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Abstract

:

Soils in arid and semi-arid environments are threatened by salinization. A cost-effective and efficient way to reclaim saline land is through leaching. This will be most effective in situations where direct human impact is the cause for salinity, e.g., in environments affected by industrial use or land rehabilitation following mining. Irrigation, which is the most common means of achieving salt leaching, is not feasible for the reclamation of mine sites’ salt-affected soils located in remote areas, and thus, land reclamation largely relies on natural climatic conditions. This study was conducted to assess the effect of different climatic conditions of semi-arid environments on spatio-temporal salt leaching from brine-affected soil, and investigate the efficacy of the reduction of soil bulk density as a reclamation technique for saline land experiencing water scarcity. Three regions (represented by the Australian cities of Roma, Mount Isa, and Quilpie) representing semi-arid environments of Australia were selected, and their climatic scenarios (23 years) were applied to a validated HYDRUS-1D model. A brine-affected soil typical to Queensland, Australia, was chosen for this study. The investigations established that a greater number of individual high rainfall events resulted in a greater reduction of salinity in Roma (96%) and Mount Isa (93.31%) compared with Quilpie (58.75%), in which the soil salinity approached a level (<2 dS m−1) that was suitable for sustaining plant growth. Soil salinity reduced to 8 dS m−1 under the climatic conditions of the Quilpie region. This study also demonstrated that the success of salt leaching from a brine-affected soil is a consequence of a sensitive response to the depth of individual rainfall events rather than rainfall distribution and the total amount of rainfall, and is controlled by the physical properties of the soil. Where climatic conditions cannot solely assist with salt leaching, reclamation may be successful by reducing soil bulk density.
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1. Introduction


Salinity affects approximately 400 Mha of land globally [1,2], almost 80% of which is affected by primary salinization, with the remaining 20% impacted by secondary salinization as a result of anthropogenic activities, such as agriculture, mining activities, as well as oil and gas extraction [3]. In this context, Australia holds vast mineral and energy resources where significant ecological biodiversity or agro-ecosystems are situated [4]. Therefore, it is a legislative requirement to reclaim post-mining landscapes to provide safe, stable, and non-polluting environments [5], which offer an opportunity for the revegetation of saline post-mining landscapes [6,7].



Leaching is a typical technique for the reclamation of a saline soil, and if the soil is saline-sodic, a Ca2+ amendment (e.g., gypsum) to ameliorate the soil structure followed by leaching is applied [8,9,10,11,12,13] to reduce the concentrations of soil solutes to a level (~2 dS m−1) suitable for growing plants and revegetation [8,10,14]. Irrigation is a conventional method for salt leaching. However, it is often not feasible for the reclamation of post-mining areas, due to their location in remote areas and a lack of water availability. Water availability is a critical factor for the mining industry in many parts of Australia, as approximately one-third of Australia is arid with <250 mm annual rainfall, and another one-third is semi-arid (250–550 mm annual rainfall), with most mining areas located in semi-arid environments [4]. Therefore, post-mining land reclamation (i.e., salt leaching) relies on natural climatic conditions.



For salt leaching to be successful, the salt must be removed from the surface soil, and leached to depths from where its return becomes unlikely [8]. Therefore, it is not only soil parameters that decide the success of salt leaching, but also environmental factors such as climatic conditions [15,16,17,18]. Salt-affected soils are mostly found in ‘arid and semi-arid environments’ [2,19,20] where solutes may be leached to deeper depths of the soil profile during rainfall events, but then return to the surface soil during evaporation through capillary rise [16,17,21,22,23]. Therefore, rainfall characteristics such as the amount and distribution (i.e., intensity, frequency, and duration) as well as evaporation can determine salt dynamics in the soil, and, thus, the success of salt leaching and land reclamation. In this context, understanding the influence of different rainfall and evaporation patterns (climatic variability), typical semi-arid environments, on spatial and temporal salt movement is essential for designing the best reclamation technique for a saline post-mining landscape.



Until now, several studies [24,25,26,27,28,29] demonstrated the distribution of salinity within different depths of ‘agricultural soil’ under different irrigation regimes and plant cultivation practices. Studies [17,23] have also been conducted to evaluate the evolution of salts on the calcareous hillslopes of Mediterranean soils under different climatic conditions. However, the literature still lacks any information on the effect of different rainfall and evaporation patterns of semi-arid environments on long-term spatio-temporal salt movement (salt leaching) within a soil profile, despite its importance for designing a cost-effective reclamation practice for post-mining landscapes across semi-arid climatic regions.



This study aims (i) to simulate and evaluate the effect of different climatic conditions (rainfall and evaporation patterns) of semi-arid regions on the success of salt leaching from a brine-affected soil; and (ii) to assess the reduction of soil bulk density as a reclamation option for post-mining landscapes experiencing water scarcity.




2. Materials and Methods


2.1. Study Sites and their Climatology


Mining activities in semi-arid environments of Australia have led to the salinization of soils. These salt-affected soils require rehabilitation due to legislation requirements [5]. In this context, three regions in Queensland, Australia (Roma, Mount Isa, and Quilpie), which are major mining areas within Australia, were selected (Figure 1). These regions are also representative of typical semi-arid environments of Australia, but, nevertheless, show differences (Figure 1 and Table 1). Based on the Koeppen classification system modified by the Bureau of Meteorology, Australia [30], Mount Isa and Quilpie are classified as grasslands, and Roma is categorized as subtropical. The climatological characteristics of these three regions, which are presented in Table 1, show the lower amount of annual rainfall and effective rainy days for the Quilpie region compared to the other studied sites. However, potential evaporation of the Mount Isa region is higher, compared to the other sites (Table 1). The intensity-frequency-duration (IFD) of the rainfalls, which were calculated based on 30 years of rainfall data by statistical analyses [31], were collected from the Bureau of Meteorology [32] and summarized in Table A1 and Table A2. Based on the calculation, the amount of rainfall (within 168 h; maximum time for calculation) with 63.20% annual exceedance probability (AEP) is 93.8, 92.5, and 67.3 mm for Roma, Mount Isa, and Quilpie, respectively (Table A1). The intensity of frequent rainfall (AEP of 63.20%) is 27.9, 28.9, and 19.6 mm h−1 for Roma, Mount Isa, and Quilpie, respectively (Table A2). Therefore, based on the climate data and these statistical analyses (Table 1, Table A1 and Table A2), the Quilpie region has dispersed small rainfall events, while the Mount Isa region has dispersed high rainfall events compared to the other sites. Roma region has frequent high rainfall events compared to the other studied sites (Table A1, Table A2 and Table 1).




2.2. Soil Characteristics


To evaluate the effect of the selected climatic conditions on salt leaching (i.e., land reclamation), a brine-affected soil, typical to Queensland and representative for saline soils in each of the three regions based on the Queensland Department of Environment and Resource Management [33] and Queensland Government [34] classifications, was used in this study. The soil is representative of that found in mine sites located in the three studied regions. The soil used in this study was collected from an oilfield located in Quilpie Shire, South West Queensland, Australia (Figure 1). The oilfield land was affected by highly saline water, a by-product of oil extraction [35]. A comprehensive description of the oilfield land was reported in Shaygan, Mulligan, and Baumgartl [35]. The selected soil was classified as silty loam (18% clay, 60% silt, and 22% sand) and as saline-sodic (EC: 13.58 ± 0.26 dS m−1 and pH: 7.96 ± 0.09) with an average bulk density of 1.57 g cm−3 [35]. The soil was also non-calcareous, and X-Ray diffraction analysis indicated that it contains gypsum (17% wt) [35]. The salt crust on the surface soil prevented vegetation establishment and growth [35]. The microbial activities were very low due to the high soil salinity [35].



To determine the physical properties of the soil, intact soil samples (n = 8) were collected from the study site in Quilpie. Then, the saturated hydraulic conductivity was determined using a constant head permeability test [36]. To determine the water retention curve of the soil, we followed the Shaygan [37] method. The saturated soil cores were desiccated to −1, −2, and −3 kPa with 24 h intervals using a sand-based tension table. Then, the soil cores were placed on a porous plate in vacuum controlled pressure for 4, 6, and 5 days sequentially, to obtain water potentials at −10, −30, and −50 kPa. Then, the samples were transferred to a pressure plate (1500F1; Soil Moisture, Santa Barbara, CA, USA) for three weeks to achieve the soil water potential at −500 kPa. The soil samples were weighed for each desiccation step to determine the gravimetric water content. The volumetric water content was then derived from the gravimetric water content using the bulk density. Subsequently, the soil water retention curve was determined based on the measured values and by using RETC software [38].



The disturbed samples (n = 8) were also collected from the site, dried in a 40 °C dehydrating oven and sieved to less than 2 mm. The exchangeable cations (Na+, K+, Ca2+, Mg2+) were released as described in Rayment and Lyons [39] using a 1:20 w/v (soil: 1 M NH4Cl) extraction after treatment by 60% aqueous ethanol and 20% aqueous glycerol to remove soluble salts. The exchangeable cations were then measured by a Varian Vista-Pro inductivity-coupled plasma-optical emission spectrometer (ICP-OES) (ThermoFisher Scientific, Waltham, MA, USA). In this study, the cation exchange capacity was equal to the sum of the adsorbed concentrations of the four cations [39,40]. The soil solution cations (Na+, K+, Ca2+, Mg2+) were also analyzed by an inductivity-coupled plasma-optical emission spectrometer (ICP-OES) and the anions (Cl− and SO4−2) were measured by ion chromatography (IC) (ThermoFisher Scientific, Waltham, MA, USA). The quantity of precipitated gypsum was calculated as described in Suarez and Šimůnek [41]. The diffusion coefficient value and dispersivity value of NaCl were used for the modeling study as mentioned in other studies [42,43]. The Gapon exchange coefficients (KCa/Na, KCa/Mg, KCa/K), which described the partitioning between the solid phase and solution, were calculated as described in White, et al. [44] using the following equation:


   K  i j   =     C ¯  i  y +       C ¯  j  x +          (   C j  x +    )    1 / x        (   C i  y +    )    1 / y      



(1)




where y and x are the valances of species i and j, c is the concentration of the ions in solution, and   c ¯   is the concentration of the exchange phase.



A reduction in soil bulk density can change soil hydraulic properties [45]. Therefore, to determine the hydraulic properties of soil with a bulk density of 1.2 g cm−3, the soil was dried and sieved to less than 2 mm. Subsequently, it was packed into small cores (40 mm height and 56 mm diameter) to achieve a bulk density of 1.2 g cm−3. Three replicates were produced. The soil cores were then subjected to three wet-dry cycles to stimulate aggregate formation. After the final cycle, the soil cores were saturated to determine saturated hydraulic conductivity and water retention curve based on the methods mentioned previously in Klute and Drikson [36] and Shaygan [37]. Average values of three replicates were used in the model. The detailed chemical and physical properties of the soil are summarized in Table 2.




2.3. Validation of HYDRUS-1D Model


A numerical model (HYDRUS-1D with major ion chemistry module [40,46]) was used to simulate the solute dynamics in the soil profile under different climatic conditions. The model was validated prior to its application. We comprehensively described the validation procedure of the HYDRUS model in Shaygan, Baumgartl, Arnold, and Reading [43]. Here, only a summary of the validation procedure was provided.



A series of laboratory column studies were conducted to validate the model parameters [43]. In summary, the saline-sodic soil was collected from the Quilpie site and was packed into 30 cm long columns (7 cm diameter) [43]. After the application of three wet-dry cycles to create consolidation after refilling, the experiments were carried out by establishing an initial water potential of −6 kPa at the soil surface [43]. The columns were exposed to the atmospheric conditions of a laboratory [43], and a designated rainfall of 10.9 mm depth and 10 min duration with an annual exceedance probability of 50% [47], based on the Quilpie weather data [43]. Following the rain event application, the soil water potentials were recorded using tensiometers (T5x; UMS, Munich, Germany) installed at three depths (3.5, 12, and 25 cm) [43]. Consequently, the observed water potentials from the laboratory study were compared statistically with the modeled water potentials using RMSE (root mean square error), d (index of agreement), and NSE (Nash-Sutcliffe Efficiency co-efficient) [43]. The statistical results (Table A3) indicated that the HYDRUS model can accurately replicate the water movement within the soil profile [43].



Soil water samplers (Rhizon Flex; Rhizosphere Research Products; Wageningen, The Netherlands) were also installed at three depths; 3.5cm, 12cm, and 25cm of the column, and pore water was collected during and after the application of the rain event [43]. The collected samples were analyzed for their chemistry, and statistical comparisons were performed using RMSE (root mean square error), MAE (mean absolute error), and RE (relative error) [43]. The statistical results (Table A4) indicated that the HYDRUS model can accurately reproduce the movement of the solutes within the soil profile [43]. From these experiments, we concluded that the HYDRUS is able to predict solute transport (salt leaching) within the soil profile [43]. As the model has been validated, it can be used as a tool to indicate salt movement both spatially and temporally under different climatic conditions (different rainfall and evaporation patterns).




2.4. Application of the Validated HYDRUS-1D Model


Following the model validation, the model was used to compare the effect of different rainfall and evaporation patterns of the studied sites on salt leaching in semi-arid regions of Queensland. Only one type of soil was used in this study, as soil factors need to be consistent in order to effectively monitor and evaluate variable climatic conditions. As mentioned previously, the studied soil was typical to Queensland, and can be found in the mine sites of the studied regions [33,37]. A homogenous soil profile was defined for the simulation to reflect the conditions of the mine sites where the soil is relatively homogenous up to a depth of one meter [48]. As the model was validated using soil column study observations, the model can be used to evaluate the effect of climatic scenarios on spatio-temporal salt movement in the soil profile.



A one-meter deep soil profile (bare soil) was defined for the simulation. The bulk density of the soil profiles was set to 1.57 g cm−3 with the input parameters that were summarized in Table 2. The van Genuchten–Mualem single-porosity model [49] was applicable for this soil. The atmospheric boundary condition with no surface run-off was set as the upper boundary condition, and free drainage was chosen as the lower boundary condition for the water flow model. The boundary conditions reflected the conditions of the sites.



In this study, it was hypothesized that the rainfall had a low amount of soluble salts based on the rainfall chemistry analysis (Ca2+: 0.024 mmol L−1; Na+: 0.043 mmol L−1; Mg2+: 0.0411 mmol L−1; K+: 0.048 mmol L−1; Alkalinity: 0.005; SO4−2: 0.00157 mmol L−1; Cl−: 0.006 mmol L−1). The zero gradient boundary condition was used in the solute transport model as a lower boundary condition, as the water flow is directed out of the modeled domain. The “concentration flux BC” was chosen for the upper boundary condition of solute transport model, because the concentrations of solutes were variable. The “Kred” function, which simulates chemistry-dependent hydraulic conductivity, was activated in the model. This function adjusted the soil hydraulic conductivity based on the chemistry of the soil solution. The “kinetics precipitation/dissolution” function, which defines a kinetic model for precipitation and dissolution of minerals, was also activated in the model. An initial soil water potential of −20 kPa was chosen for the surface soil as it reflected the drained condition after rainfall.



The rainfall and evaporation series (from 1990 to 2012) of the studied regions, which were collected from the Bureau of Meteorology [30], were used for the simulation (Figure A1 and Figure A2). The climatic scenario from the last 23 years was selected, as it represents all climatic extremes, including droughts and high rainfall events. After applying the climatic scenarios, the model simulated EC, SAR, and major cations (Na+, Ca2+, Mg2+, and K+) of soil pore water on a daily basis. A diagram indicating the used methods for this study to assess the effect of different climatic scenarios on the spatio-temporal salt movement was presented in Figure A3.





3. Results


3.1. Simulation of Solute Distribution within a Brine-Affected Soil under Different Climatic Scenarios


The spatio-temporal distribution of solutes to the depth of 30 cm, similar to the plant root zone in brine-affected soils located in semi-arid environments [35,50,51], is presented in Figure 2, Figure 3, Figure 4 and Figure 5, and rainfall and evaporation patterns are indicated in Figure A1 and Figure A2. The changes in salinity and solute concentrations at the depth of 5 cm of soil that is important for seed germination and plant establishment [51] are also presented in Table 3. The distribution of solutes (cations) were affected by climate variability. Generally, during rainfall events, deeper depths of the soil profile showed a higher concentration of Na+ (Figure 2). This was contrasted by the decrease of Na+ concentration during dry events, to a depth of 10 cm (Figure 2). In all studied regions, the Na+ concentration reduced significantly during the 23 years of the simulation (Figure 2). In Roma and Mount Isa, Na+ concentration increased from the initial value during the preliminary dry period (Figure 2 and Figure A1). Then, Na+ concentration of the surface soil (0–30 cm), influenced by individual intense (high) rainfall events, reduced to <40 mmol L−1 after 2315 and 5165 days in Roma and Mount Isa, respectively (Figure 2). Subsequently, the Na+ concentration remained well below the initial value, even during long-term dry periods (Figure 2 and Figure A1). In Quilpie, the Na+ concentration reduced and remained below the initial value; however, there were a large number of fluctuations over the time period (Figure 2). Across the studied sites, the Na+ concentration reduced sharply in Roma (Figure 2) and its relative reduction was greater (95.93%) compared to those of the other sites but was comparable to the reduction of Na+ (92.99%) in Mount Isa (Table 3).



The distribution of Mg2+ and K+ concentrations followed a similar pattern to the distribution of Na+ concentrations within the soil profiles (Figure A4 and Figure A5). However, K+ concentration increased at the end of the simulation for the Quilpie site (Figure A5). Only individual intense rainfall events affected the distribution of Ca2+ concentrations within the soil profiles (Figure 3). The Ca2+ concentration returned to the initial value (10.5 mmol L−1) during preliminary dry periods (Figure 3 and Figure A1). Subsequently, individual intense rainfall events decreased Ca2+ concentrations to <0.018 mmol L−1 and <0.18 mmol L−1 in Roma and Mount Isa, respectively (Figure 3 and Figure A1). Likewise, the relative reduction of Ca2+ concentration was greater in Roma (99.85%) and Mount Isa (99.12%) (Table 3). Although the Ca2+ concentration decreased in Quilpie during the 23 years of simulation, it fluctuated and, in some instances, increased to higher concentrations than the initial value (Figure 3).



The electrical conductivity of the soil followed a similar pattern to the dynamics of Na+ (Figure 2), Ca2+ (Figure 3), Mg2+ (Figure A4), and K+ (Figure A5) content in the soil profiles, and it decreased significantly to <1 dS m−1 (during 23 years of simulation) within the surface soil in Roma and Mount Isa (Figure 4). In contrast, the salinity fluctuated and decreased to 8 dS m−1 within the surface soil profile in Quilpie (Figure 4). Sodium adsorption ratio values increased with increasing depth of the soil profile in all studied sites (Figure 5). While SAR values reduced in Quilpie and Mount Isa during the 23 years of simulation, these values increased in Roma (Figure 5).




3.2. Simulation of Solute Distribution within a Reclaimed Brine-Affected Soil


Until now, the model simulated the distribution of solutes within a soil profile with a soil bulk density of 1.57 g cm−3. The model was re-run using characteristics for soil with a bulk density of 1.2 g cm−3 (Table 2), which reflected the conditions of a reclaimed soil ripped/loosened to the depth of one meter. It was hypothesized that if the soil bulk density was reduced to 1.2 g cm−3, the concentrations of solutes may reduce to a level where the soil is capable of growing plants (i.e., soil salinity of <2 dS m−1). The model was re-run for the Quilpie region only, as the soil salinity remained high (8 dS m−1) after 23 years of simulation when the soil had a bulk density of 1.57 g cm−3 (Figure 2, Figure 3, Figure 4 and Figure 5).



When the soil bulk density was reduced to 1.2 g cm−3, the soil salinity and Na+ concentration reduced significantly (over 23 years) to 0.7 dS m−1 (Figure 6a) and 6.7 mmol L−1 (Figure 6b), respectively. The distribution of Ca2+ (Figure 6c), Mg2+ (Figure 7a), and K+ (Figure 7b) concentrations followed a similar pattern to the distribution of EC (Figure 6a) and Na+ concentrations (Figure 6b) in the soil profile, and decreased to 0.039 (Figure 6c), 0.046 (Figure 7a) and 0.1 (Figure 7b) mmol L−1, respectively during 23 years of simulation. Sodium adsorption ratio (SAR) values within the soil profile reduced slightly over the 23 years of simulation, but increased with increasing depths of the soil profile (Figure 7c). After a reduction in the soil bulk density, the salinity of the surface soil (at a depth of 5 cm) reduced by 96.14% (Table 4). Sodicity of the soil at the depth of 5 cm also decreased, but the rate of reduction was lower compared with the salinity (Table 4). The concentrations of cations at the depth of 5 cm decreased by >93% after reducing the bulk density (Table 4).





4. Discussion


4.1. The Effect of Different Climatic Scenarios on The Success of Salt Leaching


The solute movement in a soil profile is driven by environmental factors associated with the water regime, such as rainfall and evaporation [15,17,52]. The solute concentrations were distributed to deeper depths of the soil profile during rain events, and, thus, leaching occurred. Conversely, the limited leaching in the soil created by evaporation, and capillary rise led to a cyclic increase in solute concentrations in the surface soil (Figure 2, Figure 3 and Figure 4). This was in agreement with the results of other studies [17,23] that evaluated salt evolution in the soils of Mediterranean regions. In this study, no significant difference was observed for the distribution and reduction of solutes in the soil profile exposed to Roma and Mount Isa climatic scenarios. Both frequent high rainfall events (i.e., Roma climatic conditions) and dispersed high rainfall events (i.e., Mount Isa climatic conditions) reduced the soil salinity to a level where the soil was capable of supporting plant growth (<2 dS m−1), while dispersed small rainfall events (i.e., Quilpie climatic conditions) decreased the soil salinity up to 8 dS m−1 (Figure 4). This suggests that the depth of each individual rainfall event plays a more significant role in salt leaching success compared with its distribution. In other words, individual high (intense/penetrating) rainfall events can leach the solutes to deeper depths of the soil profile, where returning solutes to the surface soil is not feasible. In contrast, small rainfall events (either frequent or infrequent), cannot provide successful leaching for high bulk density soil, and only provide a temporary desalinization zone for the surface soil (up to the depth of 10 cm). This study implies that rainfall characteristics are greater barriers than poor soil conditions for successful salt leaching and land reclamation, and locations with a similar amount of total rainfall but different rainfall characteristics, provide different soil desalinization zones, which may not always deliver successful salt leaching.



The high potential evaporation of Mount Isa and Quilpie affected the longevity of salt leaching, and led to the cyclic increase of solutes at the surface soil. However, the depth of individual rainfall events of the Mount Isa region then played a more important role, and leached the solutes from the surface soil (Figure 2, Figure 3, Figure 4 and Figure 5). This suggests that potential evaporation can only play a key factor in the success of salt leaching when there is a lack of occurrence of individual high rainfall events, as per the Quilpie site.



Successful salt leaching (Figure 5a,b) led to an increase in sodicity, possibly as a result of a greater concentration of Na+ compared with the total soluble cation and reduction of Ca2+ concentrations [11,13,53]. In contrast, limited leaching of solutes (in Quilpie) resulted in the reduction of sodicity within the surface soil during the simulation (Figure 5c). Therefore, in agreement with Rengasamy and Olsson [11], this study confirmed that leaching of a brine-affected soil can increase sodicity.




4.2. Applications for Designing a Reclamation Practice for Saline Post-Mining Landscapes


The typical reclamation approach for saline-sodic soils is an application of gypsum followed by irrigation for salt leaching [11,12,54]. However, most mining operations are located in remote areas with limited access to water/irrigation. Therefore, salt leaching relies on climatic conditions. In this context, the simulation indicated that the depth of an individual rainfall event is the key factor for salt leaching, where a high soil bulk density (e.g., 1.57 g cm−3) is a limiting factor for permeability and water flow. However, the distribution of rainfall events did not affect the success of salt leaching significantly (Table 3). For instance, individual intense rainfall events in Mount Isa and Roma could leach the solutes to greater depths of the soil profile. Consequently, the distribution of rainfall events (either frequent or dispersed) prevented the re-salinization occurrence (Figure 2, Figure 3 and Figure 4). This suggests the salt-affected soils in Roma and Mount Isa are capable of growing plants or regenerating under the natural climatic conditions over a long-term time period without the need for irrigation or soil amelioration.



Where climatic conditions cannot assist with successful salt leaching and irrigation is not feasible, soil amelioration is inevitable. This study indicated that a reduction in soil bulk density significantly improved salt leaching from surface soil in a semi-arid environment (i.e., Quilpie region), that receives dispersed rainfall events of low volume and lacks the occurrence of high rainfall events (Figure 6 and Figure 7). A reduction in the soil bulk density to the depth of one meter using soil ripping may create a secondary pore system that favors the downward movement of solutes and prevents upward solute transport. Soil ripping, which is a conventional method for the reduction of soil bulk density, can break the capillary rise and prevent solutes from returning to the soil surface [55]. In this study, a lower soil bulk density (1.2 g cm−3) created a greater total porosity (0.562 cm3 cm−3; Table 2), with a macro-pore volume (0.17 cm3 cm−3) and greater hydraulic conductivity (14.4 cm day−1; Table 2). Consequently, it decreased the soil salinity to a level (<2 dS m−1) that is capable of supporting plant growth. In agreement with other studies [56,57], which concluded that a reduction in bulk density can reduce soil salinity and sodicity, this study indicated that a reduction of soil bulk density can decrease soil salinity and sodicity of the surface soil (Figure 6 and Figure 7). A previous field experiment on the study site [51], the brine-affected soil located in Quilpie shire, has also confirmed the effect of the reduction of bulk density on increasing plant establishment, in which the diversity and density of native plant seedlings increased in the areas, which were ripped to a depth of 15 cm after one year, whereas areas which were not ripped had no vegetation (Table A5). A series of studies on the brine-affected soil in Quilpie region indicated that the addition of organic matter (i.e., wood chips) can be a strategy to increase the macro-pore volume, and total porosity, and hence improve salt leaching from the soil [13,43,51]. However, this current study found that the reduction of soil salinity was greater when the soil bulk density decreased compared with the addition of organic matter (wood chips). All the above suggests that saline land reclamation strategies must be designed based on climatic conditions as well as edaphic factors. Furthermore, the creation of a secondary pore system is able to compensate for the lack of high rainfall events for salt leaching.





5. Conclusions


The rainfall characteristics of a semi-arid region are significant factors for the success of mined land reclamation. This study suggests that, in semi-arid environments, sites receiving individual rainfall events with high volumes (either dispersed or frequent rain events), may not need soil amelioration for successful salt leaching and reclamation. Where salt leaching is restricted due to the lack of individual intense rainfall events and low annual rainfall (<400 mm), as per the Quilpie site, an amelioration strategy, such as a reduction in soil bulk density, is required to accelerate salt leaching by improving the pore system. A reduction in soil bulk density can decrease concentrations of solutes for the surface soil (5 cm) by up to 99%. A 96% reduction in soil salinity can also be observed after soil bulk density reduction. This study suggests that the reclamation strategy must be site-specific, and the climatic conditions, most notably the occurrence of individual high rainfall events, must be considered as one of the main parameters for designing a cost-effective land reclamation strategy.
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Table A1. Rainfall depth (mm) in relation to AEP (annual exceedance probability) for Roma, Mount Isa, and Quilpie [32].
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7.94

	
9.5

	
11

	
12.8

	
14.2

	
3.73

	
4.4

	
6.74

	
8.57

	
10.5

	
13.6

	
16.2




	
4 min

	
6.84

	
7.78

	
10.8

	
13

	
15.1

	
18.1

	
20.4

	
6.08

	
7.07

	
10.1

	
12.1

	
14

	
16.3

	
18.1

	
4.75

	
5.6

	
8.57

	
10.9

	
13.3

	
17.1

	
20.3




	
5 min

	
8.05

	
9.15

	
12.7

	
15.2

	
17.7

	
21.1

	
23.7

	
7.29

	
8.47

	
12.1

	
14.5

	
16.7

	
19.6

	
21.8

	
5.68

	
6.7

	
10.2

	
12.9

	
15.9

	
20.2

	
23.9




	
10 min

	
12.6

	
14.4

	
19.8

	
23.6

	
27.4

	
32.5

	
36.5

	
12.2

	
14.1

	
20.1

	
24.1

	
28

	
33

	
36.8

	
9.21

	
10.9

	
16.6

	
20.9

	
25.5

	
32.2

	
37.8




	
15 min

	
15.8

	
18

	
24.8

	
29.5

	
34.3

	
40.7

	
45.8

	
15.7

	
18.2

	
26

	
31.2

	
36.2

	
42.7

	
47.6

	
11.5

	
13.6

	
20.8

	
26.3

	
32.1

	
40.4

	
47.5




	
30 min

	
21.8

	
24.7

	
34.2

	
40.9

	
47.6

	
56.8

	
64.1

	
22.4

	
26

	
37.1

	
44.4

	
51.5

	
60.7

	
67.6

	
15.6

	
18.4

	
28.2

	
35.6

	
43.6

	
55.4

	
65.3




	
1 h

	
27.9

	
31.7

	
44.1

	
53

	
62

	
74.4

	
84.3

	
28.9

	
33.6

	
48

	
57.5

	
66.6

	
78.4

	
87.1

	
19.6

	
23.1

	
35.3

	
44.7

	
55

	
70.3

	
83.4




	
2 h

	
34

	
38.6

	
53.8

	
64.8

	
76.2

	
91.9

	
105

	
34.9

	
40.5

	
57.8

	
69.3

	
80.3

	
94.6

	
105

	
23.9

	
28.1

	
42.6

	
54

	
66.3

	
85

	
101




	
3 h

	
37.6

	
42.6

	
59.4

	
71.6

	
84.2

	
102

	
116

	
38.2

	
44.3

	
63.1

	
75.7

	
88

	
104

	
116

	
27

	
31.5

	
47.5

	
60

	
73.6

	
94

	
112




	
6 h

	
44

	
49.9

	
69.2

	
83.3

	
97.7

	
118

	
135

	
44.2

	
51

	
72.6

	
87.4

	
102

	
122

	
137

	
33.4

	
38.8

	
57.6

	
72.2

	
88

	
111

	
131




	
12 h

	
51.6

	
58.3

	
80.4

	
96.2

	
112

	
135

	
153

	
51.5

	
59.4

	
84.8

	
102

	
120

	
145

	
164

	
41.7

	
48.3

	
70.9

	
88.1

	
107

	
132

	
154




	
24 h

	
60.7

	
68.7

	
94.2

	
112

	
130

	
155

	
174

	
61.3

	
71

	
102

	
124

	
146

	
178

	
203

	
51.1

	
59.3

	
87.1

	
108

	
129

	
159

	
182




	
48 h

	
71.9

	
81.6

	
112

	
132

	
152

	
179

	
200

	
73.8

	
86.3

	
126

	
153

	
180

	
221

	
254

	
59.5

	
69.7

	
104

	
129

	
154

	
188

	
215




	
72 h

	
79.1

	
90.1

	
123

	
145

	
166

	
195

	
217

	
81.6

	
96

	
141

	
172

	
203

	
249

	
286

	
63

	
74.3

	
112

	
140

	
168

	
205

	
234




	
96 h

	
84.3

	
96.3

	
132

	
155

	
176

	
206

	
228

	
86.7

	
102

	
151

	
185

	
218

	
268

	
307

	
64.7

	
76.8

	
117

	
146

	
176

	
215

	
246




	
120 h

	
88.3

	
101

	
138

	
162

	
183

	
213

	
236

	
89.9

	
106

	
157

	
193

	
227

	
279

	
321

	
65.8

	
78.2

	
119

	
150

	
181

	
221

	
252




	
144 h

	
91.4

	
105

	
143

	
167

	
188

	
218

	
240

	
91.7

	
108

	
161

	
197

	
232

	
286

	
329

	
66.6

	
79.1

	
121

	
152

	
185

	
225

	
256




	
168 h

	
93.8

	
107

	
147

	
170

	
191

	
221

	
243

	
92.5

	
109

	
162

	
198

	
234

	
289

	
333

	
67.3

	
79.9

	
122

	
154

	
187

	
227

	
257








Annual Exceedance Probability (AEP): the probability or likelihood of an event occurring.
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