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Abstract

:

Glaciers, known as solid reservoirs, are important water supply sources in northwest China. In this paper, mineral dust collected from a Chinese alpine mining area (Beizhan iron mine) and an ice cube (with a 225 cm2 section and a volume of 1000 mL) were employed via a delicate physical experiment to study the ablation of glaciers covered by mineral dust in alpine regions. After that, the ablation mechanism was revealed using the energy conservation theory. The main findings are as follows: (1) When the solar radiation intensity is 993 W/m2, the glacier ablation rate increases by 13.9% (from 282 to 321.2 mL/h) as the mineral dust coverage rate increases from 0% to 42.7%. (2) When the mineral dust coverage rate remains at 30%, the glacier ablation rate increases by 11.6% (from 291.8 to 325.78 mL/h) as the solar radiation intensity increases from 1007 to 1153 W/m2. (3) When the solar radiation intensity and mineral dust coverage rate remain unchanged, the ablation rate of the glacier covered by the mineral dust inversely increases with the dust particle size. The ablation rates of the particle size gradings C, B, and A (the dust particle sizes of gradings A, B, and C in 0.0375–0.075 mm, 0.075–0.125 mm, and 0.125–0.25 mm accounted for 5%:50%:45%, 30%:40%:30%, and 70%:30%:0%, respectively) were 293.4, 301.2, and 305.6 mL /h, respectively, and the corresponding ablation rates increased by 2.7% and 1.5%. (4) The smaller the average particle size of the mineral dust, the greater the contribution to the ablation rate; a 1 °C temperature increase to the glacier ablation rate is equivalent to 29.1%, 33.6%, and 40.6% increases in dust coverage for particle size classes C, B, and A. (5) The mineral dust covering the glacier surface could not only reduce the reflectivity of the glacier surface to solar radiation but could also continuously transfer the absorbed radiant energy and its own chemical energy to the glacier body, accelerating the glacier’s meltwater speed. The findings of this paper can provide the necessary theoretical basis for mineral dust control and glacier water conservation in alpine mining areas.
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1. Introduction


Mineral dust dispersion in alpine mines has become an important factor in the acceleration of glacier ablation. Among the glaciers in the middle and low latitude belts, 66% are distributed in Asia; China—the country with the largest number (and scale) of glaciers in the middle and low latitude belts—accounts for 30%. According to statistics, China has a total of 46,377 glaciers, with 59,425 km2 of area and 5590 km3 of ice reserves [1]. Most of these glaciers are distributed in northwest China, such as Xinjiang, Tibet, and Qinghai provinces. Correspondingly, the Altai Mountains, Tianshan Mountains, Kunlun Mountains, Qilian Mountains, and other mountain belts in northwest China are rich in gold, silver, copper, iron, and other metal mineral resources, which are important mineral resource reserve bases in China [2,3]. In recent years, with the continuous promotion of the national “The Belt and Road” strategy and the profound transformation in the global mineral supply and demand patterns, the exploitation of mineral resources in northwest China is gradually increasing, and the exploitation range of mineral resources is rapidly extending from the middle and low mountain areas to the high mountain areas (with a large number of glaciers) [4,5,6]. In the mineral resource development process, a large amount of mineral dust is generated. These are light-absorbing impurities [7,8,9,10], which reduce the albedo of glaciers and accelerate glacier ablation (after being attached to the glacier surface) [11]. The glaciers, which are known as “solid reservoirs”, are important water supply sources in the local area. On the one hand, the meltwater produced by the accelerated ablation of glaciers will increase the flow of rivers in a short period of time and increase the risk of flooding in downstream areas. On the other hand, the accelerated rate of glacier ablation will result in the eventual disappearance of glaciers, affecting the long-term healthy development of regional societies and economies.



The ablation of glaciers(covered by mineral dust in alpine regions) needs to be further studied. Glacier mass balance is an important glaciological parameter used to characterize the accumulation and ablation of glaciers [1]. Glacier ablation is mainly influenced by many factors, such as air temperature, surface wind speed, and solar radiation energy [12]; solar radiation energy is one of the main energy sources for glacier ablation [13]. The amount of solar radiation energy absorbed by the glacier surface is determined by the albedo of the glacier surface [14]. According to Dal et al., mineral dust is one of the strongest light-absorbing impurities in visible and near-infrared spectra [15], and its attachment to the glacier surface will increase the solar radiation energy received by the glacier, resulting in more energy participating in the original glacier mass balance. Yue et al., when observing Urumqi Glacier No. 1, found that the ice–albedo varied between 0.06 and 0.44 [16]. Cuffey et al. noted that the albedo value of fresh snow on the glacier surface can reach a maximum of 0.9 or higher, while the albedo of the contaminated glacier surface can be as low as 0.1 [17], so it is particularly important to study the mineral dust cover on the glacier surface. At present, the method used to study the glacier mass balance mainly involves the combination of remote sensing technology with a physical model to construct spatiotemporal monitoring and to study large-scale glaciers [12,18,19,20,21,22,23,24]. Although great progress has been made in remote sensing technology [25,26], and the physical model of glacier ablation is constantly optimized [27,28], its accuracy is still insufficient [29,30,31,32] for small-scale glaciers near mining areas, which are greatly affected by mineral dust. Therefore, in this study, we used physically similar simulations to explore the changes in the ablation rate of the glacier surface under different mineral dust cover parameters.



In this paper, the Beizhan iron mine and its adjacent glaciers (at an altitude of 3500 m at the southern foot of Tianshan Mountain) were used as the research objects. By conducting physically similar simulation experiments and quantitatively analyzing the effect of mineral dust on the glacier ablation rate, combined with energy transfer and transformation models, the intrinsic mechanism of mineral dust accelerating glacier ablation was revealed. The results of the study can provide a basis for evaluating and predicting the reliability and security of water resources due to accelerated ablation of glaciers located in alpine and high-altitude areas and affected by mines.




2. Materials and Methods


2.1. Study Area


The Beizhan iron mine and its adjacent glacier (43°14′ N, 85°33′ E) are located on the north slope of the Boroholo Mountain, on the south side of Tianshan Mountain, only 3 km away from the main peak of Tianshan Mountain, at an altitude of 3160–4575 m, belonging to the middle–high mountain area, as shown in Figure 1A. There are permanent mountain glaciers to the south and west of the mine, and the closest distance from the glacier to the mine edge is 1.3 km. The study area is in the alpine region of the continent with a cold climate characterized by long winters (October to April of the following year), short summers (June), and insignificant spring and autumn seasons (meteorological data according to the local weather monitoring centers). The climate in this area is variable, with a large temperature difference (20–30 °C) between day and night, and very frequent rainfall and snowfall. The Xiaoxigou River and the Xiaodong River in the study area are seasonal rivers, and Figure 1B shows the accelerated glacier ablation by mineral dust.




2.2. Ice Cube Preparation


According to the principle of physically similar simulation experiments, the glaciers were simulated by using mechanism ice cubes. Firstly, a mold of the same size of 15 × 15 × 10 cm was used, and a drainage hole was left in the center of the mold, as shown in Figure 2a; the drainage hole facilitated the timely discharge of meltwater when the ice melted. Secondly, a thin iron rod was used through the lower center of the mold (drainage hole), as shown in Figure 2b, and the contact parts of the iron rod and the mold were sealed well. Then, 1000 mL of distilled water was injected into the freezer for low-temperature freezing. Finally, the thin iron rod was pulled out after freezing, as shown in Figure 2c, which was the prepared ice cube. A beaker (receiving water) was placed in the center below the mold, as shown in Figure 2d, to facilitate the statistics of the melting water amount of ice cubes during the experiment.




2.3. Mineral Dust Particle Size Gradation and Coverage


The mineral dust used in this experiment was obtained in situ from the surface of the glacier in the study area, as shown in Figure 3a. The multi-point sampling method was adopted to conduct an outdoor operation in October 2021 at the glacier adjacent to the Beizhan iron mine. A geological hammer and clean shovel were used to obtain the required samples (each point sampling area of 50 × 50 cm), taking the surface glacier and its overlying snow layer. A total of 10 groups of samples were obtained, and the acquired samples were placed in the cryogenic sample box. After the original samples were delivered to the laboratory, the specimens were taken out and left to stand until the snow and ice melted into water. The excess water was then poured out and dried in a dryer (Electric Blast and Constant Temperature Drying Oven of 101-2ES, Beijing Ever Bright Medical Treatment Instrment Co., LTD, Beijing, China) for 24 h; the dried specimens were then pretreated using a standard sieve to remove mineral particles larger than 0.25 mm because such particles are derived from the disintegration of rocks near the glacier and not from the mine area dispersed by the wind. Standard sieves with apertures of 0.125, 0.075, and 0.0375 mm were used for sieving. Mineral dust particles smaller than 0.0375 mm were too minute and were eliminated from consideration of the operability of the experiment and the effect on the final results. The mineral dust particles of different particle sizes are shown in Figure 3b–d; according to the distributions of different particle sizes during mineral dust sampling, the mineral dust particle size gradation was divided into A, B, and C. The mineral dust particle size gradation is shown in Table 1.



The mineral dust coverage rate of the ice surface was calculated using ImageJ (1.8.0_112) image processing software. Since the mineral dust was tiny and the amount used in arranging the mineral dust was also very tiny, it was difficult to precisely control its mass or volume, so its mass and volume were not measured. Regarding the actual mineral dust samples collected in the field, the mineral dust coverage rate on the glacier surface was less than 50%, so the mineral dust coverage rate was also controlled between 0 and 50% in this experiment. The mineral dust particles were arranged on a sieve of a suitable aperture size, and the sieve was gently shaken to allow the mineral dust particles to fall naturally on the surface of the prepared ice cube due to gravity, after which the ice cube with the mineral dust arrangement was photographed in high-resolution at close range, as shown in Figure 4a. The photos were imported into ImageJ image processing software. Firstly, the images were pre-processed to determine the calculated area, as shown in Figure 4b; after which, the software automatically identified the darker mineral dust particles by adjusting the color scale and calculating the mineral dust coverage rate on the ice surface, as shown in Figure 4c. The inaccurate images could be manually calibrated. The dark background adjustment function allows a comparison with the identified image, reducing the errors in the mineral dust coverage rate due to visual errors, as shown in Figure 4d. Using ImageJ could not only quickly and accurately determine the size of coverage, but it could also solve the problem of small mineral dust particles that are difficult to accurately count.




2.4. Experimental Protocol


To explore the relationship between mineral dust and the glacier ablation rate under different weather conditions, and the mineral dust coverage rate at the same mineral dust particle size gradation—two experiments were conducted for each of the three dust particle size gradations (for a total of six groups of experiments). Six ice cubes were used in each group of experiments, five of which were arranged with mineral dust (the coverage rate was evenly distributed between 0 and 50%, as far as possible), leaving one without mineral dust cover as a control experiment, as shown in Table 2 for A1, A2, B1, B2, C1, and C2. To explore the relationship between mineral dust and the glacier ablation rate under different particle size gradations and mineral dust cover conditions at the same meteorological conditions, twelve ice cubes were used in one experiment, and each mineral dust particle size gradation was set with four kinds of coverage rates (the coverage rates were evenly distributed between 0 and 50%, as far as possible), as shown in Table 2, A3, B3, and C3. All experiments were carried out outdoors, without wind or sunlight shade; solar radiation value, air temperature, and other meteorological parameters were recorded during the experiment, as shown in Table 2. The experiment was immediately stopped when the bottom of the ice cube was about to melt at the bottom of the experiment.



The operation process of the whole experiment was shown in Figure 5.





3. Results


3.1. Relationship between Mineral Dust Coverage Rate, Radiation Intensity, and Ablation Rate


To study the effect of dust on the glacier ablation rate under different coverage rates and different radiation intensities, the meltwater speed of mineral dust with three particle size gradations under different coverage rates and radiation intensities were counted, as shown in Figure 6, Figure 7 and Figure 8.



From Figure 6, Figure 7 and Figure 8, it can be seen that under the same radiation intensity and mineral dust particle size gradation conditions, the meltwater speed of the ice cube increased with the increase of the mineral dust coverage rate. In the six experiments, the higher the mineral dust coverage rate, the faster the ablation rate. In Group A1, when the mineral dust coverage rate increased from 0% to 53.9%, the ice meltwater speed increased from 313 to 337.8 mL/h (increasing by 7.9%). In Group B2, when the mineral dust coverage rate increased from 0% to 42.7%, the ice meltwater speed increased from 282 to 321.2 mL/h (increasing by 13.9%). In Group C2, when the mineral dust coverage rate increased from 0% to 45.6%, the ice meltwater speed increased from 303 to 338.4 mL/h (increasing by 11.7%). This is because most of the mineral dust from the mining area is highly light-absorbing particles. With the increase of the coverage rate, the energy injected by the mineral dust on the ice surface into the system also increases, increasing the ablation rate.



From Figure 6, Figure 7 and Figure 8, it can be seen that under the same conditions of mineral dust particle size gradation and the mineral dust coverage rate, the higher the value of radiation intensity, the higher the rate of glacier ablation. Taking the coverage rate of 30%, as an example, in group A, the radiation intensity was 1153 and 1007 W/m2, respectively, and the corresponding meltwater speed was 325.8 and 291.8 mL/h, respectively, which increased by 11.7%. In group B, the radiation intensity was 993 and 911 W/m2, respectively, and the corresponding meltwater speed was 309 and 293.2 mL/h, respectively, which increased by 5.4%. In group C, the radiation intensity was 1104 and 1040 W/m2, respectively, and the corresponding meltwater speed was 324.4 and 308.4 mL/h, respectively, which increased by 5.2%. This is because the radiation intensity can directly affect the amount of energy available for mineral dust absorption; the greater the radiation intensity, the higher the ablation rate naturally increases.



From the above two conclusions, we can learn that the glacier ablation rate is mainly determined by how much energy (E) is absorbed by the mineral dust; the general expression of how much energy is absorbed by the mineral dust is:


E = K·S



(1)







S represents the area covered by mineral dust; K represents the physical properties of mineral dust, including the material composition of mineral dust, particle size, etc.




3.2. Relationship between Mineral Dust Particle Size Gradation, Air Temperature, and Ablation Rate


According to the results of the field mineral dust sampling, it can be seen that the surface mineral dust particle size gradations of glaciers at different distances from the pit were different. To further explore the effect of dust particle size gradation on the ablation rate, the dust from different particle size gradations under the same radiation intensity and temperature were studied, as shown in Figure 9.



As can be seen from Figure 9, the larger the mineral dust particle size gradation, the greater the ablation rate. When the mineral dust coverage rate was 10%, the meltwater speed of the mineral dust particle size gradations A, B, and C were 305.6, 301.2, and 293.4 mL/h, respectively, which means that the meltwater speed of the mineral dust particle size gradation increased by 4.2% when the mineral dust coverage rate increased from 70%:30%:0% to 5%:50%:45%. When the mineral dust coverage rate was 30%, the meltwater speed of the mineral dust particle size gradations A, B, and C were 315.2, 312.8, and 306.8 mL/h, respectively, which means that the meltwater speed of the mineral dust particle size gradation increased 2.7%, when it increased from 70%:30%:0% to 5%:50%:45%. This is mainly due to the fact that, after the meltwater was generated on the surface of the ice as the experiment proceeded, the mineral dust with smaller particle sizes (dragged by the water flow) moved to the lower part of the surrounding area. During the movement of the mineral dust by its own gravity, it would gradually adhere to the glacier again and finally stay in the lower part of the surrounding area (countless amounts of mineral dust after the movement and accumulation of the surface, as shown in Figure 10). Regarding the accumulation of mineral dust in the ablation process—on the one hand, it reduces the area of mineral dust receiving radiation and weakens the injection of system energy; on the other hand, the gathered mineral dust affects the heat transfer effect.



As can be seen from Figure 9, the larger the mineral dust particle size gradation, the smaller the rate of increase of the ablation rate. When the mineral dust particle size gradation was A, the meltwater speed increased with the mineral dust coverage rate of 0.48. When the mineral dust particle size gradation was B, the meltwater speed increased with the mineral dust coverage rate of 0.58. When the mineral dust particle size gradation was C, the growth rate of the meltwater speed with mineral dust coverage rate was 0.67 (indicating that the increasing rate of meltwater speed is gradually decreasing). This is mainly because—for mineral dust with large particle size gradations—the change of the mineral dust quantity is not obvious with a slight change in the coverage rate, but for mineral dust with small particle size gradations, a slight change in the coverage rate will increase or decrease a large amount of mineral dust with small particle sizes, and mineral dust with small particle sizes have a smaller volume and larger specific surface areas; this is conducive to the accumulation and transfer of energy, so the change of the meltwater speed is more obvious.



Considering the current global temperature rise, the temperature is also one of the reasons for the accelerated melting of glaciers; the sizes of the ice cubes in this physically similar simulation experiment were small, and the surrounding air temperature had a greater impact on them. To explore the magnitude of the contribution of holding air temperature and mineral dust to the ablation rate, the meltwater speeds of six groups of ice cubes without mineral dust covers were taken as the ablation rate influenced by the air temperature. The relationship between the ablation rate under the influence of temperature and mineral dust was analyzed, as shown in Figure 11.



The ablation rate is more influenced by air temperature than by mineral dust. Figure 9 and Figure 11 show that when the mineral dust particle size grading was A, the meltwater speed accelerated by 4.8 mL per hour when the mineral dust coverage rate increased by 10%. When the mineral dust particle size grading was B, the meltwater speed accelerated by 5.8 mL per hour when the mineral dust coverage rate increased by 10%. When the mineral dust particle size grading was C, the meltwater speed increased by 6.7 mL per hour when the mineral dust coverage rate increased by 10%; the meltwater speed increased by 19.5 mL per hour when the temperature increased by 1 °C. Therefore, when the mineral dust particle size gradation was A, each 40.6% increase in mineral dust coverage rate was equivalent to the effect caused by a 1 °C increase in air temperature; when the mineral dust particle size gradation was B, each 33.6% increase in mineral dust coverage rate was equivalent to the effect caused by a 1 °C increase in air temperature; when the mineral dust particle size gradation was C, each 29.1% increase in the mineral dust coverage rate was equivalent to the effect caused by a 1 °C increase in air temperature. By comparing the changes in the meltwater speed under the influence of mineral dust with that under the influence of air temperature, it can be seen that the influence of air temperature plays a dominant role. Under the same coverage rate, the smaller the particle size distribution in mineral dust, the greater the contribution to the ablation rate and the greater the increase rate of the ablation rate.





4. Discussion


4.1. Physical Energy Transfer Mechanism


The presence of mineral dust forces more energy to participate in the glacial mass balance, accelerating the glacial ablation. The imbalance of the glacial mass balance stems from the alteration of the energy balance of the glacial mass balance system. The mineral dust is a dark-colored, light-absorbing particulate matter, as shown in Figure 12. Under the same conditions of solar radiation intensity, the mineral dust can apparently absorb more solar radiation energy relative to the ice and snow in its original position. This is in good agreement with the findings by Jonsell, Naegeli, Takeuchi, and Yue et al. [16,33,34,35]. From the first law of thermodynamics (conservation of energy), it is clear that the intervention of mineral dust injects additional energy into the glacier mass balance for the original glacier system compared to the glacier mass balance system without mineral dust cover, which accelerates the glacier ablation.



The rapid accumulation and transfer of energy from the mineral dust itself accelerate glacial ablation. X-ray diffraction (XRD) of the mineral dust shows that the mineral dust on the glacier adjacent to the prepared iron ore contains minerals, such as quartz, kaolinite, chlorite, diopside, and chlorite, as shown in Figure 13. The minerals that make up the mineral dust contain metallic elements, such as iron, magnesium, aluminum, and sodium, and all of these substances have smaller specific heat capacities and larger thermal conductivities, with a higher capacity to absorb and release energy than snow and ice. The specific heat capacity and thermal conductivity of the main substances contained in the above-mentioned minerals are shown in Table 3, plus the fine volume and large specific surface area of the mineral dust, which is very conducive to the accumulation of its own internal energy and the transfer of heat. According to the second law of thermodynamics, after converting solar radiation energy into its own internal energy, the mineral dust will transfer its own internal energy in the form of heat to the glacier below (by heat conduction) to accelerate the ablation of the glacier; the heat conduction process is shown in Figure 14.




4.2. Chemical Energy Conversion Mechanism


The minerals composed of mineral dust particles contain substances that undergo exothermic reactions, such as oxidation and hydration, which can further accelerate the ablation of glaciers. From the XRD results in the above figure, it is clear that the minerals that make up the mineral dust are diverse, with chlorite containing theoretical values of FeO, ranging from approximately 34.3% to 42.3% [36], and the theoretical content of CaO in diopside ranging from 16% to 25.83% [37]. When the mineral dust (rich in these substances) attached to the glacier surface, on the one hand, the soluble silicate mineral dust in the role of solar radiation constantly accelerated its own internal molecular movement, on the other hand, in the glacier surface, in this kind of humid, oxygenated environment, it is very easy for a chemical exothermic reaction to occur; see Table 4; the exothermic reaction process is shown in Figure 15.



By studying the physical and chemical properties of mineral dust, the mechanism of accelerated glacial ablation by mineral dust in mining areas was revealed using the laws of thermodynamics and chemical exothermic reactions. From the above analysis, we can learn that the inherent mechanism of mineral dust accelerating the ablation of glaciers is:



(1) Physically—the mineral dust diffused to the surface of the glacier can receive more solar radiation than the original surface ice and snow. The mineral dust will receive the solar radiation energy into its own internal energy, and conduct, in the form of heat to below the glacier, its own specific heat capacity, thermal conductivity, etc., conducive to the accumulation and transfer of energy, accelerating the ablation of glaciers.



(2) Chemically—the minerals that make up the mineral dust particles contain substances that can cause chemical exothermic reactions, further accelerating the ablation rate of the glaciers. The study of energy transfer and the conversion mechanism of mineral dust particles reveal the intrinsic mechanism of accelerated glacial ablation by mineral dust.





5. Conclusions


In this paper, the influence of mineral dust on the rate of glacier ablation was studied by physically similar simulation experiments; the following conclusions were drawn based on the analysis combined with the laws of thermodynamics and the principles of chemical exothermic reactions:



(1) The higher the mineral dust coverage rate, the faster the glacier ablation rate. Under the same conditions of radiation intensity and mineral dust particle size gradation, the higher the mineral dust coverage rate, the faster the ablation rate of the glacier; in the B2 experiment, when the coverage rate increased from 0% to 42.7%, the ablation rate of the ice cube increased from 282 to 321.2 mL/h, accelerating by 13.9%. It was the group with the most significant increase in the ablation rate affected by the mineral dust coverage rate in this experiment; all other groups also had different degrees of improvement.



(2) The larger the mineral dust particle size gradation, the faster the ablation rate of the glacier, and the slower the growth rate of the ablation rate. The smaller the particle size gradation of the mineral dust, the more it contributes to the increase of the glacier melting rate compared with the temperature. By comparing three different mineral dust particle size gradations under the same temperature and radiation intensity conditions, it was concluded that the larger the mineral dust particle size gradation, the faster the glacier ablation rate and the slower the growth rate of the ablation rate. When the mineral dust coverage rate was 10% and 30%, respectively, the mineral dust particle size gradation increased from A to C and the ablation rate increased by 4.2% and 2.7%, respectively. With the increase of the particle size gradations of groups A, B, and C, the increasing ratio of the ablation rate was 0.67, 0.58, and 0.48, which gradually decreased. By analyzing the growth rate of the ice ablation rate for the same air temperature and radiation intensity, the increase in the ablation rate by a 1 °C increase in air temperature corresponded to 40.6%, 33.6%, and 29.1% increases in the mineral dust coverage rates for particle size gradations A, B, and C, respectively.



(3) By constructing a mineral dust energy transfer and transformation model, the intrinsic mechanism of mineral dust accelerating the glacier ablation was revealed. The mineral dust particles on the glacier surface could not only reduce the albedo of the glacier surface to solar radiation but could also transfer the received radiation energy and chemical energy when reacting with the meltwater and oxygen to the glacier, causing the imbalance of the glacier income and expenditure, accelerating the rate of glacier ablation.
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Figure 1. Location of the research area, spatial distribution of the mining area and glacier (A); diagram of dust accelerating glacier ablation (B). 
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Figure 2. Preparation of ice cubes, (a) a mold for the preparation of ice cubes; (b) ice cubes taken from the freezer; (c) front of the ice cube with the thin iron bar removed; (d) a beaker for measuring meltwater is placed beneath the mold. 
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Figure 3. Mineral dust collected on-site in the study area (a), mineral dust of different particle sizes after sieving by standard sieves (b–d). 
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Figure 4. Mineral dust collected on-site in the study area (a); mineral dust of different particle sizes after sieving by standard sieves (b–d). 






Figure 4. Mineral dust collected on-site in the study area (a); mineral dust of different particle sizes after sieving by standard sieves (b–d).



[image: Water 14 01982 g004]







[image: Water 14 01982 g005 550] 





Figure 5. The operation process of the whole ablation experiment, (a) ice preparation; (b) mineral dust preparation; (c) layout of mineral dust; (d) ablation experiments were initiated. 
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Figure 6. Relationship between the dust coverage rate and meltwater speed (Group A), chain dotted lines are fitted curves of experimental data (same as figures below). 
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Figure 7. Relationship between the dust coverage rate and meltwater speed (Group B). 
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Figure 8. Relationship between the dust coverage rate and meltwater speed (Group C). 
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Figure 9. Relationship between the dust coverage rate and meltwater speed under different grading conditions, chain dotted lines are fitted curves of experimental data. 
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Figure 10. The accumulation phenomenon of small particle size mineral dust. 
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Figure 11. Relationship between air temperature and meltwater speed, chain dotted lines are fitted curves of experimental data. 
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Figure 12. Apparent color of mineral dust (the length of the ruler in the figure is 100 μm). 
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Figure 13. XRD pattern of mineral dust. 
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Figure 14. Energy transfer mechanism of mineral dust. 
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Figure 15. Energy conversion mechanism of mineral dust. 
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Table 1. Mineral dust particle size gradation.
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Particle Size Range (mm)

	
0.0375–0.075

	
0.075–0.125

	
0.125–0.25

	
Group






	
Percentage of particle size (%)

	
5

	
50

	
45

	
A




	
30

	
40

	
30

	
B




	
70

	
30

	
0

	
C
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Table 2. Ice surface mineral dust coverage rate, radiation intensity, and air temperature.
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Experimental Group




	

	
A1

	
A2

	
B1

	
B2

	
C1

	
C2

	
A3

	
B3

	
C3






	
Mineral dust coverage rate (%)

	
0

	
0

	
0

	
0

	
0

	
0

	
4.9

	
6.8

	
5.6




	
10.8

	
10.8

	
5.2

	
12.4

	
14

	
13.5

	
11.3

	
14.2

	
13.6




	
22.2

	
20.2

	
22.3

	
25.9

	
21.2

	
24

	
24.6

	
29.6

	
30




	
38.2

	
33.6

	
33.2

	
33.4

	
30.8

	
29

	
36.1

	
41.8

	
44.5




	
48.4

	
41.3

	
41

	
35.8

	
33.9

	
37

	

	

	




	
53.9

	
53

	
44.8

	
42.7

	
44

	
45.6

	

	

	




	
Radiation intensity (W/m2)

	
1153

	
1007

	
911

	
993

	
1040

	
1104

	
1089

	
1089

	
1089




	
Air temperature (°C)

	
18.2

	
16.8

	
16

	
16.7

	
17.2

	
17.7

	
17.5

	
17.5

	
17.5








Note: radiation intensity and air temperature were averaged using the data recorded during the experiment.













[image: Table] 





Table 3. Specific heat capacity and thermal conductivity.
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	Ice
	MgO
	SiO2
	Al2O3





	Specific heat capacity (J·kg−1·K−1)
	2100
	1460
	840
	750



	Thermal conductivity (W·m−1·K−1)
	2.1
	36
	10
	10
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Table 4. Exothermic reaction.






Table 4. Exothermic reaction.





	Reactants
	Generates
	Enthalpy Changes (kJ·mol−1)
	Reference





	FeO, O2
	Fe2O3
	−824.2
	[38]



	CaO, H2O
	Ca(OH)2 (s)
	−986.09
	[38]
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