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Abstract

:

Effects of the water content of ground surface on windborne lead (Pb) dispersion from the zinc (Zn) leach residue site at the Kabwe mine, Zambia, were simulated. The Pb-bearing Zn plant leach residue site was selected as the source of the dispersion, and water conditions of the surface of the source were evaluated by the modified normalized difference water index (MNDWI) under the actual weather conditions in the year 2019. The MNDWI was calculated based on Sentinel-2 datasets, which were acquired in the year 2019. The index was used for monitoring the surface condition of the source necessary for simulating Pb dispersion, because the higher surface water content reduces the intensity of windborne source. The results showed that the wind speeds and directions had huge impacts on Pb dispersion when the MNDWI had negative values, and that the dispersion was inhibited when the MNDWI had positive values. These indicate that the water content of the surface is sensitive to dispersion, and that MNDWI is an effective parameter that expresses the source strength.
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1. Introduction


The mass of mine waste materials is eroded by winds, and it becomes the potential of air and soil pollutants [1]. Thus, wind is considered as one of the causes for toxic metal contamination from mine sites in the world. Lead (Pb)- and/or zinc (Zn)-bearing soils were reported to be dispersed by winds to about 1500 m away from the mine site and there was no significant difference in toxic element contents between topsoil and dust samples from the mine site at the Kushk Pb-Zn mine, Iran [2]. At the Kombat mine, Namibia, Mileusnić et al. revealed high contents of copper (Cu) and Pb in the tailing site (9086 mg/kg and 5589 mg/kg respectively) and agriculture field (150 mg/kg and 164 mg/kg, respectively) in the dry season, and they suggested that winds disperse the tailings predominantly to agricultural fields around the mine area [3]. Large amounts of fine-grained residual materials were processed and stacked through mining activities in Kabwe, Zambia. Ettler et al. collected soil samples around the Kabwe mine within 20 km to analyze them by atomic absorption spectrometry. They detected 758 mg/kg of Pb and 234 mg/kg of Zn, and they concluded that the contents were affected by wind flow patterns in Kabwe [4].



Dispersion and redispersion models have been constructed based on local weather factors, and mechanisms of toxic metal contamination have been discussed [5,6]. Authors established Pb-bearing tailings dispersion and redispersion models and applied for reproducing Pb dispersion from the Kabwe mine [7]. They used local weather conditions including wind direction and speed, solar radiation, barometric pressure, humidity and air temperature affecting Pb-bearing tailings dispersion and deposition from the dumping site. They concluded that wind was the primary cause to disperse Pb-bearing tailings and induce Pb contamination of soils in Kabwe. Water conditions of the surface of the source, which is the other sensitive factor of dispersion by winds, are not quantitatively evaluated although the effects of humidity and rainfalls were analyzed in the previous study [7].



The purpose of this study was to understand the impacts of water content of the ground surface on Pb dispersion by using Kabwe local weather data of the year 2019, the same as the previous study [7]. The modified normalized difference water index (MNDWI) by satellite images was selected to estimate the surface water conditions of the source, and the dispersion of Pb was simulated using the values of MNDWI in the models. Correlations between accumulated amounts dispersed and values of MNDWI were examined to understand the effects of water condition of the Pb-bearing Zn leach residue dispersion from the tailing site. In this study, Pb was selected as a target element for dispersion from the source, because Zn has high solubility, and so Zn is easily flushed with rainwater.




2. Materials and Methods


2.1. Study Site and Concept of Model


The lead-bearing Zn plant leach residue site in Kabwe, Zambia (Figure 1), was selected as the source of Pb dispersion. The site was recognized to have a cycle of covered and non-covered by water bodies throughout the year 2019 by satellite data observations. Thus, this site was suitable for analyzing the impacts of water condition on dispersion.



The area of the source was extracted by analyzing European optical satellite, named Sentinel-2. Four source points at the source site were selected for this study, because the source site was separated into four areas by ridges, and because different amounts of water bodies were recognized throughout the year 2019. Four source points were considered for fine Pb-bearing leach residue dispersion [8]. The height of the source was estimated at the same height of the source point, and it was calculated with Digital Elevation Model by Japanese synthetic aperture radar satellite, named PALSAR (PALSAR DEM), with 12.5 m spatial resolution [9].



Eight playgrounds as target and sampling points were selected. Mufalo et al. [10] characterized surface soils at eight playgrounds in Kabwe, because the soils are not disturbed by the land use. The measured results were compared with the simulated results of Pb dispersion in this study to verify the simulation model. Figure 1 also shows the locations of the source and playgrounds.




2.2. Normalized Difference Water Index


The normalized difference water index (NDWI) is a method of estimating open water features by using short-wave infrared bands of spectral sensors. The basic idea of NDWI is to use green and near-infrared bands of remote sensing in which water has strong absorption and low radiation in the range between visible and near-infrared wavelengths [6]. Various studies have been conducted with optical satellite data, and NDWI has been improved. Finally the modified normalized difference water index (MNDWI) was developed by its abilities to estimate water information and extract water bodies [11,12].



For estimating water features of the ground surface on Pb-bearing Zn plant leach residue site by MNDWI, Sentinel-2 datasets were used. Authors tried to download various satellite data, not only Sentinel-2 series, but also Landsat (American) and ASTER (Japanese), for every month of the year 2019, but some datasets were covered by clouds, and it was difficult to analyze the water conditions on the source site.



The European Space Agency (ESA) launched a constellation of spaceborne multispectral sensor satellites named Sentinel-2 A and Sentinel-2 B in 2015 and 2017, respectively, under the Copernicus Program on behalf of the European Committee. The Earth observations by the constellation of satellites are improved through high observation frequency and global coverage [13]. The bands of Sentinel-2 series and equation of MNDWI are shown in Table 1 and Equation (1).


  M N D W I =   B 3 − B 11   B 3 + B 11    



(1)




where B3 is the value of the radiation at 560 nm as the central wavelength, and B11 is the value of the radiation at 1610 nm as the central wavelength.



The resultant range of MNDWI is from −1.0 (dry) to 1.0 (wet).




2.3. Weather Data Collection


The same local weather data in Kabwe in the year 2019, which were collected and used for Pb dispersion simulation by the previous study [7], were used for this study. Six weather factors are required for simulation of Pb dispersion: wind direction and speed, solar radiation, barometric pressure, humidity, and air temperature [14]. Due to machine troubles and errors of the data collection system, the data of August 2019 were not collected and not used. Weather data on the dates were applied when satellite data were obtained.



Authors collected wind direction and speed at Green Park every one hour throughout the year 2019. Green Park is located about 900 m away from the Kabwe mine for monitoring toxic elements absorbed by plants. In addition, the authors collected solar radiation, barometric pressure, humidity, and air temperature at the test site of the University of Zambia, Lusaka. While values of wind speed and direction were used as parameters of Pb dispersion simulation directly, solar radiation, barometric pressure, humidity, and air temperature in Lusaka were applied for determining coefficients of horizontal and vertical dispersivities for Pb dispersion.




2.4. Simulation Models for Lead Dispersion


In this study, the target particle sizes for dispersion simulations were classified into 10, 15, 20, 25, 30, 35, 40, 45 and 50 µm by considering the bioavailability through respiratory systems. Mufalo et al. [10] measured the particle size distribution of collected soils and Zn plant leach residue, and they found that 50% of the collected soils had a diameter less than 50 µm. Also, Siciliano et al. [15] mentioned that slags less than 45 µm have risks of oral bio-accessibilities in human beings. Moreover, the particle sizes less than 10 µm are categorized as air pollution sources [16,17].



The authors applied three models of Pb dispersion depending on wind speed, which were constructed and used in the previous study [7]. The plume model was prepared when wind speed was over 1.0 m/s; the weak puff model was prepared when wind speed was between 0.4 m/s and 1.0 m/s; and the no-puff model was prepared when wind speed was less than 0.4 m/s [5,18,19]. The models are expressed by the following equations.



Plume model:


  C =  Q    2 π    (  π / 8  )  R  σ z  u    {  e x p  [       (  z − H e  )    2  σ z    2     2   ]  + e x p  [       (  z + H e  )    2  σ z    2     2   ]   }  ,  



(2)




where



C: Concentration (mg/m2)



Q: Source strength (estimated at 0.025 m3/s and 0.0025 m3/s for the dry and rainy seasons, respectively)



R: Distance from source (= (x2 + y2 + z2)1/2)



x: Downwind distance along wind direction (m)



y: Horizontal distance perpendicular to x (m)



z: Elevation at simulating point (m)



σz: Diffusion width (m)



u: Wind speed (m/s)



He: Elevation of source (m)



Weak puff model:


  C =  Q    2 π    (  π / 8  )  γ    {   1   η −    2    e x p  [  −    u 2     (  z − H e  )   2    2  α 2   η −    2     ]  +  1   η +    2    e x p  [  −    u 2     (  z + H e  )   2    2  α 2   η +    2     ]   }  ,  



(3)







In this equation


η−2 = x2 + y2 + (α2/γ2) × (z − He)2










η+2 = x2 + y2 + (α2/γ2) × (z + He)2








where



α: Dispersivity with respect to horizontal direction



γ: Dispersivity with respect to vertical direction



No puff model:


  C =  Q    2 π    (  π / 8  )  R γ    {   1   η −    2    +  1   η +    2     }  ,  



(4)







The source strength (Q) is a key parameter to simulate Pb dispersion. Here, a total of 1 m3 of leach residue per one second was assumed to be dispersed. According to Siwamba et al. [20], the residue contained 6.19 wt % of Pb and 2.53 wt % of Zn. Thus, the finer fractions of the residue were assumed to be dispersed (0.0900 m3/s) as a source strength for the dry soils. In the previous study [7], humidity and rainfalls were factors affecting the source strength for the simulation. In this study, values of MNDWI were used to determine the source strength, as shown in Table 2. The source was assumed to be completely ponded when the MNDWI was 0.8 [21]. This means that the source strength was set at zero.



Redispersion was modeled depending on the particle sizes of the leach residue and wind speed at the deposited locations. In this study, the particle sizes were set between 10 µm and 50 µm, which are the same sizes of cedar pollens (mean diameter is 30 µm). Nakatani and Nakane [22] established and reproduced pollen re-transport behavior. Their re-transport model was applied for reproducing Pb redispersion in this study. The residues on the ground surface have five different forces: gravity, static friction force, drag force, Saffman lift force and adhesion force.



Redispersion:


  R =  P R  × C 1 ×  [   F D  −  F f  +  F s  − g  ]  ,  



(5)




where



R: Redispersion (mg)



PR: Percentage of redispersion



C1: Amount of dispersed leach residue (mg/m2)



FD: Drag force (=    1 2   ρ a   u 2   C D    π  d 2   4   )



ρa: Fluid density (1.2250 kg/m3, standard atmospheric density)



u: Wind speed (m/s)



CD: Drag coefficient (= 0.6, particle was estimated at an elliptical pillar)



d: Particle size (µm)



Ff: Friction force (= μ × N)



µ: Friction coefficient (estimated at 0.52)



N: Normal force (= density of slag (3.45, the average values between 3.3 and 3.6) × volume of particle)



FS: Saffman lift (= 6.46 ×      (   d 2   )   2  u    ρ a  μ    ))



g: Gravity (= density of slag × volume of particle)



Shapes of particles are considered for estimating drag force. The dispersed residues on the playgrounds have various shapes such as sphere, angled cube, cylinder, etc. Here, an elliptical pillar shape (its drag coefficient (CD) of 0.6) between sphere and angled cube was assumed.



At the playgrounds, various particle sizes and materials are mixed. Also, various events such as human activities and weather events occurred every moment throughout the year 2019. By referring to the previous studies [23,24], the friction coefficient (µ) was set at 0.52 with considerations of the environmental conditions in which particles were easily swirled, dispersed and flushed by human activities, winds and rainfalls immediately after dispersed residues touched down on the ground.





3. Results


3.1. Modified Normalized Difference Water Index


The following Sentinel-2 datasets were collected and calculated for water feature estimations of the source site (Table 3). Level-1C is a product level of Sentinel-2, and the product is composed of ortho-images in Universal Transverse Mercator (UTM)/WGS 84 [25]. The satellite data, which were acquired on 18 August 2019, were not used, because the local weather data collection failed due to machine troubles. Also, Sentinel-2 datasets in January, February and October were not used, because they were covered by clouds, and they were difficult to identify and estimate the water conditions.



The satellite datasets were applied to calculating MNDWI, as listed in Table 3. For convenience, the Pb-bearing Zn plant leach residue site was divided by ridges into four, and defined as southeast side, #1, northeast, #2, westmost, #3, and the other, #4, as shown in Figure 2.



In the rainy season, water features were clearly observed on #3 and #4. The values of MNDWI of areas #1 (average value: −0.078) and #2 (average value: −0.090) were relatively lower than those of #3 (average value: 0.373) and #4 (average value: 0.470) throughout the season (Figure 2, Table 4). Table 4 also shows the values of source strength of areas #1 (average value: 0.0473 m3/s), #2 (average value: 0.0450 m3/s), #3 (average value: 0.0255 m3/s) and #4 (average value: 0.0203 m3/s) throughout the rainy season.



In the dry season, the values of MNDWI were negative and indicated as drier than in the rainy season (Figure 3, Table 5). The values of MNDWI of areas #3 (average value: 0.010) and #4 (average value: 0.015) were higher than the values in the same locations on 30 April 2019: −0.110 and −0.230, respectively. Table 5 also shows the values of source strength of areas #1 (average value: 0.0495 m3/s), #2 (average value: 0.0473 m3/s), #3 (average value: 0.0383 m3/s) and #4 (average value: 0.0405 m3/s) throughout the dry season.



The results indicate that the average value of source strength in the dry season was 1.30 times higher than the rainy season: it was 0.0439 m3/s in the dry season, and 0.338 m3/s in the rainy season. The values of source strength have impacts on the accumulated amounts dispersed and deposited directly through the dispersion and redispersion models. This means that the area is affected by rainfalls as well as leaching activities at the mine.




3.2. Weather Conditions on the Dates of Sentinel-2 Observations


Weather conditions, especially wind conditions, sensitively affect Pb dispersion. On all days of Sentinel-2 acquisition dates, weather and wind conditions were calm.



Figure 4 and Table 6 show weather conditions in the rainy season of 2019. In the rainy season, the average wind speeds were calm (between 0.81 m/s and 1.58 m/s), but the strong winds tended to blow from the east. On 31 March 2019, stronger winds (4.90 m/s) blew from the east, and winds blew from the west and east frequently (29.1% and 21.0% from the west and the east, respectively). On 30 April 2019, stronger winds (4.30 m/s) blew from the east frequently (29.1%). On 6 November 2019, stronger winds (4.50 m/s) blew from the east, and winds blew from the west and east frequently (29.1% and 45.8% from the west and east, respectively). On 16 December 2019, stronger winds (2.60 m/s) blew from the south frequently (33.3%).



Figure 5 and Table 7 show weather conditions in the dry season of 2019. In the dry season, the winds tended to blow from the west side frequently, and the strong winds tended to blow from the north and south sides. On 20 May 2019, the stronger wind (4.40 m/s) blew from the east. On 29 June 2019, the stronger wind (4.70 m/s) blew from the north-northwest. On 19 July 2019, stronger winds (2.70 m/s) blew from the southeast although winds blew from the west-northwest frequently (25.0%). On 7 September 2019, stronger wind (6.40 m/s) blew from the east-southeast, and winds blew from the west-northwest frequently (37.5%).




3.3. Impacts of Surface Water Condition on Dispersion


At the Pb-bearing Zn plant leach residue site, the accumulated amounts dispersed using MNDWI by Sentinel-2 were simulated. Figure 6 shows correlation between accumulated amounts dispersed and MNDWI values. Significant amounts of Pb were dispersed when the values of MNDWI were negative. The total accumulated amount dispersed was 9.959 mg/m2 when the values of MNDWI were negative. On the other hand, the total accumulated amount dispersed was 1.897 mg/m2 when the values of MNDWI were positive. The correlation between the accumulated amount dispersed and the values of MNDWI was inversely proportional.



The seasonal difference on Pb dispersion was compared. Accumulated amounts dispersed in the dry season (10.553 mg/m2) were relatively higher than those in the rainy season (0.975 mg/m2) when the values of MNDWI were negative.



In the rainy season, the accumulated amounts dispersed were low (1.588 mg/m2). The results agreed with results of the previous study, which indicated that low humidity and wet conditions by rainfalls had impacts on Pb dispersion [7]. Results on 19 July and 7 September 2019 showed that the accumulated amounts dispersed were negative in the dry season. This is due to the net effects of deposition and redispersion by winds in dry conditions. The results indicate that dry condition on the surface of the source is preferable to both dispersion and redispersion.



Figure 7 shows correlations between accumulated amounts dispersed and values of MNDWI in each separated area (area #1 to #4) of the source site.



At area #1, MNDWI indicated drier conditions on every Sentinel-2 observation date in 2019 (Figure 7a). On 19 July 2019, accumulated amounts dispersed (1.943 mg/m2) were higher than other dates, because the surface was dry and strong winds blew from the south. These two factors induced dispersion.



At area #2, MNDWI indicated dry conditions on every Sentinel-2 observation date in 2019 (Figure 7b). On 19 July 2019, accumulated amounts dispersed (1.965 mg/m2) were higher than other dates. It is because the surface was dry and strong winds blew from the south, which induced dispersion. Also, accumulated amounts dispersed on 7 September 2019 and 6 November 2019 were negative. These were due to the net effects of deposition and redispersion by winds from the west and northeast, respectively.



At area #3, MNDWI indicated that some water covered the surface of the area for some months of the year 2019 (Figure 7c). On 29 June 2019, accumulated amounts dispersed (1.404 mg/m2) were higher than the other Sentinel-2 observation dates. Strong and frequent winds blew from the southeast. This was the reason for the high amounts of dispersion. On 19 July 2019 and 7 September 2019, the values of MNDWI indicated drier surface of the area, but the accumulated amounts dispersed were negative: −0.070 mg/m2 and −0.032 mg/m2, respectively. These are due to the net effects of deposition and redispersion by winds and dry conditions. The results indicate that the surface was dry (MNDWI = −0.100), especially on 19 July 2019, with moderate winds from the south-southeast (0.625 m/s).



At area #4, MNDWI indicated some water on surface throughout the rainy season 2019 (Figure 7d). On 19 July 2019, accumulated amounts dispersed (2.155 mg/m2) were higher than the other dates. It is because the surface was dry and strong winds blew from the south.





4. Discussion


Impacts of water condition on the surface at the Pb-bearing Zn plant leach residue site under the local environment in Kabwe were evaluated by dispersion simulations and the values of MNDWI of Sentinel-2 data analysis. The impacts of wind conditions also affected the dispersion, although wind speeds were gentle and calm (less than 1.0 m/s) on Sentinel-2 observation dates throughout the year 2019.



Figure 8 shows the simulated amounts of dispersion and measured Pb contents of playground soils by Mufalo et al. [10] vs. distance from the source. Both the simulated amounts of deposition and measured Pb content decreased with distance from the source. This indicates that the dispersion model used here well expressed the Pb dispersion from the tailing site. This means that Pb contamination of soils is mainly caused by dispersion by winds from the dumping site.



NDWI (MNDWI used in this study) is a powerful method to monitor surface water conditions. Șerban et al. used the techniques monitoring surface water coverages of Nuntasi-Tunzla Lake on the Romanian Black Sea littoral for 55 years between 1965 and 2020 [26]. They used American satellites (Landsat series) and concluded that hydrological drought occurred on the lake by human activities and climate change.



MNDWI, which can observe quantitatively over many years, can be suitable for supporting the simulations of Pb dispersion from the mine site, especially in remote areas. This study indicates that MNDWI captured the surface properties of the source site by considering the local weather data in Kabwe throughout the year 2019. Utilizing the knowledge about MNDWI obtained in this study, impacts of windborne Pb dispersion in the future could be estimated by analyzing properties of the source site and performing dispersion simulation throughout the previous years.



Developing remediation plans around the mine sites could be discussed for determination of the sensitive areas to dispersion by evaluating impacts of the local wind direction and speed seasonal patterns through simulation of heavy metal dispersion. MNDWI is another indicator to monitor the waste site condition. Effective and economical remediation contributes to not only promoting sustainable mine development but also mitigating health risks of infants and children in Kabwe caused by heavy metal contamination.




5. Conclusions


For evaluation of dispersion phenomena and impacts of water condition of the Pb-bearing Zn plant leach residue site, where it was relatively covered with water throughout the year 2019, Pb dispersion using MNDWI was simulated under the actual and average weather conditions in the year 2019. The following results were found.



	
MNDWI was an effective indicator for monitoring the surface water condition of the source, and it is one of the parameters sensitive to Pb dispersion.



	
Water was an effective inhibiting factor of windborne Pb dispersion. Water on the Pb-bearing Zn plant leach residue site inhibited dispersion.



	
Wind speeds and directions had huge impacts on windborne Pb dispersion when the values of MNDWI were negative.



	
Lead dispersion was affected by the seasonal and complex local environmental conditions, including weather and water on the surface.






In-depth understanding of environmental conditions affecting toxic element dispersion is required to propose effective countermeasures against remediation of contaminated areas.
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Figure 1. Study site: (a) locations of Zambia and Kabwe; (b) locations of the source and playgrounds. 
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Figure 2. Results of MNDWI in the rainy season: bright pixels indicate water of the surface, and dark pixels indicate dry surface. (a) MNDWI results on 31 March 2019; (b) MNDWI results on 30 April 2019; (c) MNDWI results on 6 November 2019; and (d) MNDWI results on 16 December 2019. Water bodies were observed in #3 and #4 throughout the rainy season. 
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Figure 3. Results of NDWI in the dry season: bright pixels indicate water of the surface, and dark pixels indicate dry surface. (a) MNDWI results on 20 May 2019; (b) MNDWI results on 29 June 2019; (c) MNDWI results on 19 July 2019; and (d) MNDWI results on 7 September 2019. 
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Figure 4. Wind speed and frequency of wind directions on Sentinel-2 observation dates in the rainy season: (a) a chart of 31 March 2019; (b) a chart of 30 April 2019; (c) a chart of 6 November 2019; and (d) a chart of 16 December 2019. 
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Figure 5. Wind speed and frequency of wind directions on Sentinel-2 observation dates in the dry season: (a) a chart of 20 May 2019; (b) a chart of 29 June 2019; (c) a chart of 19 July 2019; and (d) a chart of 07 September 2019. 
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Figure 6. Correlation between accumulated amount dispersed and values of MNDWI: Blue dots show the correlation in the rainy season; orange dots show the correlation in the dry season; amounts of Pb dispersion decreased with the value of MNDWI. 
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Figure 7. Correlations between accumulated amounts dispersed from each area of the Pb-bearing Zn plant leach residue site and MNDWI: (a) correlation at #1; (b) correlation at #2; (c) correlation at #3; and (d) correlation at #4. 
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Figure 8. Comparison between simulated results of dispersion of Pb-bearing Zn plant leach residues and measured Pb content of soils by Mufalo et al. [10]: orange dots show Pb dispersion with consideration of water condition on the surface of the source by MNDWI; and green dots show measured Pb content of soils by Mufalo et al. [10]. 
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Table 1. Band specification of Sentinel-2 series.
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	Band
	Spectral Resolution (m)
	Central Wavelength (nm)
	Band Width (nm)





	B1
	60
	443
	20



	B2
	10
	490
	65



	B3
	10
	560
	35



	B4
	10
	665
	30



	B5
	20
	705
	15



	B6
	20
	740
	15



	B7
	20
	783
	20



	B8
	10
	842
	115



	B8A
	20
	865
	20



	B9
	60
	945
	20



	B10
	60
	1375
	20



	B11
	20
	1610
	20



	B12
	20
	2190
	20
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Table 2. Relationship between MNDWI and source strength for dispersion simulations.
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	MNDWI
	Source Strength (m3/s)





	MNDWI = −1.0
	0.0900



	−0.1 < MNDWI ≤ −0.8
	0.0810



	−0.8 < MNDWI ≤ −0.6
	0.0720



	−0.6 < MNDWI ≤ −0.4
	0.0630



	−0.4 < MNDWI ≤ −0.2
	0.0540



	−0.2 <M NDWI ≤ 0.0
	0.0450



	0.0 < MNDWI ≤ 0.2
	0.0360



	0.2 < MNDWI ≤ 0.4
	0.0270



	0.4 < MNDWI ≤ 0.6
	0.0180



	0.6 < MNDWI ≤ 0.8
	0.0090



	0.8 < MNDWI ≤ 1.0
	0.0000
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Table 3. Collected satellite data product information.
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	Observation Date (Day-Month-Year)
	Satellite
	Product Level
	Note





	31 March 2019
	Sentinel-2 B
	Level-1C
	Rainy season



	30 April 2019
	Sentinel-2 B
	Level-1C
	Rainy season



	20 May 2019
	Sentinel-2 B
	Level-1C
	Dry season



	29 June 2019
	Sentinel-2 B
	Level-1C
	Dry season



	19 July 2019
	Sentinel-2 B
	Level-1C
	Dry season



	18 August 2019
	Sentinel-2 B
	Level-1C
	No weather data



	7 September 2019
	Sentinel-2 B
	Level-1C
	Dry season



	6 November 2019
	Sentinel-2 B
	Level-1C
	Rainy season



	16 December 2019
	Sentinel-2 B
	Level-1C
	Rainy season
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Table 4. Values of MNDWI and source strength in the rainy season 2019.
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Area

	
31 March 2019

	
30 April 2019

	
6 November 2019

	
16 December 2019




	
MNDWI

	
Source Strength (m3/s)

	
MNDWI

	
Source Strength (m3/s)

	
MNDWI

	
Source Strength (m3/s)

	
MNDWI

	
Source Strength (m3/s)






	
#1

	
−0.03

	
0.0450

	
−0.04

	
0.0450

	
−0.24

	
0.0540

	
0.00

	
0.0450




	
#2

	
−0.05

	
0.0450

	
−0.09

	
0.0450

	
−0.19

	
0.0450

	
−0.03

	
0.0450




	
#3

	
0.70

	
0.0090

	
−0.11

	
0.0450

	
0.25

	
0.0270

	
0.65

	
0.0090




	
#4

	
0.49

	
0.0180

	
0.23

	
0.0270

	
0.27

	
0.0270

	
0.65

	
0.0090
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Table 5. Values of MNDWI and source strength in the dry season 2019.
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Area

	
20 May 2019

	
29 June 2019

	
19 July 2019

	
7 September 2019




	
MNDWI

	
Source Strength (m3/s)

	
MNDWI

	
Source Strength (m3/s)

	
MNDWI

	
Source Strength (m3/s)

	
MNDWI

	
Source Strength (m3/s)






	
#1

	
−0.07

	
0.0450

	
−0.17

	
0.0450

	
−0.20

	
0.0540

	
−0.26

	
0.0540




	
#2

	
−0.13

	
0.0450

	
−0.17

	
0.0450

	
−0.18

	
0.0450

	
−0.20

	
0.0540




	
#3

	
0.27

	
0.0270

	
0.01

	
0.0360

	
−0.10

	
0.0450

	
−0.14

	
0.0450




	
#4

	
0.50

	
0.0180

	
−0.17

	
0.0450

	
−0.07

	
0.0450

	
−0.20

	
0.0540
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Table 6. Daily average values of weather data on Sentinel-2 observation dates in the rainy season: in practice, 24 h weather data per each Sentinel-2 observation date were applied to the simulation of leach residue dispersion.
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	Date
	Maximum Wind Speed (m/s)
	Average Wind Speed

(m/s)
	Average

Solar

Radiation

(kW/m2)
	Average Barometric Pressure

(hPa)
	Average Humidity

(%)
	Average Air

Temperature

(°C)





	31 March 2019
	4.90
	1.33
	2.82
	875.78
	55.10
	22.46



	30 April 2019
	4.30
	1.58
	2.53
	878.76
	63.60
	20.19



	6 November 2019
	4.50
	1.44
	2.23
	874.50
	40.98
	26.03



	16 December 2019
	2.60
	0.81
	2.82
	874.40
	68.57
	24.38
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Table 7. Daily average values of weather data on Sentinel-2 observation dates in the dry season: 24-h weather data per each Sentinel-2 observation date were applied to the simulation of leach residue dispersion.
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	Date
	Maximum Wind Speed (m/s)
	Average Wind Speed

(m/s)
	Average

Solar

Radiation

(kW/m2)
	Average Barometric Pressure

(hPa)
	Average Humidity

(%)
	Average Air

Temperature

(°C)





	20 May 2019
	4.40
	1.12
	1.95
	877.69
	60.74
	20.21



	29 June 2019
	4.70
	1.29
	1.34
	879.83
	53.11
	16.00



	19 July 2019
	2.70
	0.96
	1.87
	879.03
	43.95
	17.07



	7 September 2019
	6.40
	2.41
	1.71
	883.02
	52.33
	17.85
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