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Abstract:



Deep sea mining tailings disposal is a new environmental challenge related to water pollution, mineral crust waste handling, and ocean biology. The objective of this paper is to propose a new tailings disposal procedure for the deep sea mining industry. Through comparisons of the tailings disposal methods which exist in on-land mining and the coastal mining fields, a new tailings disposal procedure, i.e., the submarine–backfill–dam–reuse (SBDR) tailings disposal procedure, is proposed. It combines deep sea submarine tailings disposal, backfill disposal, tailings dam disposal, and tailings reuse disposal for the deep sea mining industry. Then, the analytic network process (ANP) method is utilized to evaluate the performances of different tailings disposal methods. The evaluation results of the ANP show that the new proposed tailings disposal procedure is the most suitable for the deep sea mining industry.
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1. Introduction


As resources consumption continues to increase, the mining industry has become one of the most important economic activities in the modern world [1]. Tailings are the by-products of hard rock mining operations. They are removed from the valuable mineral ores after filtering and milling processes [2]. With the significant increase of the total global production rate, the enormous amount of tailings must be handled with a proper method. Additionally, the disposal of tailings is an integrated multi-disciplinary field related to biology, hydrology, topography, sustainable development, and environment protection [3].



With the gradual decrease of mineral reserves and varieties on land, deep sea mining (DSM) has been put forward by mining researchers since the 1960s [4]. The schematic diagram of a typical DSM system is shown in Figure 1 [5]. Due to the broad scope of influence of DSM tailings, an integrated cognitive system needs to be obtained to get a clear understanding of the challenges [6]. The differences between a DSM project and a terrestrial mining project can be described as follows. Firstly, the DSM operation is confined to a limited field, far away from the coast. The long distance from mine sites to harbors leads to expensive transportation when the tailings are transported to a tailings pond or on-land stack. Secondly, the range of activities and available areas of tailings treatment equipment are limited to the ship for DSM tailings disposal. Thirdly, the dissolved heavy metals from tailings can have a long lasting influence on the deep sea environment for up to 60 to 70 years. Fourthly, there is not sufficient knowledge on the potential values of benthic flora and fauna [2,3,4,5,6,7].


Figure 1. The schematic diagram of a typical deep sea mining (DSM) system.
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1.1. Tailings Disposal Methods Introduction


The tailings disposal methods mainly consist of submarine tailings disposal, tailings dam disposal, backfill disposal, and tailings reuse disposal [8]. Submarine tailings disposal consists of surface submarine tailings disposal and deep sea submarine tailings disposal, depending on the depth of tailings discharge in the ocean. The tailings discharge depth of deep sea submarine tailings disposal is below 1000–1100 m [3,8]. The tailings dam disposal is the most common disposal method with a long history. The tailings dam disposal often works with backfill disposal after tailings undergo paste and thickened stages [9].



For the DSM industry, the deep sea water transported to the ocean surface also belongs to mine tailings. The tailings water, after the filtering process of the mineral ores, contains a much higher concentration of heavy metals. For example, for the Navodari mine site, the tailings water contains cadmium up to 29 ppm, fluorine up to 105–207 ppm, sulphates up to 1100–1720 ppm, and phosphates up to 1270 ppm [10]. The tailings water with a high concentration of heavy metals can significantly damage the habitat environment of plankton and benthic nekton, which can increase the concentration of heavy metals in fishes. Finally, human beings are affected by the heavy metals through the food chain [11].



The tailings disposal of the DSM industry can be more difficult because of its complex working environment. The tailings produced by the DSM industry are distributed all over the mineral transport process from seabed to ocean surface, then to a harbor. As in most DSM projects, mining sites are often located far away from the land. If, for a DSM project, a proper tailings disposal method cannot be selected, the tailings disposal expenditure can be huge. Furthermore, it is remarkable to consider that the tailings operation is influenced directly by the profitability of the mining operation and some other uncertainties, e.g., commodities price, fluctuations in operating and capital cost, geological properties and so on [12,13]. Additionally, the fragile deep ocean ecology can be easily affected by the contaminants contained in tailings.




1.2. Evaluation Method Introduction


After comparing the traditional tailings disposal methods, the analytic network process (ANP) is utilized to evaluate the performance of the different tailings disposal methods. The ANP is a strategy management method that analyzes decisions and actions on all levels in the objective research field [14]. The ANP was invented on the basis of the analytic hierarchy process (AHP) by considering the interdependences among the major criteria and the sub-criteria. In addition, the ANP divides different classifications of the evaluation criteria and the actors involved in the evaluation process [13,14].



The objective of this paper is to propose a new tailings disposal procedure for the DSM industry based on a comparison of the tailings disposal methods. A new tailings disposal procedure, i.e., the SBDR tailings disposal procedure, is proposed by the combination of deep sea submarine tailings disposal, backfill disposal, tailings dam disposal and tailings reuse disposal methods. Four different tailings disposal methods are firstly coupled together to process tailings from DSM projects. The research in this paper has filled a research gap in which there are insufficient theories and analysis results for DSM tailings disposal. In Section 2, different tailings disposals utilized on land and at the coastal sites are introduced and compared. Section 3 describes an innovated tailings disposal procedure derived from the existing tailings disposals. Section 4 addresses the evaluations of the different tailings disposals by the ANP method. Finally, in Section 5, conclusions of the conducted research are given.





2. Tailings Disposal Methods


The tailings disposal methods discussed in this section are submarine tailings disposal, tailings dam disposal, backfill disposal and tailings reuse disposal.



2.1. Submarine Tailings Disposal (STD)


Submarine tailings disposal has been utilized since 1938, with copper mine tailings from Chanaral, Chile, being poured into the ocean [15]. The working methodology of submarine tailings disposal is to dump tailings into seas through a channel or a pipe system [16]. The copper mine tailings in Chile with a high copper concentration of 6000–7000 µg/L, which is much higher than the present regulation of 2000 µg/L, were discharged into the coastal Pacific Ocean [17]. Due to the long-term continuous tailings displacement, the copper mine tailings changed the geographical terrain around the tailings discharge outlet, see Figure 2 [3].


Figure 2. The global and the enlarged view of the tailings beach [3].
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As the tailings discharge rate of submarine tailings disposal can be large, which ranges from 2000 ton/day to 30,000 ton/day, it is suppressed in many countries and districts due to its potential environmental threats [18]. For example, in United States, only Alaska is given an exemption to implement the surface submarine tailings disposal method by US Environmental Protection Agency [3], and in Chile, the tailings of its copper mine sites cannot be poured into the ocean, as determined by a famous lawsuit between the Village of Chañaral against Chilean National Copper Corporation (CODELCO) in 1989 [16]. Submarine tailings disposal is also forbidden in Canada and Australia [19].



Deep sea submarine tailings disposal is different from surface submarine tailings disposal in the discharge depth at which the tailings are disposed of in the ocean. Deep sea submarine tailings disposal is innovated from surface submarine tailings disposal, considering ocean turbidity, light penetration, alteration of the benthic habitat, and burial of the aquatic organisms [20]. Compared with surface submarine tailings disposal, deep sea submarine tailings disposal has a better performance on benthic habitat protection because of the shorter diffusion, mixing and sedimentation length of the discharged tailings [20]. Gideiri suggested that the depth at which tailings are discharged in deep sea submarine tailings disposal should be below 1100 m, considering biological activity [21]. Nawab proposed that deep sea submarine tailings disposal should take place between 1000 m and 1100 m, which considers both minimizing the effects on fauna and flora by the tailings depositions and avoiding re-deposition into the mineralized area [22]. Franks recommended that the tailings discharged into the mining voids can dramatically reduce the mining footprint in the deep sea ecosystem [8].




2.2. Tailings Dam Disposal (TDD)


Tailings dam disposal is described as an embankment structure to store mineral tailings, which can be used for tailings in solid, liquid, and solid–liquid phases [23]. Additionally, tailings dam disposal is regarded as the most widely used tailings disposal method. The direct influences of tailings dam disposal on the local environment consist of salinity/PH alteration and the potential mobility of toxic metals [24].



Although the application of tailings dam disposal is wide, some singular characteristics, such as extensive management operation, seismic liquefaction, rise of the phreatic surface, mass movement/slope instability, fluvial undermining, inadequate/insufficient beach or free board, piping/seepage, dam overtopping/overflowing, foundation failure, water level rise, unusual rainfall evert/period, insufficient perviousness of filter drain, and mine subsidence, can lead to far-reaching tailings dam failures [25]. In the United States, from 1917 to 1989, there were 185 tailings dam incidents, in which about 90% of the incidents happened in the active mines [24]. Furthermore, as the height of the tailings dam can reach 20–45 m and the biggest reservoir volume is almost up to [image: there is no content] m3, the consequences of the tailings dam failures on the economy, environment, and human beings safety can be immeasurable [26].




2.3. Backfill Disposal (BD)


The backfill disposal, also named paste backfill disposal, was proposed in the 1990s [27]. The working process of backfill disposal is to transfer traditional mill tailings or slurry tailings into paste tailings, which is beneficial in the aspects of mine reclamation and elimination of the adverse environmental effects of the discharged tailings [28]. The backfill materials consist of overburdens, waste rocks, deslimed and whole mill tailings, quarried and crushed aggregate, and metallurgical process tailings. Kesimal et al. proposed that the tailings mixed with the binder, such as the cement, can make it easier to achieve the desired rheological and strength characteristics of the paste tailings [28]. Franks proposed backfill disposal as an environmentally friendly tailings disposal method, which can lead to relatively high physical and chemical stability of the tailings [8]. The backfill disposal can also work with the other tailings disposals. For instance, since the second quarter of 2001, backfill disposal and tailings dam disposal have been utilized in Bulyanhulu gold mine in Tanzania, in which 25% of the paste tailings are dewatered, thickened, strengthened, and backfilled underground, and the remaining 75% of tailings are discharged on the surface [7].




2.4. Tailings Reuse Disposal (TRD)


As most mineral tailings are not utilized completely, after proper treatment, reuse and recycling processes, the valueless tailings can be transferred into other productions, producing some extra economic benefits. The central idea of tailings reuse disposal is to minimize the waste volume [29]. For tailings in the DSM industry, waste rocks and overburdens can be reused as the construction material for island construction; this has been the case in Korea, China, the Netherlands, and Japan [30]. The island or land reclamation utilizing the DSM tailings can undoubtedly decrease the influences on the deep sea ecosystem. However, reclamation engineering also has several environmental problems, such as an increase in the groundwater level of the places where tailings are reused. The tailings reuse disposal method is an innovative, new concept to tailings disposal in the DSM industry. For the tailings produced on land, tailings reuse disposal has been more thoroughly researched, such as in short-term and long-term experiments, the realistic test, the environmental effects analysis and so on [31].





3. DSM Tailings Disposal


3.1. Tailings Disposal Distributions in the DSM Process


In the working process of the DSM industry, a large amount of tailings are produced and tailings disposal which considers technology, economy, environment, and societal acceptance at the same time is quite necessary. Additionally, the tailings discharged in the DSM process have both short-term effects, e.g., seafloor destruction, and long-term effects, e.g., topography alteration; oxygen and heavy metal concentration; habitant alteration of the flora and the fauna [3]. The tailings in DSM are produced in two major parts: tailings produced at sea and tailings produced on land after further processing. This paper focuses on the tailings produced at sea, which include waste water, waste rocks, overburdens, benthic flora, and fauna. As the DSM project researched in this paper is transported by a pipe system, the most influential areas of DSM are located at the seabed and the ocean surface.




3.2. Advantage and Disadvantage Analysis of the Reviewed Tailings Disposal Methods


Table 1 depicts the advantages and disadvantages of deep sea submarine tailings disposal, backfill tailings disposal, tailings dam disposal, and tailings reuse disposal. In the history of tailings disposal, combining different kinds of tailings disposal methods already exists. For instance, in arid and semi-arid areas, tailings are stored in tailings dams firstly; undergoing natural evaporation and consolidation by hardener, the tailings with a high concentration of water can be transferred into tailings pastes; then, the tailings paste can be backfilled into the mining site to decrease the mining footprint [32].



Table 1. Advantages and disadvantages of the reviewed tailings disposal methods.







	
Method

	
Advantages

	
Disadvantages






	
Deep sea submarine tailings disposal

	
1. Prevention of acid mine drainage.

2. Geotechnically stable.

3. Minimal land surface used.

4. Short transport distance.

5. Short-term maintenance.

	
1. Overlay the benthic organisms.

2. Physical and geochemical alteration of the seabed environment.

3. Release contaminants into the sea.

4. Bioaccumulation of heavy metals through the food chain [16].




	
Backfill disposal

	
1. Short transport distance, making it cost effective [9].

2. Decrease the mine footprint [33].

3. Tailings are almost environmentally friendly [32].

4. Operation simplicity.

5. Inhibit the oxidation [9].

	
1. Short-term increase of the tailings concentration in the nearby ocean area [9].

2. Overlay the benthic organism.

3. Release the toxicity contaminants into the sea [34].




	
Tailings dam disposal (paste)

	
1. Low preliminary investment.

2. Decrease the waste water volume.

3. Decrease the construction embankment materials.

4. Operation simplicity [7,35].

	
1. Ground water pollution.

2. Long-term maintenance in the mining process and even after the mining closure [24].

3. Erosion and sedimentation generate acidic conditions [25].

4. Flexible to the nature hazards, e.g., seismic and strong precipitation [8].




	
Tailings reuse disposal

	
1. Create new values.

2. Decrease the environmental effects at the mining site [36].

	
1. Environmental alteration at the tailings reused site, e.g., PH, groundwater drainage, heavy metals concentration, and the surrounding organisms [29].











3.3. Tailings Disposal Method Suitable for the DSM Systems


Through analyzing different tailings disposal methods and tailings distributions in the DSM process, it is noteworthy that utilizing only one tailings disposal method cannot fulfil the economic and environmental considerations at the same time [37]. Therefore, a new tailings disposal procedure, combining deep sea submarine tailings disposal, backfill disposal, tailings dam disposal and tailings reuse disposal methods is created: SBDR (submarine–backfill–dam–reuse disposal), see Figure 3.


Figure 3. The schematic diagram of the SBDR tailings disposal procedure utilized in the deep sea mining industry.
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For the tailings produced on the seabed, the backfill disposal is selected. Based on the application rule of backfill disposal, the tailings of overburdens, waste rocks, benthic flora and fauna are backfilled at the mine site to decrease the mining footprint. The backfill tailings are almost environmentally friendly, because the tailings do not undergo a long period of transport and processing processes [35]. Additionally, the proximity principle to discharge the tailings can greatly decrease the mine site footprint and the transport costs of the tailings [34]. For the tailings produced on the production support vessel (PSV), after the crushing, grinding, concentrated dewatering, and ore separating processes, the tailings belonging to the inert inorganic geological materials can be transported to a deep sea environment through a pipe system, which utilizes the deep sea submarine tailings disposal. Furthermore, the inert inorganic geological tailings can also be reused as land or island reclamation materials. For instance, in China, the tailings produced from on-land mining are reused to produce cement, hollow bricks, concrete, and glass [36]. Therefore, the waste tailings can also produce some extra economical values and compensate the expensive transport costs [38]. Although it is difficult to reuse all the materials in the mineral tailings, the reuse tailings disposal offers a promising method considering both the environment and economy. The tailings produced on the PSV, which are chemically active, organic, non-geological and concentered with water contaminants, e.g., heavy metal sedimentations, should be transported to a harbor to eliminate the enormous environmental effects in the sea. This kind of tailings should undergo storage; dehydration by evaporation; consolidation by gravity, and the reinforcement materials, e.g., cement to form the tailings paste through tailings dam disposal [39].



After comparing the advantages and disadvantages of deep sea submarine tailings disposal, backfill tailings disposal, tailings dam disposal, and tailings reuse disposal, as well as the analysis of how the SBDR tailings disposal procedure works, the advantages of SBDR tailings disposal can be summarized as follows:

	
A higher degree of tailings utilization. The tailings at different engineering fields have different definitions. For instance, in Japan, the tailings and waste can be divided into different classifications: by-product, waste in law, municipal waste, and industrial waste. A high degree of tailings utilization also represents a more environmentally friendly tailings disposal system for the mine sites.



	
Extra economic value. The tailings are transferred from waste to products, e.g., cement and bituminous mixtures for land or island reclamation.



	
Reasonable operation costs. The tailings separation refinements can also produce an optimal operation plan for the tailings disposal. For instance, although tailings dam disposal needs only a small preliminary capital investment, the long-term operation costs and the long distance transport costs account for a big proportion of the total expenditure. On the contrary, deep sea submarine tailings disposal needs a large preliminary capital investment. However, its short-term maintenance costs and the transportation expenditure are much lower than tailings dam disposal for DSM tailings treatment [40].








The disadvantages of SBDR tailings disposal can be summarized as follows:

	
An effective working combination will be a problem. The SBDR tailings disposal procedure is innovated from the existing tailings disposal methods. It takes the DSM special working environment and different working conditions into consideration. Additionally, the tailings dam disposal utilized in the SBDR procedure is also a new tailings disposal method, which only exists in some special mining areas [29].



	
The utilization of different tailings disposal methods also represents a high preliminary capital investment. For instance, the working mechanism of the SBDR tailings disposal procedure should consist of a more sophisticated minerals separation system; a pipe system utilized to transport the tailings 1100 m below the ocean; vessels to hold and transport the active, organic, non-geological contaminants and tailings; the tailings dam; tailings dehydration and consolidation mechanisms; a tailings transformation machine transferring the wastes into the reused products.



	
Environmental effects on the site where the tailings are discharged and reused. For instance, the tailings discharged 1100 m below the ocean will increase the heavy metal concentrations there. Besides, although there is almost no upwelling in the deep sea [41], the fine particles of the tailings can also be dispersed by the plumes, influencing the surrounding ocean ecosystem. Additionally, if the tailings are used as construction materials for embankments or for island reclamation, the environment of the places where tailings are reused will be altered. The alterations consist of the PH and element concentrations of the surrounding groundwater and the ground soil, and the habitat of the vegetation and animals. Furthermore, the environmental alteration can also influence the fisheries nearby [42].










4. Evaluation of Tailings Disposal Methods


The evaluation systems for tailings disposal have been researched for a long time. For instance, Horsak et al. utilized the fuzzy set analysis method to evaluate the tailings disposal site and selected the evaluation criteria as follows: air quality, surface water quality, groundwater quality, ecology, aesthetic, demography, land use, transportation, emergency response, opposition [43]. Additionally, there is an evaluation system of tailings disposal which focuses on aesthetic, economic and colonization conditions. For the tailings dam evaluation system, the criteria consist of economic consideration, flood and earthquake design criteria, environmental design flood criteria, water cover, long-term stability of the tailings dam, the dam safety, and risk estimation. An evaluation system for the tailings backfill consists of three parts: stability, economic consideration, and durability [32]. Additionally, there are a few reasons for utilizing the ANP method to perform an evaluation. Firstly, the ANP method can deal with the interdependent relationships among different criteria. Secondly, the ANP method can cover all aspects which are related to tailings disposal and present a clear relationship structure of all criteria.



Based on the existing evaluation system of different tailings disposal methods, the evaluation criteria for the DSM tailings disposal can be defined as follows: economic criteria (ECO) which consist of capital cost (CC), operation and maintenance cost (OM) and energy cost (EC); social acceptance (SA) criteria which consist of community support (CS), policy support (PS) and environmental groups (EG) support; technological criteria (TC) which consist of its efficiency (TE), availability, maturity (AM) and tailings disposal capacity (CAP); and environmental criteria (ENV) which consist of sound quality (SQ), ocean water quality (OW), fauna and flora protection (F & F), groundwater quality (GQ), air quality (AQ) and land use quality (LU).



4.1. Analytic Hierarchy Process (AHP)


The AHP was invented by Saaty in the 1970s to solve the decision-making problem relating to multiple criteria. The application premise of the AHP is that the multi-criteria evaluation for decision-making are assumed to be independent of each other. The weights of different criteria are determined through the pairwise comparison matrix [13,14].



The acceptance of the pairwise comparison matrix depends on the consistency index (CI) and consistency ratio (CR). When CR values are smaller than 0.10, then the pairwise comparison matrixes are regarded to be acceptable [44]. The CI value is calculated as follows [13,14]:


[image: there is no content]



(1)




where λmax is the maximum eigenvalue of the pairwise comparison matrix; n is a dimension of the pairwise matrix. The CR value is calculated as follows [14,13]:
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(2)




where RI is the random index, which depends on the number of the evaluation criteria [44]. However, in the evaluation system of tailings disposal, most of the multiple criteria cannot be completely independent completely of each other. Therefore, a further improved method—the ANP—is invented on the basis of the AHP to deal with the decision-making problem [45].




4.2. Analytic Network Process (ANP)


In the application of the ANP, the multi-criteria interdependency can be utilized to evaluate different tailings disposal methods to determine the most suitable tailings disposal method. The relationship of the different levels of criteria is shown in Figure 4 [46]. In Figure 4, there exist four different levels of the evaluation system. The first level is the objective of the ANP evaluation system. The second level consists of the major criteria including economic consideration, social acceptance, technological consideration, environmental consideration. The third level consists of the sub-criteria which are assumed to be independent of each other. The fourth level is evaluation subjects, which are the different tailings disposals including deep sea submarine tailings disposal (DSTD), tailings dam disposal (TDD), backfill disposal (BD), tailings reuse disposal (TRD), and the SBDR tailings disposal procedure. A priority sequence can be determined by the ANP method, and the tailings disposal method with the largest weight is the most suitable method for the DSM industry [46]. There are two hypothesizes for the ANP utilization: (a) the major criteria are assumed to be interdependent; (b). the sub-criteria are assumed to be independent of each other.


Figure 4. The analytic network process (ANP) model for the tailings disposal evaluation.
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4.3. The Questionnaire for the Data Collection


Regarding the application of the ANP, the feedback of 17 experts in the fields of waste treatment, tailings disposal, marine environment pollution, and recycling of materials in marine structure construction was collected by a questionnaire. The objective of the questionnaire is to establish basic comparison matrixes among the major criteria and the sub-criteria. After the questionnaires were collected, firstly, the comparison matrixes are filtered based on the principle of the consistency ratio which needs to be smaller than 0.1. Secondly, the final weights of the criteria are calculated as the geometric mean weights, not the arithmetic mean weights, of all the qualified comparison matrixes [47].




4.4. ANP Application on the DSM Tailings Disposal


Firstly, the major criteria of the ECO, SA, TC, and ENV are assumed to be independent of each other. Depending on the pairwise comparison matrixes collected by the questionnaire and following the ANP weights calculation procedure, the weights of major criteria are shown with Equation (3).


[image: there is no content]



(3)







Secondly, the inner connection between the different major criteria is determined by analyzing the influencing weights of each criterion on the other criteria by utilizing the pairwise comparison matrixes [14]. The inner connection among all the major criteria is shown in Figure 5. Depending on the comparison matrixes collected by the questionnaire, the weight vectors of ECO, SA, TC, and ENV on the other criteria are shown as follows:
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(4)






Figure 5. The inter-relationships between the major criteria.
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Then, the inner connection matrix is determined based on Equation (4).
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(5)







Thirdly, the inner connected weights of all the major criteria are calculated with Equation (6).
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(6)







Comparing Equations (3) and (6) before and after considering the inner connection among the major criteria, it is obvious to conclude that environment is regarded as the most important in tailings disposal. For the independent sub-criteria, the weights are determined following the same process as first step. The sub-criteria weight vectors, corresponding to the different major criteria, are shown with Equation (7).


{w7=[CCOMEC]T=[0.3890.3800.231]Tw8=[CSPSEG]T=[0.2450.3680.387]Tw9=[TEAMCAP]T=[0.3320.2950.373]Tw10=[SQOWF&FGQAQLU]T=[0.0750.1580.1640.2120.2150.176]T



(7)







The final weights of the sub-criteria are calculated by multiplying the sub-criteria weights, i.e., Equation (7), by inner connected weights, i.e., Equation (6). The final weights of the sub-criteria are shown with Equation (8).


ws&c=[CCOMECCSPSEGTEAMCAPSQOWF&FGQAQLU]T=[0.0910.0890.0540.0600.0890.0940.0690.0610.0780.0240.0500.0520.0670.0680.056]T



(8)







After determining the weights of all criteria, the next step deals with the priority degrees of the evaluated DSM tailings disposal methods, i.e., DSTD, RTD, TDD, BD, TRD, and SBDR, with respect to each criterion, which is shown with Equation (9) [14].


w11=[DSTDRTDTDDBDTRDSBDR]=[0.2340.2420.2250.1820.1190.1520.1890.1690.1740.2340.0890.1140.1830.2350.2530.1130.0920.1030.0400.0520.0590.1160.2150.1850.0760.2700.2820.0680.1350.0980.0530.1000.0910.0630.1090.1080.1510.1820.1850.0920.2810.1420.0970.0590.0730.3330.3270.2620.0910.0750.0820.2620.1980.2280.2400.0350.0860.2870.2430.2410.0470.0460.0650.3590.3720.3410.0400.0840.0260.1860.1260.1840.1700.1300.1540.2200.1930.2540.2650.2730.2580.2420.1520.2020.1720.1990.1920.1950.1980.181]



(9)







Finally, the overall scores of each tailings disposal method are calculated by multiplying the priority degrees, i.e., Equation (9), by the final weights of the sub-criteria, Equation (8).
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(10)







The evaluation results through the ANP method show that the SBDR tailings disposal procedure is the most suitable method for the DSM industry. In the application of the ANP method, validation of the evaluation results is also very important. However, due to the ANP method dealing with the complex multi-criteria problem and the absence of the specific validation theory, the validation process will be more difficult [14]. The CR value can be utilized to validate the evaluation results, and it is applied to process the data derived from the questionnaire feedback [45]. Another validation method can be performed by specific DSM tailings disposal firms. Therefore, further systematic and scientific experiments should be done in cooperation with industrial companies undertaking tailings disposal in the DSM industry.





5. Conclusions


Based on the comparisons of the existing tailings disposal methods, a new tailings disposal procedure for DSM, i.e., the SBDR tailings disposal procedure, which combines DSTD, BD, TDD, and TRD tailings disposal methods systematically, is proposed. Based on the ANP evaluation results, the SBDR tailings disposal procedure is determined to be the best tailings disposal method for the DSM industry.



Future research may focus on the optimization and implementation of SBDR tailings disposal in the DSM industry. Additionally, the successful implementation of the SBDR tailings disposal procedure will also need to consider the sophisticated tailings separation technology and the optimal cutoff grade strategy, as well as considering stockpiling which can influence the generation rate of tailings significantly [48,49].
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