealing only a
partial state of affairs regarding the extent of this environmental problem in this province.

Unfortunately, sand mining causes a myriad of negative environmental impacts on
susceptible river channels and natural ecosystems. Given the previous discussions, a few
questions can be asked at this point. When did illegal river sand mining commence in the
various catchments in the Limpopo province? To what spatial extent has river sand mining
gone? What are the environmental impacts associated with illegal river sand mining?
Answering these questions may generate an understanding of the impact and occurrence
of illegal river sand mining across catchments in the Limpopo province. Therefore, the
current study seeks to identify and assess when illegal river sand mining commenced in
the Limpopo province, along with an explanation of the patterns it is taking in some of
the catchments.

2. Materials and Methods
2.1. Description of the Study Area

The study was carried out in Limpopo province, South Africa. The province is
located in the northernmost region of the country and shares international boundaries
with Botswana, Mozambique and Zimbabwe. The province covers an area of 125,755 km?,
accounting for 10.4% of the total national area of South Africa, with a population of about
5.4 million, based on StatsSA 2019. There is a wide range of landscapes in this region,
from the Bushveld to the scenic mountains covered in indigenous forests and untouched
savannah wilderness [27]. The Limpopo is one of the 9 provinces in South Africa with
5 district municipalities (Capricorn, Vhembe, Sekhukhune, Waterberg and Mopani) and
25 local municipalities.

In terms of hydrology, the province falls under the Limpopo River Basin (LRB) and is
located between latitudes 20° S and 26° S and longitudes 25° E and 35° E, and some of the
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important water catchments are shared with neighbouring countries, such as Botswana,
Mozambique, and Zimbabwe. The basin covers an area of approximately 430,000 km?
with altitudes ranging between 150 m and 1200 m. Major rivers in the LRB are the Marico,
Crocodile, Matlabas, Mokolo, Lephalala, Mogalakwena, Sand, Nzhelele, Luvuvhu, Lepelle
and Nwanedi rivers. However, other major river systems include Mokolo, Lephalale,
Mogalakwena, Sand, Luvuvhu, Letaba and Lepelle (Olifants) (Figure 1). Furthermore, more
than 80% of the population depends on these corridors to supply water for agricultural,
mining, industrial and domestic uses.
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Figure 1. Locality map with river catchments of the Limpopo River Basin in the Limpopo province.

Owing to land use pressures in some of the catchments, the water quality across
the abovementioned main rivers has been negatively impacted (Limpopo Basin Per-
manent Technical Committee (LBPTC 2010)). To mention the few contributing factors,
Ashton et al. [28] reported that water resources in most of the sub-catchments in the
Limpopo River basin are negatively impacted by mining activities and poorly managed
waste disposal facilities. Other point sources of pollutants include traditional and cul-
tural practices whereby local inhabitants wash their dirty laundry in river water, thus
releasing copious amounts of wastewater downstream. Similarly, nutrient enrichment
released from commercial and subsistence agricultural practices adds to the pollution load
of affected rivers.

2.2. Methods

Multispectral sensors, such as Landsat, ASTER and Sentinel2, have been utilised to
map mining activities by detecting changes in land cover/land use (LULC) and calculating
spectral indices, such as normalised difference vegetation index (NDVI). Advantages
of these sensors include their ability to provide cyclic observations, which can provide
periodic updates of surface mining activities, cost-effectiveness, extensive areal coverage
and medium spatial resolution: Sentinel (10 m), ASTER (15 m) and Landsat (30 m). Landsat
was launched in 1972, ASTER in 1998 and Sentinel in 2015. Since this study is aimed at
exploring mining activities during the past three decades, from 1992 until 2022 (in a period
space of about 10-year intervals) in Limpopo Province, these multispectral sensors are
suitable for this study considering their launching dates. However, the mapping of ground
features using images of these multispectral sensors can be affected by (1) external factors,
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such as the presence of clouds, which interfere with the extraction of valuable information
about ground features, and (2) sensor characteristics, such as spatial resolution. Spatial
resolution can be defined as the size of the area represented by pixels in an image. The
higher the spatial resolution, the better the clarity and ability to identify small ground
features (e.g., small mining areas). Therefore, in instances where all sensors acquired
cloud-free multispectral images of a required period (e.g., 2022), the image from the sensor
with relatively high spatial resolution was selected.

Sand mining zones appear as bare land surfaces in LULC classification images (LULC
maps) and are represented by typically low NDVI values, which enable mining zones
to be detectable using the NDVI spectral index. As a result, in addition to Google Earth
technology, LULC and NDVI generated from processing multispectral sensor images
were used to map mining activities and their areal extent over 30 years (1992 to 2022).
Furthermore, a regression analysis using a data analysis tool from Excel was used to
develop a simple predictive model for future occurrence and the extent of sand mining
activities across the catchments.

2.3. Datasets

This study used a multisource of remotely sensed images, namely a high spatial
resolution Google Earth platform, including three multispectral sensors (MS): Landsat,
ASTER and Sentinel 2.

2.3.1. Description of Multispectral Sensor Datasets

Landsat is a system of multispectral sensors, with the first Landsat 1 established in
1972 and the latest Landsat 9 launched in 2021. In this study, multispectral images of
Landsat Thematic Mapper™ 5 and Landsat Operational Land Imager (OLI) retrieved from
https:/ /earthexplorer.usgs.gov/ (accessed on 15 May 2021) and https://glovis.usgs.gov/
(accessed on 15 May 2021) were used. Developed by NASA, Landsat 5 was launched
from Vandenberg Air Force Base in California on 1 March 1984 and covers a spectral
region of visible (VIS), near-infrared (NIR) and midinfrared (MID) with 6 bands and 1 band
belonging to thermal infrared (TIR). The VISMID bands are characterised by a spatial
resolution of 30 m, while the TIR band has a spatial resolution of 120 m (Table 1). On the
other hand, Landsat 8 OLI was also launched on an AtlasV rocket from Vandenberg Air
Force Base, California, on 11 February 2013. The OLI measures in the VIS, NIR, and SWIR
spectral regions with bands having spatial resolution of 30 m. In addition, OLI provides a
panchromatic band, which is characterised by 15 m spatial resolution. Table 1 shows the
Landsat bands used in this assessment. These bands were selected based on spatial and
spectral resolution, including their ability to map LULC and estimate NDVI values. As
stated in by Muavhi [27], the higher the spatial resolution, the better the separability of
ground feature types, thus promoting accurate LULC mapping.

ASTER is an advanced multispectral remote imaging instrument launched on board
NASA'’s Terra spacecraft in December 1999. ASTER covers a wide spectral region with
14 bands ranging from the visible to thermal infrared region with high spatial, spectral
and radiometric resolution. The resolution varies with spectral region: 15 m in VIS and
NIR, 30 m in the SWIR, and 90 m in the TIR spectral region. The ASTER datasets selected
for this study are ASTER L1T (Precision Terrain Corrected Registered At Sensor Radiance
Product) cloud-free scenes, which were retrieved from (https:/ /earthexplorer.usgs.gov/,
accessed on 15 May 2021) maintained by the USGS/Earth Resources Observation and
Science (EROS) Centre at Sioux Falls, South Dakota. Table 2 shows the ASTER bands used
in this assessment. Likewise, these bands were selected based on spatial resolution and
spectral resolution, which promote accurate LULC mapping and estimate NDVI values.
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Table 1. Characteristics of Landsat imageries used in this study.

Landsat Type Band ID Bandwidth (um)  Spatial Resolution
Band 1 (Blue) 0.450.52 30 m
Band 2 (Green) 0.520.60 30 m
Band 3 (Red) 0.630.69 30 m
Landsat 5 Band 4 (Near infrared) 0.760.90 30 m
Band 5 (Shortwave Infrared) 1.551.75 30m
Band 7 (Shortwave Infrared) 2.082.35 30 m
Band 2 (Blue) 0.43045 30 m
Band 3 (Green) 0.530.59 30 m
Band 4 (Red) 0.640.67 30 m
Landsat 8 OLI Band 5 (Near Infrared) 0.850.88 30 m
Band 6 (Shortwave Infrared) 1.571.65 30 m
Band 7 (Shortwave Infrared) 2.112.29 30 m
Band 8 (Panchromatic) 0.500.68 15m

Table 2. Characteristics of ASTER bands used in this study.

Band ID Bandwidth (um) Spatial Resolution (m)

Band 1 (Green) 0.520.60

Band 2 (Red) 0.630.69 15

Band 3 (NIR) 0.780.86
Band 4 (SWIR) 1.601.70
Band 5 (SWIR) 2.1452.185
Band 6 (SWIR) 2.1852.225
Band 7 (SWIR) 2.2352.285 30
Band 8 (SWIR) 2.2952.365
Band 9 (SWIR) 2.3602.430

Sentinel? is an earth observation mission from the Copernicus Programme that system-
atically acquires optical imagery at various spatial resolutions covering VNIR and SWIR
with 13 bands (see Table 3). The VNIR and SWIR bands, specifically bands 2, 3, 4,5, 6,7, 8,
8a, 11 and 12, are characterised by relatively better spatial resolution (10 m and 20 m) and
are used in this study for LULC mapping. The Sentinel2 datasets selected for this study are
Sentinel? cloud-free scenes, which were retrieved from (https://earthexplorer.usgs.gov/,
accessed on 15 May 2021).

Table 3. Characteristics of Sentinel2B bands used in this study.

Band ID Central Wavelength (um)  Bandwidth (um)  Spatial Resolution (m)

Band 2 (Blue) 0.490 0.65 10

Band 3 (Green) 0.560 0.45 10

Band 4 (Red) 0.665 0.30 10

Band 5 (Vegetation red edge) 0.705 0.15 20
Band 6 (Vegetation red edge) 0.740 0.15 20
Band 7 (vegetation red edge) 0.783 0.20 20
Band 8 (NIR) 0.842 0.115 10

Band 8a (Vegetation red edge) 0.865 0.20 20
Band 11 (SWIR) 1.610 0.90 20

Band 12 (SWIR) 2.190 0.180 20

Five scenes of Landsat TM 5 acquired in 1992 (the initial year of the study period) were
used for mapping mining activities within and along the eight rivers considered in this
study. Meanwhile, 9 ASTER scenes were used for delineating mining activities in 2002. On
the other hand, 1 ASTER scene covering the Mvudi River was used to assess sand mining
activities along the Mvudi River in 2012, whereas the remaining rivers were assessed with
the aid of Landsat OLI images acquired in 2013. The Landsat OLI images of 2013 for other
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rivers were chosen due to the lack of ASTER images acquired in 2012. Landsat Oli was
launched in 2013. To study the LULC and NDVI characteristics of 2022 (the final year of
the study period), 7 scenes of Sentinel are utilised.

2.3.2. Preprocessing of Remotely Sensed Images

All multispectral images were georeferenced to the Universal Transverse Mercator
(UTM) zone 35S with World Geodetic System (WGS) 1984 projection in the ArcGIS environ-
ment (ArcGIS version 10.8). The georeferenced images were exported in GeoTiff format for
further analysis using ENVI Version 5.0 software. Where rivers extended over multiple
scenes, mosaicking was used to merge the scenes into one image file (Figure 2).

Figure 2. An image showing the process of merging the adjacent scenes.

Multispectral bands for each period (1992, 2002, 2013 and 2022) are layer-stacked to
create a multi-band image and then subset to cover the buffered zones of rivers. During the
process of layer-stacking of ASTER bands, SWIR bands are resampled to match the spatial
resolution (15 m) of VNIR bands for all nine bands to be of the same spatial resolution,
which is crucial during image processing. Landsat OLI bands with 30 m spatial resolution
are resampled to 15 m spatial resolution based on the panchromatic band. Meanwhile,
Sentinel2 SWIR bands were resampled to match the 10 m spatial resolution of VNIR bands.
Resampling, also referred to as pan sharpening, aids in attaining better separability of
ground feature types from all bands in multiband images.

2.3.3. Atmospheric Correction

The nature of remote sensing requires that solar radiation passes through the atmo-
sphere before it is collected by the sensor. As a result, remotely sensed images include
information about both the atmosphere and the earth’s surface. To compensate for atmo-
spheric effects and properties, such as the amount of water vapour and distribution of
aerosols, atmospheric correction models are used [29]. Various models have been devel-
oped to correct atmospheric effects [29]. The selection of a model to implement may depend
on factors such as software being used, attribute data of multispectral images, etc. In this
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study, the atmospheric correction was carried out with the aid of Log Residuals calibration
LULC [30].

2.3.4. LULC Classification

In this study, a supervised classification, which is the image classification based on the
user-defined training classes, was used to map LULC. Training classes are representative of
materials or ground feature types that will appear on the final image output. The classified
LULC is normally subjected to a post-classification process, such as an accuracy assessment,
to evaluate the reliability and level of confidence related to the classified LULC map [31].
This process is achieved using testing/validation pixels, which are also representative of
ground feature types being mapped but do not form part of training classes.

2.3.5. Selection of Training and Testing Classes of LULC

In this study, the false colour composite (FCC) and true colour composite (TCC) images
were used to gather the training and testing datasets of the four LULC classes: vegetation,
waterbodies, built-up and bare lands considered in this study. FCC is a combination of
three-channel images or bands aimed at creating the false colour of ground features in
order to obtain a better visual picture and to improve the targeted features. RGB technique
is used to display FCC images by assigning three bands or channel images to the three basic
colours (red, green and blue). On the other hand, a TCC image is a combination of three
bands that represent the three basic colours (red, green and blue) in order to generate a
natural colour form of targeted features. The advantage of a TCC image is that the targeted
features appear in their true natural form, which simplifies visual interpretability and the
selection of training samples [32].

To generate FCC images, the near-infrared band, red band and green band were
assigned red, green and blue, respectively, using the RGB technique. This band combination
is widely used in LULC mapping owing to its ability to distinguish ground features
effectively. Waterbody appears in blue, vegetation in red, bare land in green and built up in
cyan to a whitish colour (Figure 3). Meanwhile, TCC images are generated by assigning
the red band, green band and blue band their associated colour (red, green and blue) using
the RGB technique.

Figure 3. A photograph of TCC image (left) and FCC image (right).



Sustainability 2023, 15, 13299

8 of 26

The representative samples of LULC classes were extracted as regions of interest
(ROIs), which were then examined for class separability using Transformed Divergence
(TD) and Jeffries Matusita Distance (JMD) in the ENVI environment. Separability measures
between samples from different LULC classes are necessary to (1) evaluate the quality of
the class representative samples, (2) determine the classes with ambiguous boundaries
in feature space, where poor classification accuracy is expected, and (3) determine those
features where the separability between classes is limited [33,34].

TD and JMD separability measures are an indirect estimate of the likelihood of correct
classification between different data sets or derived measures [35]. The TD and JMD
separability measures of ROIs/class pairs are reported as values ranging from 02 and
indicate how well the classes separate. A value of 0 indicates complete overlap between the
signatures of two classes, and 2 indicates a complete separation between the two classes [36],
while >1.5 indicates acceptable separability between classes [37]. In general, values greater
than 1.9 between the two classes indicate excellent separability [36]. The LULC classes in
this study achieved TD separability measures >1.5 (Figure 4), which can be considered a
cutoff point of acceptable separability measures [37]. Built up against bare land attained
relatively low separability measures. This can be attributed to spectral similarities between
certain roofing and building materials and bare soils. The difficulty in separating these two
LULC classes has been demonstrated in the study of Muavhi [31], which was conducted in
the Limpopo Province. Nonetheless, all separability measures attained fall above the cutoff
point of acceptable separability measures (>1.5) [38].

O ROI Separability Report

File

Input File: Mvudi Area 2022
ROI Name: (Jeffries-Matusita, Transformed Divergence)

Vaterbody [(Blue] 771 points
Vegetation [Green] 991 points: (2.00000000 2.00000000)
Bare land [Coral) 749 points: (1.99999437 2.00000000)
Built-up [Purple] 1650 points: (1. 99984143 2 00000000)

Vegetation [Green) 991 points
Vaterbody [Blue) 771 points: (2.00000000 2.00000000)
Bare land [Coral) 749 points: (1.99999999 2.00000000)
Built-up [Purple] 1650 points: (1.99997533 2.00000000)

Bare land [Coral] 749 points
Vaterbody [Blue)] 771 points: (1.99999437 2.00000000)
Vegetation [Green] 991 points: (1 99999999 2 00000000)
Built-up [Purple] 1650 points: (1 88885175 2.00000000)

Built-up [Purple] 1650 points
Vaterbody [Blue) 771 points: (1.99984143 2.00000000)
Vegetation [(Green) 991 points: (1.99997533 2.00000000)
Bare land [Coral) 749 points: (1.88885175 2.00000000)

Pair Separation (least to most)

Bare land [Coral)] 749 points and Built-up [Purple) 1650 points - 1 88885175
Vaterbody (Blue) 771 points and Built-up [Purple] 1650 points - 1.99984143
Vegetation [Green) 991 points and Built-up [Purple] 1650 points = 1 99997533
Vaterbody [(Blue) 771 points and Bare land [Coral)] 749 points - 1.99999437
Vegetation [Green) 991 points and Bare land [Coral)] 749 points - 199999999
Vaterbody [(Blue) 771 points and Vegetation [Green) 991 points - 2 00000000

Figure 4. Example of separability measure report.

After attaining acceptable separability measures, individual LULC class was exported
to nD Visualizer in the ENVI environment, which is an interactive tool that can be utilised
to select groups of pixels into classes [29]. Two subclasses from individual classes were
randomly created in the nD Visualizer and then exported to be used as training datasets
for supervised classification based on support vector machine (SV) and testing datasets for
accuracy assessment based on confusion matrix. Figure 5 shows an example of the main
LULC class and its two subclasses representing the training dataset and testing dataset.
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& n-D Visualizer — O X

Figure 5. nD visualiser images showing a vegetation main class on the left and two created vegetation
subclasses on the right: training (green) and testing (red) dataset.

2.3.6. Support Vector Machine

In this study, the main kernel function, radial basis function (RBFK), was utilised to
conduct SVM classification. The mathematical expression of the RBFK is given below [39]:

RBFK (x;xj) :exp(—ngi—xsz),g >0 1)

where x; and x; are the input vectors, and g is the gamma parameter.

Two key parameters for the RBFK, penalty (C) and gamma, needed to be preselected
to generate an optimal SVM model. Parameter ‘g’ controls the degree of nonlinearity of the
model, whereas parameter ‘C’ controls the overfitting of the model by specifying tolerance
for misclassification [39]. In this study, the RBFK, characterised by a default gamma value
of 0.33 and penalty parameter of 100.00, was used to generate LULC classification maps
for the study period. These values have proven to produce accurate LULC mapping in
previous studies (e.g., Muavhi [31]).

2.3.7. Accuracy Assessment

In this study, the randomly generated testing subclasses of the main LULC classes
were used to assess the accuracy assessment of SVM-generated LULC maps of the study
period using a confusion matrix.

In simple terms, the confusion matrix agrees on the testing/validation dataset and
interpreted LULC types in the classification map [7,17]. Similarly, with other studies [40],
the common accuracy measures used in this study include the overall accuracy and Kappa
coefficient (K). Additionally, the accuracy of individual LULC was calculated using the
user’s and producer’s accuracy, including commission and omission errors. On the other
hand, omission error is the number of validation pixels that are not classified for a land
cover type while, in reality, they belong to that LULC type; meanwhile, commission error
calculates the number of validation pixels misclassified as belonging to a LULC type while
in the ground they represent other land cover types [40].

2.3.8. Normalized Difference Vegetation Index

NDVI is the most used spectral index in mapping vegetation change over time. Gen-
erally, surface disturbance associated with mining activities causes changes in surface
vegetation cover, which can be detected by NDVI dynamics [41]. NDVI is applied using
Near-Infrared (NIR) and red bands. The principle behind the NDVI in vegetation mapping
is that the vegetation is highly reflective and absorptive in NIR and visible red, respectively.



Sustainability 2023, 15, 13299

10 of 26

30726 30°27°E

30°28E

The difference between these bands can be used to indicate the presence or absence of
vegetation [32,34,42]. Thus, this makes the NDVI a good indicator in reflecting seasonally
or periodically dynamic changes in vegetation conditions that may have been triggered
by mining activities. The NDVI values range from —1 to 1, and the common range for
vegetation is 0.2 to 1 [40], whereas bare land is typically represented by values < 0 [42].
Therefore, the areas where mining activities damaged vegetation were indicated by low
NDVI values (<0), while the areas where reclamation and restoration have been carried out
would be characterised by high NDVI values (>0). ENVI is used to estimate NDVI values
using the following equation:

NIR — Red

NDV] = —————
NIR + Red

@
3. Results and Discussions

3.1. Detection of Mining Activities in Different River Channels

3.1.1. lllegal Sand Mining in the Mvudi River System

A total of 23 illegal mining locations were identified along the Mvudi River system.
The mining activities were limited to the lower and middle stream sections (Figure 6a)
of this channel. The upper stream section is used mainly for agricultural activities. By
monitoring the periodic changes of the surface area along the Mvudi River using Google
Earth technology, it was found that mining activities predominated the second half of the
last decade (2012-2022). Among the affected sites, one location was mined from the year
2002 until the year 2012, and the mining activities of the remaining 22 locations happened
after the year 2012 (Figure 6b). With regard to the areal extent of mining activities under
consideration, in the year 2002, the extent of such activities in one of the locations covered
an area of 1.7 ha. Subsequently, they increased to 1.8 ha in the year 2012. Thereafter,
operations ceased. However, later on, 22 new mining sites appeared, and they extended
geographically to cover an area of 8.1 ha in the year 2022.
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Figure 6. (a) Sand mining points, (b) Areal extent of mining activities over the study period.

The sudden increase in mining activities after the year 2012 coincided with the con-
struction of tarred roads east of the Mvudi River. These roads connect local areas and
later join the R525 main road, which is located to the north of this river. Previous research
has shown that well-developed access roads may increase the occurrence and spread of
artisanal and small-scale mining activities in vulnerable catchments [41].

The LULC maps that were classified and based on the training classes of LULC
extracted from TCC and FCC images, and the application of the SVM algorithm are
displayed in Figure 7. These maps attained overall accuracies and Kappa coefficients
of over 80% and 0.8, respectively (overall accuracies = 99.87% and Kappa coefficients
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= 0.99), which represent reliable LULC mapping [43]. In general, natural vegetation
and waterbodies achieved better individual accuracies (producer’s and user’s accuracy),
whereas bare land and built-up areas attained relatively low individual accuracies, which
can be attributed to their low separability measures resulting in the misclassification of
bare land as built-up areas.
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Figure 7. LULC maps of the periods of active mining industries in the Mvudi River.

Some of the building materials used in the surrounding residential areas are sourced
from illegal mining activities, and they show some spectral similarities, thus decreasing the
separability of the two LULC classes. Nonetheless, most illegal mining locations showed
distinctive patterns that set them apart from their surrounding areas. Such patterns are
distinctive when polygons of mining locations extracted from Google Earth images are
superimposed over LULC maps. Such mining polygons are mostly associated with pixels
classified as bare land and, to a lesser extent, as built-up areas due to low separability
measures between the two LULC classes.

NDVI maps for periods of active mining activities (2002, 2012 and 2022) were also
generated to help in assessing vegetation conditions and to determine the extent to which
illegal sand mining activities affected the vegetation along the Mvudi River. The NDVI
maps were segmented into five discrete classes for better visual interpretation (Figure 8).
The NDVI values for the years of active mining activities were less than 0.2. NDVI values
below 0.2 indicate low vegetation productivity or poor vegetation condition and predomi-
nance of bare land, which can be associated with mining activities. The rapid decrease in
vegetation cover represented by NDVI indicates negative impacts induced by river sand
mining along the channel bed. Previous studies [43,44] confirmed that when sand and
gravel mining is unregulated and takes place in an uncontrolled manner, the outcome is
usually the alteration of natural river equilibrium.
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Figure 8. NDVI values of the mining areas and surroundings during periods of active mining.

3.1.2. Sand Mining in the Nzhelele River System

Twenty-seven (27) mining sites were identified along and within the Nzhelele River
channel. The mining activities extend over all three river sections (Figure 9a), with the
upper stream characterised by more than 50% of them. The town of Makhado is situated
within the vicinity of the upper stream. The location of this town might influence the
proliferation of illegal mining hotspots in the upper section of this river because there are
settlements within this area where new houses and related infrastructures are being built.
On the other hand, in the lower sections of the river, the least number of mining locations
were found compared to the other two river sections. Such a pattern might be ascribed
to the sparsely populated human settlements in the lower sections of the Nzhelele River
system, thus suggesting comparatively less exploitation of the available river sands.
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Figure 9. (a) Mining points within and along the Nzhelele River channel. (b) The areal extent of
mining activities over the study period in Nzhelele River.

The results revealed that mining activities in the Nzhelele River started after the year
1992. In terms of the areal extent of mining activities over the study period, by the year
2002, mining activities covered an area of 10.2 ha. This value increased by 1.7 ha in 2013.
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From the year 2013 to 2022, the areal extent of mining activities increased by 6.7 ha, thus
covering a total area of 17.6 ha (Figure 9b).

The LULC maps of the Nzhelele River attained overall accuracies and Kappa co-
efficients of over 80% and 0.8%, respectively (overall accuracies = 99.30% and Kappa
coefficients = 0.99) (Figure 10), which represent reliable mapping. However, the problem of
low separability measures of bare land and built-up areas due to spectral similarities is also
the case in the LULC maps of the Nzhelele River area since some of the mining locations
were classified as built-up zones. Similarly, the same results have been reported in related
studies [45], where low separability measures of bare land and built-up areas in such zones
were indicative of active mining. The LULC maps for periods of active mining activities
are shown in Figure 11. As indicated, in the year 2002, mining activities were restricted to
the upper section of this river, and from that time, mining activities spread to other areas
in and around this river system. This could be an indication that the sought-after natural
resources in the upper sections were gradually being depleted, thus forcing illegal miners
to explore exploitable sites along the same river corridor. A similar trend has been reported
in a related study [45].

For visibility purposes, the LULC maps are displayed as individual river sections for
each period of active mining activities (Figure 11). Some mining locations showed distinct
patterns that set them apart from their surroundings. However, in a case where a mining
location is surrounded by bare land, it is difficult, if not impossible, to establish a distinct
pattern of mining activities. On the contrary, with Google Earth technology, one can detect
rugged surfaces and uneven tones, which set mining locations apart from the bare land
surfaces that are not related to mining activities.

The NDVI maps representing periods of active mining activities are shown in Figure 12.
The NDVI values associated with mining locations were less than 0.2, thus indicating
poor vegetation condition and the presence of bare land, which is indicative of mining
activities. The NDVI maps were further segmented into individual river sections for
visibility purposes (Figure 12).
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Figure 10. LULC maps of active mining periods in the Nzhelele River channel.
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3.1.3. Sand Mining in the Letsitele River System

Seven (7) mining locations were identified along the Letsitele River. The mining
activities were limited to the upper and middle stream sections (Figure 13). Among the
seven locations, six fell within the middle sections, and one was located in the upper
section. Both the middle and upper sections are flanked by human settlements to the north
and south directions. However, settlements around the lower streams are found only in
the southern sites of this river channel. Furthermore, to the north of the middle sections,
which hosted about 85% of mining locations, are industrialised and urbanised areas with
relatively well-developed infrastructure in the form of roads, houses, schools, colleges, and
recreational facilities. This finding further supports the view that the increased occurrence
of sand mining sites is partly accentuated by the development of houses and associated
infrastructures in a particular area. Mining activities along this channel started after the
year 1992. In terms of the extent of mining activities over the study period, by the year
2002, only an area of 0.32 ha was mined. However, from the year 2002 until 2013, adjoining
areas in and around Letsitele River underwent significant mining activities, leading to a
total area of 9.65 ha. This increasing trend decreased in the year 2022. At that time, mining
activities in the Letsitele River covered only an area of 3.85 ha, which is about a 55% decline
in area coverage since the year 2013.
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Figure 13. Letsitele river sand mining locations, Area coverage of sand mining activities of the
study period.

The LULC maps pertaining to the Letsitele River attained overall accuracies and Kappa
coefficients of over 80% and 0.8% (overall accuracies = 93.98% and Kappa coefficients = 0.91),
respectively, which represent a reliable LULC mapping. Similarly, the issue of low separa-
bility measures of bare land and built-up areas owing to spectral similarities is featured
in the LULC maps of Letsitele. The LULC maps for periods of active mining activities are
shown in Figure 14. All mining location polygons were classified as bare land except for
one location at the western end of the LULC map of the year 2013. Most of these mining
locations do not show distinct patterns because their surroundings are predominately char-
acterised by bare land. As stated previously, it is impossible to identify any distinct pattern
of mining activities in LULC maps if their surroundings are characterised by bare land.

The NDVI maps that show periods of active mining activities along Letsitele Rive are
shown in Figure 15. The NDVI values associated with mining locations were less than
0.2, thus indicating poor vegetation conditions and the presence of bare land, which is a
diagnostic feature of mining activities.
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Figure 14. LULC maps of Letsitele River for the periods of active mining activities.
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Figure 15. NDVI maps of Letsitele River for the periods of active mining activities.

3.1.4. Sand Mining in the Turfloop River System

A total of 18 sand mining locations were identified along and within the Turfloop
River channel. Each river section exhibited six sand mining locations (Figure 16). The areas
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adjoining the river channel are mostly comprised of rural areas, and a larger proportion
of available land is unoccupied. Mining activities along and within this river channel
commenced after the year 2002, and by the year 2013, these activities occupied an area of
9.7 ha. Nevertheless, the areal extent of mining activities increased by a factor of four by
the year 2022, with an areal coverage of 43.9 ha (Figure 16).
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Figure 16. Turfloop River sand mining points, Areal extent of mining areas within and along Turfloop
River channel.

The LULC maps of the periods of active mining activities in the Turfloop River are
shown in Figure 17. All maps attained overall accuracies and Kappa coefficients beyond
80% and 0.8% (overall accuracies = 99.90% and Kappa coefficients = 0.99), respectively.
From the two LULC maps of the periods of active mining from 2013 to 2022, there was
a significant increase of built-up areas. The four-fold increase in the areal extent of min-
ing sites may be attributed to the proliferation of such infrastructure developments. As
mentioned already, the harvesting of local sand is associated with an increased demand
for such materials for building purposes in the same local areas. This is because if such
materials are to be transported further away, transport costs may rise, thus making such
practices unaffordable.
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Figure 17. LULC maps of periods of active mining in Turfloop River.

The NDVI maps of periods of active mining activities along the Turfloop River are
shown in Figure 18. The NDVI values associated with mining locations were less than
0.2, which suggests poor vegetation conditions and productivity levels and also indicates
the presence of bare land, which is diagnostic of mining activities. Another remarkable
feature in the NDVI maps is that the majority of the land was characterised by NDVI values
of less than 0.2. Though some of this land is classified as vegetation in the LULC maps,
particularly the LULC map of the year 2022 (Figure 18), the low NDVI values suggest poor
veld conditions and low productivity levels of the existing vegetation in the Turfloop area.
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In general, the Turfloop area is situated in an arid region, which adds to the existing poor
vegetation conditions.
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Figure 18. NDVI maps of periods of active mining in Turfloop River.

3.1.5. Sand Mining in the Dwars River System

A total of fourteen (14) sand mining locations were identified along and within the
Dwars River channel. The lower, middle, and upper sections are characterised by nine,
four, and one mining locations, respectively (Figure 19). Similarly to the Turfloop River
system, mining activities along and within the Dwars River channel commenced after the
year 2002. By the year 2013, these activities occupied an area of 6.3 ha. The areal extent of
mining activities also recorded a fourfold increase by the year 2022, with an area of 23.2 ha.
It is important to note that although the upper section of this water corridor is characterised
by one mining location, by the year 2022, this location was one of the largest mining areas
in terms of areal coverage (Figure 19).
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Figure 19. Mining locations along and within Dwars River, areal extent of mining activities in
Dwars River.

The LULC maps of the periods of active mining activities in the Dwars River are
shown in Figure 20. All maps attained overall accuracies and Kappa coefficients beyond
80% and 0.8 (overall accuracies = 99.90% and Kappa coefficients = 0.99), respectively. It
is evident from the two LULC maps of the periods of active mining that the lower and
middle sections are characterised by a large number of pixels classified as built-up areas as
compared to the upper streams. However, the extensive mining activities taking place at
the individual (only one site) mining location in the upper sections may suggest that in the
future, infrastructural developments in this section could also increase, given that there is
still considerable unoccupied land. This may even prompt further sand exploitation since
the sand in this dry river section is well exposed.
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Figure 20. LULC maps of active mining periods in Dwars River.

The NDVI maps of periods of active mining activities along the Dwars River are
shown in Figure 21. The NDVI values associated with mining locations were less than 0.2,
which suggests poor vegetation conditions and productivity rates and also indicates the
presence of bare land, which is indicative of mining activities. Like in the case of Turfloop
River, the majority of the land is characterised by NDVI values of less than 0.2. Though
some of this land is classified as vegetation in the LULC maps, particularly the LULC map
of the year 2022, the low NDVI values suggest poor land conditions and low productivity
levels in the existing vegetation. The Dwars and Turfloop River systems are situated about
30 km apart in the arid region and show similarities in terms of the commencement of
mining activities and their increasing four-fold trend from the year 2013 to 2022.
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Figure 21. NDVI maps of periods of active mining in Dwars River.

3.1.6. Sand Mining in the Molotosi River System

Three illegal sand mining locations were identified within the Molotosi River channel.
The locations are situated within the dry lower stream section (Figure 22). Mining activities
in this section commenced after the year 2010. The occurrence of these activities is within
the establishment of the Sasamele Brick Yard, which is situated immediately adjacent to
the western bank of the river channel. By the year 2013, mining activities covered only an
area of 0.4 ha, which increased to almost 4 ha by the year 2022 (Figure 22). This implies
that from the year 2013 to 2022, mining activities increased tenfold in the Molotosi River.
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Figure 22. Mining locations in Molotosi River, Areal extent of mining activities in Molotosi River.

The LULC maps of the periods of active mining activities in the Molotosi River are
shown in Figure 23. All maps attained overall accuracies and Kappa coefficients beyond
80% and 0.8 (overall accuracies = 92% and Kappa coefficients = 0.90), respectively. The issue
of low separability measures of bare land and built-up areas owing to spectral similarities
is also the case even in the LULC maps of the Molotosi River. All three mining locations

are classified as built-up areas.
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3.1.7. Sand Mining in the Mokolo River System

A total of six (6) illegal sand mining locations were identified along and within the
Mokolo River channel. The mining locations are limited to the upper section of this
river (Figure 25). The upper section is the only section along the Mokolo River with
infrastructural developments. As stated previously, sand mining is driven by the demand
for material inputs needed in the construction of houses and associated infrastructure.
Mining in this section started after the year 2002, and by the year 2013, mining activities
covered an area of about 31.5 ha. By the year 2022, the areal extent of these activities
decreased by 8.6 ha, covering an area of 22.8 ha (Figure 25).

27°36E 2748 28'08 ZHSE ZBE

Upper Stream

23°39'S
23395

Lower Stream

23°24'S

23°24'S

Middle Stream

23°36'
2336

Upper Stream

23428
23425

LEGEND

" .
o s w15 20k o Rine Points LEGEND
— w— )
— Mokolo Sections I Mokolo Sand Mines 2022
1 Mokolo Sand Mines 2013
27°%E 27°48E 28°0E

27°45E 27°48E

Figure 25. Mining locations of Mokolo River, Areal extent of mining activities in Mokolo River.

The LULC maps of the periods of active mining activities in the Mokolo River are
shown in Figure 26. All maps attained overall accuracies and Kappa coefficients beyond
80% and 0.8% (overall accuracies = 98.21% and Kappa coefficients = 0.97), respectively.
The issue of low separability measures of bare land and built-up areas owing to spectral
similarities is also the case even in the LULC maps of the Mokolo River. Some parts within
mining polygons were classified as built-up zones. Nonetheless, most mining locations
showed distinct patterns that set them apart from their surroundings, which are mostly
characterised by vegetation cover (Figure 26).
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Figure 26. LULC maps of periods of active mining activities.

NDVI maps indicating periods of active mining activities within the Mokolo River are
shown in Figure 27. The NDVI values associated with mining locations were less than 0.2,
indicating poor vegetation conditions and productivity rates. The areas shown have bare
land, which is a diagnostic feature of mining activities.



Sustainability 2023, 15, 13299

22 of 26

27°45€ 27°48E 2745E 27°48E

LEGEND
1 Mokolo Sand Mines 2013
NDVI(2013)
. <= 00917
~0.0917 - 0.0334
0.0334 - 0.1585
10,1585 - 0.2836
- 0.2836

0O Mckolo Sand Mines 2022
NDVI (2022)
<= 00943

~0.0943 - 0,0494

0.0494 - 0.1932

23395
23395
237398

= 01932 - 0.3369
- > 0.3369

23425
2342
23925
237428

2

27°45E 27748 27°45E

Figure 27. NDVI maps of active mining periods in Mokolo River.

3.2. Prediction of the Future Extent of River Sand Mining Activities

A regression analysis was conducted to develop predictive models that can shed light
on the future extent of illegal sand mining activities in the study area. The models exhibited
varying degrees of accuracy based on their R-squared values. The results of the study have
shown that the predictive models in all large rivers had R-squared values less than 80%,
which is not recommended in this study. A closer examination of the causes of such results
was taken into consideration. For example, rivers such as Mokolo and Letsitele exhibited
an R-squared value of 66% and 51%, respectively (Figure 28).
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Figure 28. (a) Predictive model for the Letsitele River (b) predictive model for Mokolo River.

These are some of the largest rivers or catchments (with a width greater than 100 m)
and above found in the province. It is expected that during heavy rainfall, some of the
previous illegal sand mining pits will be filled with sediments (sand). Therefore, the extent
of such rivers is difficult to predict. Owing to the previous findings, better predictions
were also made in some of the catchments (with less than 100 m width), which were not
considered to be large rivers, and the predictions ranged from 92% to 99% (Figure 29).
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Figure 29. (a) Predictive model for the Nzhelele River, (b) predictive model for the Mvudi River.
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As depicted in Figure 29a,b, in terms of the extent of river sand mining in the coming
40 years from the year 1992, it was predicted that the Turfloop River catchment (see
Figure 30a,b) is expected to have an area of approximately 92.415 ha affected by illegal
river sand mining. In the environs of the Dwars river system (Figure 31), the extent of sand
mining activities will increase to 48 ha (Figure 31a).

35 a
y = 0.0065x2 - 0.1027x + 0.0935 @)
3

R?*=0.9719 % y = 0.0855x? - 1.151x + 0.74
2.5 R?=0.9916

o
o
o

[N}
w s
S o

©
£ .Y T
2 » ) £ 20 ¢
g 1 = Predicted Y 2
% g 10 = Predicted Y
w05 . 4 —Poly. (Y) ®
&

- —Poly. (Y)

(=}
o

050 10 20 30 40 0 10 20 30 40

-
o

Number of years from 1992

N
o

Number of years from 1992

Figure 30. (a) A predictive model for the Molototsi River. (b) A predictive model for Turfloop River.
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Figure 31. (a) A predictive model for the Dwars River. (b) Estimated extent of river sand mining in
40 years’ time from 1992.

By contrast, in the other catchments, future predictions yielded lower values in the
size of lands to be affected by illegal river sand mining activities. More specifically, the
models revealed that in the areas adjoining the Nzhelele and Mvudi river systems, areas to
be impacted by illegal sand mining would amount to 19.58 ha and 16.93 ha, respectively
(Figure 31b). Lastly, the area susceptible to future river sand mining in the next 10 years
was only 6.57 ha in the Molototsi River catchment (Figure 31b).

4. Conclusions

The study aimed to assess the extent of river sand mining activities across some of the
catchments in Limpopo Province, South Africa. This was followed by the determination
when sand mining activities commenced in each of the individual catchments. Thus, remote
sensing was applied to predict the extent of river sand mining from the year 1992 to 2022,
and statistical prediction models were utilised to predict the extent of sand mining for the
next 10 years.

Based on all of the analysed data in this study, sand mining activities started from
the year 1992 to 2022. Such activities were identified through the detection of image el-
ements, such as shape, tone, size, association, pattern, and others, by means of Google
Earth technology. The mining areas were easily identifiable, given their irregular shape
and sizes, rugged surfaces and uneven tones, which set them apart from their surround-
ings. For the most part, mining locations appeared as bare land surfaces in the LULC
classification map and were characterised by low NDVI values (<0.2). Such low values
are associated with low vegetation productivity and poor vegetation conditions in the
catchments under consideration.

The results of the study have shown that most of the catchments started to experience
illegal sand mining activities from the year 1992, though the extraction was relatively low.
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Equally, a decrease in vegetation coverage across the river systems has been indicated,
which also suggests that the extraction of sand and gravel has increased. Following
that, a close look at the extent of river sand mining has shown that Turfloop River may
experience a large extraction ratio in the coming 10 years, with about 92.415 ha of land
expected to be affected. It was also indicated that the Molototsi River, which has been
the least affected system with a reduced extraction ratio of about 6.57 ha, is expected to
suffer increased exploitation in the next 10 years’ time. The predictive models were also
developed across all these rivers, and the most accurate model was within the Turfloop
River system, followed by the Dwars and Molototsi Rivers, as supported by some of the
previous studies documented in this paper.

In terms of scientific contribution, it has been evident from the results of this study and
other previous studies globally that the ever-increasing demand for sand for construction
and infrastructural developments results in the increase of river sand mining activities, as
well as the associated environmental impacts, such as habitat degradation, deforestation,
and altered river systems and functionalities. Indeed, the results of this study correlate very
well with similar studies performed in other countries by finding that the amount of sand
being extracted is increasing at a faster rate than it can be replaced, and as a result, channel
floodplains and deltas are suffering from a severe lack of sand. Because of this, the current
study further develops simple predictive models on the future extractions of sand, provided
the situation remains similar. Owing to that, the predictive models correlate very well with
the observations made throughout the years, and it is expected that sand resources will be
much more depleted if no action has been taken. It is therefore recommended that efforts
should be focused on the regulation of sand extraction and the promotion of environmental
impact assessments (EIAs) by the relevant authorities, including government departments
and local municipalities so that permits, licenses, and tariffs can be issued for sand mining,.
This will help to mitigate the effects of land degradation, which are a direct result of sand
mining. Another important scientific contribution of this study was to demonstrate how
digital image processing and remote sensing methods may be used as a tool for monitoring
the extent of illegal river sand mining in a possible affected area. Therefore, if the method
is highly considered and adopted, this will allow the regulatory agencies responsible for
monitoring illegal sand mining to do so in a more efficient manner and will help avoid or
minimise the adverse effects of illegal mining.
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