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Climate variables including temperature, rainfall intensity, rainfall acidity, and lithological properties are among the most important factors affecting rock weathering. However, the relative contribution of these four factors on rock weathering, especially on chemical weathering, is still unclear. In this study, we carried out a series of weathering-leaching rainfall simulations on four types of badland sediments under controlled conditions of two levels of temperature, rainfall intensity, and rainfall acidity based on the real field data from representative weather scenarios. The main objectives are 1) to explore the progressive change of sample surface and leachate characteristics and 2) to reveal the independent effects of temperature, rainfall intensity, rainfall acidity, and lithology and their relative contribution as well, on both mechanical and chemical weathering. Qualitative analysis on crack development and fragmentation of sample surface and quantitative analysis on the leachate volume, pH, electrical conductivity, and total cation and anion releases of sample leachate together demonstrated that for the investigated sediments, under the conditions of temperature, intensity, and acidity of rain that can be achieved in nature, high drying temperature obviously increases mechanical disintegration by promoting the rate and magnitude of moisture variations (wetting–drying alterations), while high rainfall intensity and acid rain have no obvious effect. Impact and importance of the drying process caused by high temperature between wetting events need more attention, rather than high rainfall intensity. Low temperature, high rainfall intensity, and acid rain contributing more hydrogen ions required for cation exchanges, rock type with more soluble minerals, all promote chemical weathering, and the influence of climatic and lithological factors on chemical weathering decreases in the following order: mineral composition> rainfall intensity > temperature > rainfall acidity. Climatic variations on temperature can modify weathering processes and in that way conditioned hydro-geomorphological processes in badland areas. Such changes should be considered for direct and indirect implications on badland dynamics.
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1 INTRODUCTION
Weathering processes, which involve mechanical disintegration and chemical decomposition, are a fundamental part of the geological cycle that should be regarded as equally important as erosion, diagenesis, metamorphism, and volcanism (Wilson, 2004). Having an essential part in shaping landscapes (Turkington and Paradise, 2005; Migoń, 2013; Viles, 2013), these processes are a starting point of most morphodynamic processes on the Earth surface, which could further cause engineering geological and environmental problems (Chigira and Oyama, 2000).
A significant connection exists between climate variables and both mechanical and chemical weathering (White and Blum, 1995; Egli et al., 2003, 2008; Viles, 2013). In warmer and wetter environments, all other variables being equal, rocks experience faster chemical weathering, while dry cold weather induces mechanical disintegration (Goudie and Viles, 2012). In the abovementioned context, studying rock weathering in differing climates has gained great importance, not only to guide geotechnical engineering, geohazard prevention and control but also to improve the understanding of the effects of global climate change on geomorphic evolution.
Each of the climate variables, such as average temperature, precipitation, and insolation, has a distinct role in weathering of rocks. Temperature is one of the major controlling factors in rock decay through its effect of mechanical and chemical weathering processes (Warke and Smith, 1998; Yan et al., 2018). Temperature operates indirectly through its control on the variations of water content (Yamaguchi et al., 1988; Weiss et al., 2004). Many research studies revealed that temperature differences between freezing and thawing range significantly promote rock decay (Hall, 2007; Zhang et al., 2013; Ghobadi and Torabi-Kaveh, 2014). The number of wetting–drying cycles has a significant influence on rock decay (Cantón et al., 2001; Yan et al., 2018). Zhang et al. (2015) performed a quantitative analysis on the mass loss of purple mudstone and proposed that the disintegration rate of purple mudstone has a power function relationship with temperature and an exponential relationship with temperature gradient. Also, the dissolution rate of primary minerals increases with increasing temperature (White and Blum, 1995).
Regüés et al. (2000) indicated that the energy generated by drying is almost one order of magnitude higher than the ice-growing energy, and consequently water retention energy is not promoting weathering. Drying process caused by high temperature between wetting events intensifies physical disintegration (Cantón et al., 2001) by producing strong thermal stress which increases rock breakdown (Hall and Hall, 1991; Hale and Shakoor, 2003; Aly et al., 2015) and promotes water–gas phase transformation generating stress formation through volume increase (Hale and Shakoor, 2003). Colback and Wiid (1965) also demonstrated that changes in the relative humidity or partial pressure of water in the pores can lower rock strength dramatically, while Wang et al. (2019b) indicated that water absorption and dehydration alter rock structures and affect mechanical properties due to variation of water content altering bonding strength between particles.
Climate change and occurrence of acid rain are distinct but very interrelated processes. With the recent rapid development of industrial and agricultural activities, acid deposition with SOx and NOx being emitted is likely to worsen (Vet et al., 2014), which requires a better understanding of the influence of pH on water–rock interaction. The sensitivity of soils and rocks to the impact of acid rain mostly depends on mineralogical composition (Wilson, 2004). If the soil contains a small amount of minerals prone to weathering, then released base cations cannot neutralize the incoming acid deposition; however, if the soil is rich in weatherable base minerals it will be able to effectively neutralize the incoming acidity (Sverdup and Warfynige, 1990). In general, weathering rates of rocks rich in calcium (or magnesium) carbonate are increased due to acid deposition, whereas rocks rich in quartz and muscovite are independent of the pH of the fluid (Gupta and Ahmed, 2007).
Previous studies on the influences of temperature, water supply, water acidity, and lithology on rock weathering were conducted both in the field and laboratory conditions (Likens et al., 1996; Cantón et al., 2001; Kansanin-Grubin and Bryan, 2007; Kansanin-Grubin, 2013; Pulice et al., 2013; Zhang et al., 2015, 2016; Zhao et al., 2018). Field weathering studies were mainly based on on-site monitoring with different weathering processes active at one location and more than one factor playing an important role. Therefore, it is difficult to determine the effect of a certain weathering process or a single factor on the sediment weathering (Bruthans et al., 2017). To minimize the number of variables and isolate the various mechanisms influencing natural weathering, laboratory experiments mostly considered the influence of temperature, water supply, water acidity, or lithology independently (Kansanin-Grubin, 2013; Zhang et al., 2015, 2016; Yan et al., 2018; Zhao et al., 2018), or at most two factors are considered simultaneously (Gupta and Ahmed, 2007; Zhang et al., 2013) under controlled conditions.
Zhang et al. (2013) conducted laboratory wetting–drying and freezing–thawing experiments comparing the effect of water variation and temperature alternation and found that variation of water content and H2O phase (vapor–liquid–solid) within rock, rather than temperature alternation, is playing a key role in the rock decay processes. Hale and Shakoor (2003) and Erguler and Shakoor (2009) quantified the simultaneous effects of heating–cooling, wetting–drying, and freezing–thawing and found that freezing–thawing process is most effective in causing rock decay. Yan et al. (2018) found that the wetting–drying treatments with temperature differences were more efficient in weathering than wetting–drying treatments without temperature differences. However, the main focus of these studies was on the impact of water–rock interaction on fragmentation (Erguler and Shakoor, 2009; Zhang et al., 2013) and unconfined compressive strength (Hale and Shakoor, 2003), and chemical weathering in these studies received less attention.
Likewise, lithology is one of the factors that affects weathering rate (Lashkaripour and Boomeri, 2002; Piccarreta et al., 2006; Summa et al., 2007). Disintegration rate could be correlated to the pore structure parameters. Sediments with clay minerals as main constituents and pore structure dominated by mesopores (2∼50 nm) have a large specific surface area which is positively related to water absorption (Lu et al., 2015; Wang et al., 2019a, 2019b). Pore size distribution of mudstones is primarily controlled by grain size, and generally, pore size and permeability decrease as grain size decreases (Yang and Aplin, 2010). However, the same authors indicate that although the relationship between permeability and porosity is never simple, it depends on the clay content, and the lower the clay content, the higher the permeability at the same porosity. Li et al. (2011) found that the significant loss of strength is closely related to water absorption and suggested that the effect of water on the structure of rock pores is one of the major factors which leads to a significant reduction in mechanical rock properties. Also, Li et al. (2019) explained the above link between water absorption and rock strength by the micro-mechanical model that, the increasing absorbed water causes the decrease of attractive force of mineral grains and the increase in the force acting between mineral grains and the pore water. The process of evaporation from porous rock also plays an important role in weathering processes (Slavík et al., 2020), as the rate of evaporation determines the rate and magnitude of moisture variations under a given temperature and moisture input condition. The strong link between porosity character and rock deterioration has also been revealed by many other research studies (Heap et al., 2014; Ondrášik and Kopecký, 2014; Bubeck et al., 2017).
The purpose of this study is to investigate the independent and interactive effects of drying temperatures, rainfall intensity, rainfall acidity, and lithology on the weathering rate of highly erodible badland sediments. To accomplish this purpose, four types of badland sediments collected from similar humid badland areas, three from China and one from Spain, were selected. Gallart et al. (2002) identified three homogeneous groups of badland types as a function of their climate distribution, general characteristics, and dominant processes. Humid badlands are the group of badlands with annual precipitation exceeding 700 m, and where the dominant weathering processes include freezing–thawing and wetting–drying cycles. Compared to badlands in arid or semi-arid areas, humid badlands are subject to higher denudation rates and dynamics and suffer from rapid and intense weathering (Gallart et al., 2002; Gallart et al., 2013; Nadal-Romero et al., 2015). A series of weathering experiments under controlled conditions combined of different temperatures, rainfall intensities, and rainfall acidities based on real field data from representative weather scenarios were conducted to explore progressive change of sample surface and leachate characteristics. With this study, we hypothesize that the drying temperature has a crucial role in sediment disintegration. Additionally, we want to test whether the chemical weathering is occurring also in sediments that are not primarily built of dissolvable minerals.
2 MATERIALS AND METHODS
2.1 Badland Sites and Sampling
Four badland sites were selected to assure a variety of sediments with different lithologies: Datang badlands, Jiangtian badlands, and Xiahui badlands in China, developed in Cretaceous-Eocene red bed mudstones of Nongshan Formation (En), Shanghu Formation (Esh), and Zhutian formation (Kzt), respectively; and Araguás badlands in Spain, developed in the Eocene marl formation. The climate in these four badland sites is similar humid (precipitation >700 mm), all characterized by strong seasonal contrasts in both rainfall and temperature distribution, and weathering processes of badlands under these climatic conditions include both wetting–thawing and freezing–thawing cycles (Nadal-Romero and Regüés, 2010; Yan et al., 2018; Chen et al., 2021).
Three badland areas, Datang (25°17′6″N, 114°30′59″E), Jiangtian (25°15′38″N, 114°32′17″E), and Xiahui (25°16′19″N, 114°30′2″E), are all located in Nanxiong Basin, southeast of China (Figures 1A, 2A). A subtropical monsoon humid climate prevails, with four distinct seasons, hot rainy summers and cold mostly dry winters. According to the meteorological data (1980–2020), the average annual temperature is ∼20°C, with a maximum of 34°C during the summer and a minimum of 6°C during the winter; the average number of freezing day is 9.3 days. The average annual precipitation is ∼1,500 mm, occurring mostly from April to June.
[image: Figure 1]FIGURE 1 | Location of the badland study area and sampling sites in (A) Nanxiong Basin (China) and (B) Inner Pyrenean Depression (Spain) (Source of satellite image: https://earth.google.com/).
[image: Figure 2]FIGURE 2 | Badland landscapes in (A) Nanxiong Basin (China) and (B) Inner Pyrenean Depression (Spain).
Araguás badlands (42°35′45″N, 0°37′15″W), located in the Inner Pyrenean Depression, northeast of Spain (Figures 1B, 2B), are developed in the Eocene marl formation. The climate is largely Mediterranean with some continental and Atlantic influences. The average annual precipitation is ∼800 mm (1980–2020), with maximums in spring and autumn. The average annual temperature is approximately 10°C, with minimums of −14°C and maximums in excess of 30°C.
Unweathered sediment samples were collected from the four badland sites and marked as the first letters of the badland area name: sample D from the Datang badland, sample J from the Jiangtian badland, sample X from the Xiahui badland, and sample A from the Araguás badland. At all four sites, samples of unweathered material were collected and transferred to the laboratory for further analyses.
2.2 Methodology
2.2.1 Measurements of the Properties of the Parent Material
Mineralogical composition of sediments was determined by X-ray powder diffraction performed on the Philips 1710 PW diffractometer with CuKα 1.2 (1.54178 A°) radiation. X-ray diffraction was recorded over 2–70° interval with a step size of 0.02° and fixed counting time of 1 s per step. Concentrations of major elements were determined using the X-ray Fluorescence (XRF). Before analyses, samples were dried at 105°C until the constant mass was mixed with wax (sediment: wax = 80:20; Hoechst wax C micro powder produced by Merck) and pressed into tablets using 25t pressure for 5 min. Semiquantitative and qualitative analyses were performed using Spectro Xepos Energy Dispersive KSRF (EDXRF).
2.2.2 Weathering Rainfall Simulation Experiment
Rainfall intensity, rainfall acidity, and drying temperature were chosen as climatic variables influencing mechanical and chemical weathering. During the experiment, distilled water was used as a substitute for natural rain, while acid rain was made in the laboratory by adding acid in the ratio H2SO4:HNO3 = 3:1 until pH ∼4.4 was reached. Based on the acid rain monitoring results maintained by Shaoguan Environmental Monitoring Center Station 2005–2014, statistics and analysis showed that the average frequency of acid rain was 61.8%, and the mean pH of acid rain in Shaoguan was 4.42 (Huang and Xie, 2015).
The unweathered shards were placed in circular sample holders with a mesh bottom (10.5 cm × 4.5 cm x 0.5 mm), above funnels that permitted leachate collection. The influence of rainfall intensity was assessed by the comparison between two levels, high-intensity rainfall (H), 15 ml min−1, and low-intensity rainfall, (L) ∼4.5 ml min−1. The low-intensity rainfall was obtained in 10 min of water spraying, a total volume of ∼48 ml water, while the high-intensity rainfall was obtained in 10 min of water spraying, a total volume of ∼148 ml water. Due to the limited amount of samples, low-intensity rainfall was only performed on samples D, J, and X under natural rain. The influence of temperature was assessed by comparing the high-drying temperature of ∼50°C (the average maximum surface temperature) (D) and low freezing temperature of −5°C (the extreme minimum surface temperature) (F). The procedures and treatment codes are given in Table 1. Three steps in the experiment were referred to as a cycle. The surface and leachate characteristics were monitored in each cycle. Fifteen cycles were carried out for each treatment, as the surface changing and ion-leaching of most samples basically stayed stable after that.
TABLE 1 | Explanation of treatments exploring the influence of climatic variables (N—natural rain; A—acid rain; H—high rainfall intensity; L—low rainfall intensity; D—high drying temperature; and F—freezing temperature).
[image: Table 1]2.2.3 Measurements of the Properties of the Leachate
Leachate volume, pH, and electrical conductivity (EC) were measured at room temperature in each cycle using measuring cylinder, pH meter AD 1000 pH/mV & Temperature Meter (Adwa), and Iskra 65967.00 conductometer, respectively.
Concentrations of leachate cations (Ca2+, Mg2+, K+, and Na+) in cycles 1–5 and cycles 7, 9, 12, and 15 were determined using inductively coupled plasma—optical emission spectrometry (ICP-OES) (Thermo Scientific iCAP 6000 ICP-spectrometer, SAD) with autosampler CETAC ASKS-spectrometer, SAD.
Concentrations of leachate anions (CO32−, SO42−, NO3−, and PO43-) in cycles 1–5 and cycles 7, 9, 12, and 15 were determined using Dionex ICS 3000 (Single Pump (SP), Conductivity Detector (CDS), Eluent Generator (EG), Chromeleon® Chromatography Workstation with Chromeleon 6,7 Chromatography Management Software; Column: IonPac AS15 Analytical, 4 × 250 mm (P/N 053940), IonPac AG15 Guard, 4 × 50 mm (P/N 053942), Eluent: 42 mM potassium hydroxide (KOH) (P/N 058900), Flow rate: 1.0 ml/min, Continuously Regenerating Anion Trap Column (CR-ATC) (P/N 060477), Temperature: 30°C, Injection volume: 10 μl, Detection: Suppressed conductivity, ASRS ULTRA II(4 mm) (P/N 061561), recycle mode).
2.2.4 Calculations and Statistical Analyses
Ion mass concentrations found in the leachate were multiplied by leachate volume corresponding to each cycle to obtain the mass of each ion released during the rainfalls. Mass of each released ion was divided by the mass of the initial sediment and afterward divided by molar mass. In this way, we obtained the amount of each ion released from per unit mass of initial sample, that is, ion release. Ion release is a representation of the amount of ions, and it will not be influenced by dilution effect of the leachate or molar mass of different ions, so it permits direct comparisons between different treatments and rock types, and it is used as an index to measure the weathering rate (Zhao et al., 2018). The ion release of all cations and the ion release of all anions were summed to obtain total cation release (Σ cation) and total anion release (Σ anion), respectively.
For interpretation of parameter results, principal component analysis (PCA) and correlation coefficients were calculated using the SPSS Statistics 20 package.
3 RESULTS AND DISCUSSION
3.1 Characteristics of the Parent Material
Both the mineralogical and elemental compositions show similarities among samples D, J, and X, as well as their differences from sample A. The mineralogical compositions of samples D, J, and X and sample A have already been reported by Yan, Li et al. (2019), and Nadal-Romero and Regüés (2010), respectively. In terms of mineralogical composition, samples D, J, and X from Datang, Jiangtian, and Xiahui badlands in China are composed of quartz and clay minerals (illite, kaolinite, and chlorite) with the subordinate presence of calcite and hematite (Yan et al., 2018), while sample A from the Araguás badlands in Spain is composed of carbonates (calcite and dolomite), clay minerals (illite and chlorite), quartz, and gypsum (Nadal-Romero and Regüés, 2010). In terms of elemental composition, the calcium oxide contained in sample A is much higher than that of samples D, J, and X (Table 2).
TABLE 2 | Composition of the parent material (%).
[image: Table 2]3.2 Surface Characteristics During Weathering Experiment
Regardless of rock type, rainfall intensity, or rainfall acidity, pronounced differences in crack development and fragmentation existed between treatments employing high-drying temperatures of 50°C (treatments AHD, NHD, and NLD, Figure 3) and freezing temperatures of −5°C (treatments AHF, NHF, and NLF, Figure 3). Under freezing-temperature treatments, only few cracks developed and shards slightly disintegrated after 15 repeated freezing–thawing cycles. On the contrary, samples exposed to high-drying temperature treatments disintegrated rapidly (Figure 3). Desiccation cracks emerged after the first rainfall cycle, shards broke apart, and after 15 repeated wetting and temperature drying cycles, large shards were reduced into tiny and flaky pieces of ∼1 mm–∼2 cm in diameter.
[image: Figure 3]FIGURE 3 | Four types of soft rocks exposed to cycles 1, 5, 10, and 15 of six treatments of different temperatures, rainfall intensities, and acidities. (A) D sample from Datang badlands, China; (B) J sample from Jiangtian badlands, China; (C) X sample from Xiahui badlands, China; (D) A sample from Araguás badlands, Spain. Codes of treatments are N—natural rain and A—acid rain; H—high intensity and L—low intensity; D—drying temperature and F—freezing temperature.
No observable differences between surface characteristics occurred between samples treated with acid rain (pH = 4.4) and natural rain (pH = 5.6), revealing that the mechanical disintegration of investigated samples is not controlled by precipitation composition and that material is built of minerals mostly resistant to chemical weathering.
Regardless of the precipitation amount, the freezing–thawing process simulating the winter season causes less visible mechanical disintegration than cycles simulating the hottest days in summer in badlands in both southeast China and Spain. During the latter, cracks of sediment fragments occurred after the first two cycles and a new generation of cracks occurred after every new wetting–drying cycle.
When compared by lithology among the four samples, it can be found that, sample D obviously had a smaller particle size (Figure 3A) than the other three (Figures 3B–D) during the disintegration processes, which indicates that sample D disintegrates fast among the four.
The progressive appearance of fissures and cracks created a surface regolith composed of tiny shards. Although a compact surface crust was not formed on samples that were under drying treatment, it started to act like one helping in decreasing the leachate volume. Repeated wetting–drying treatments caused large shards to break down into smaller shards due to differential properties of illite and chlorite clay minerals. In addition, the washed-in sediment particles decreased surface porosity (Robinson and Williams, 2000).
3.3 Leachate Characteristics Over Time During Weathering Experiment
Besides the differences in surface characteristics, differences in leachate characteristics caused by treatment conditions and rock types were also evident. During each cycle volume, pH, EC, and ion release were determined in the collected leachate. However, during certain cycles of the low-intensity drying-temperature treatment (NLD), there was not enough leachate produced for the determination of leachate properties. This was the case with cycles 1–15 for D sample, cycles 3–15 for J sample, and cycles 4–15 for X sample.
3.3.1 Leachate Volume
The volume of leachate, highly dependent on both rainfall intensity and temperature, is decreasing in the following order: NHF (AHF) > NHD (AHD) > NLF > NLD (Figures 4A,B). Samples that were subjected to low-intensity drying-temperature treatment (NLD) had the lowest leachate volumes, even too low to be measured. Among the samples which produced enough leachate for measurement, samples that received low-intensity rainfall (NLF) had the lowest leachate volumes, very similar for all the three rock types (D, J, and X), with an average of 37 ml (Figure 4A).
[image: Figure 4]FIGURE 4 | Change of leachate volume over 15 cycles under (A) natural rain treatments and (B) acid rain treatments. Codes of treatments are N—natural rain and A—acid rain; H—high intensity and L—low intensity, D—drying temperature and F—freezing temperature; D sample from Datang badlands, China; J sample from Jiangtian badlands, China; X sample from Xiahui badlands, China; A sample from Araguás badlands, Spain.
The leachate volume during the high-intensity rainfall cycles was greatly dependent on drying temperatures regardless of the rainfall acidity (Figures 4A,B). Samples that were exposed to freezing temperature (NHF and AHF) produced significantly higher leachate volumes with an average of 135 ml, than samples dried at 50°C (NHD and AHF) with an average of 73 ml. Leachate volumes in all samples under freezing temperature treatments (NHF, AHF, and NLF) increased rapidly between the first two cycles and then tending to be stable in subsequent cycles. Under high-drying temperature treatments, all samples exhibited a general gentle decreasing trend during treatments (NHD and AHD). This is in accordance with the findings of Robison and Philips (2001) who found that infiltration through crusted soil is much slower than through un-crusted. During drying, moisture content is decreasing and the air enters the pores in the sediment. Once the moisture returns, the air pressure builds up and disintegration of sediment fragment occurs (Pejon and Zuquette, 2002).
3.3.2 Leachate pH
Values of pH fluctuating in the range between 7.83 and 9.05 indicate sub-alkaline to alkaline leachate (Figures 4A,B). Leachate pH in the high-intensity rainfall treatments (NHD and NHF) is slightly more alkaline than the low-intensity rainfall treatment (NLF) (Figure 5A). In acid rain treatments, leachate pH was more alkaline, but without significant differences between samples or treatments (Figure 5B).
[image: Figure 5]FIGURE 5 | Change of leachate pH over 15 cycles under (A) natural rain treatments and (B) acid rain treatments. Codes of treatments are N—natural rain and A—acid rain; H—high intensity and L—low intensity; D sample from Datang badlands, China; J sample from Jiangtian badlands, China; X sample from Xiahui badlands, China; A sample from Araguás badlands, Spain.
3.3.3 Leachate Electrical Conductivity
Considering all treatments and all samples, EC has a wide range of 44–480 μS/cm (Figure 6). Leachate EC showed noticeable differences between sample A from Araguás badlands in Spain and the other three rock types, D, J, and X from badlands in China. Samples D, J, and X had almost the same trend of EC oscillations in the range of 44–180 μS/cm, while the EC of sample A was significantly higher, ranging from 82 to 480 μS/cm, with a sharp peak in the first half of treatment (Figure 6). In addition, leachate EC is not significantly affected by treatment type.
[image: Figure 6]FIGURE 6 | Change of leachate electrical conductivity over 15 cycles. (A) D, J, and X under natural rain treatments; (B) A under natural treatments; (C) D, J, and X under acid rain treatments; (D) A under natural treatments. Codes of treatments are N—natural rain and A—acid rain; H—high intensity and L—low intensity; D—drying temperature and F—freezing temperature; D sample from Datang badlands, China; J sample from Jiangtian badlands, China; X sample from Xiahui badlands, China; A sample from Araguás badlands, Spain.
In AHF treatment, samples D, X, and J have almost identical trend, while sample A has much higher EC with more drastic oscillations that occur in the first half of treatment and then almost linearly decrease until the end of the experiment.
3.3.4 Ion Release in the Leachate
Ion release in the leachate can give direct insight into chemical processes including hydrolysis and dissolution of minerals during ongoing weathering of sediments. In general, total ion release in the leachate during the experiment was dependent on both rainfall intensity and drying temperature, decreasing in the same order as the leachate volume: NHF (AHF) > NHD (AHD) > NLF > NLD (Figure 7).
[image: Figure 7]FIGURE 7 | Relation of leached cations and anions under (A) drying temperature treatments and (B) freezing temperature treatments. Codes of treatments are N—natural rain and A—acid rain; H—high intensity and L—low intensity; D—drying temperature and F—freezing temperature; D sample from Datang badlands, China; J sample from Jiangtian badlands, China; X sample from Xiahui badlands, China; A sample from Araguás badlands, Spain.
The individual anion concentration exhibits similar behavior as total ion release. The monovalent anions such as fluoride, bromide, and chloride decrease in first two cycles, with increasing number of cycles there was no evident pattern of behavior. On the other hand, carbonate concentrations decrease with increasing amount of sulfate and vice versa. The obtained results could be explained by the retention mechanism. In the soils, there are two competitive mechanisms based on the electrostatic forces (ion exchange) and size (ion exclusion): If the ion exchange is the dominant mechanism, such as in the beginning of the experiment, the monovalent ions eluted first and their concentrations increase in the leaches; on the other side, in the exclusion chromatography the smallest ions come as the latest. The obtained results lead to conclusion that during drying and freezing processes, the soils change and ion exclusion prevails over ion exchange.
Total cation release showed differences between sample A and samples D, J, and X (Figure 7). Samples D, J, and X had lower total cation release in the range of 0.061–0.502 mmol/kg, while sample A had higher total cation release in the range of 0.220–1.241 mmol/kg. Samples D, J, and X leached Ca2+ and CO32− in the highest concentrations, while sample A, besides these ions, also leached Mg2+ and SO42− ions. Both the sum of cation (Σ cation) and the sum of anion (Σ anion) have an increasing trend as the weathering progresses in the freezing treatments (Figure 7B), while they remain almost constant or even decrease slightly throughout the experiment under the drying temperature (Figure 7A).
3.4 The Interconnection of Different Leachate Characteristics
Besides comparing the leachate characteristics over time, it is also important to analyze the interconnection of different leachate characteristics to understand the influences that different climate conditions have on sediments and for that purpose the principal component analyses were used. The largest portion of the variables, 68.5%, was concentrated in the first two components. The percentage of variance for the first component is 49.5% which had large positive eigenvector for concentrations of Ca2+, Mg2+, and K+, concentrations of SO42− and NO3−, and electrical conductivity. The percentage of variance of the second component explained 19.0% of variance and it had large positive eigenvector for leachate volume, pH, and concentrations of CO32− and PO43− (Figure 8).
[image: Figure 8]FIGURE 8 | Principal component analyses for leachate properties from sediments from Datang, Jiangtian, and Xiahui badlands, China and Araguás badlands, Spain.
Better understanding of processes that distinguish different treatments is possible by analyzing correlations between leachate properties. Based on the PCA results, correlation analyses were performed between leachate volume as the parameter explained by the factor 2 and parameters explained by the factor 1, electrical conductivity, total cation, and total anions releases. Additionally, the correlation between leachate volume and pH was analyzed to further explore the influence of acid rain (Figures 9A–D). For samples D, J, and X, the correlation coefficients of leachate pH (Figure 9A), EC (Figure 9B), total cation release (Figure 9C), and total anion release (Figure 9D) with leachate volume were 0.504, −0.837, 0.757, and 0.725, respectively. For sample A, statistically significant correlation exists only between leachate volume and total cation release (0.407) and total anion release (0.452). As explained above, in the case of this sample a wide range of pH and EC between cycles caused dispersion of results and lack of correlation.
[image: Figure 9]FIGURE 9 | Correlation between (A) leachate volume and pH, (B) volume and electrical conductivity, (C) volume and total cation release, and (D) volume and anion release. Codes of treatments are N—natural rain and A—acid rain; H—high intensity and L—low intensity; D—drying temperature and F—freezing temperature; D sample from Datang badlands, China; J sample from Jiangtian badlands, China; X sample from Xiahui badlands, China; A sample from Araguás badlands, Spain.
All measured leachate properties depend on both rainfall intensity and temperature: both total cation release and total anion release were decreasing in the same order as the leachate volume was decreasing: NHF (AHF) > NHD (AHD) > NLF > NLD (Figures 9C,D), while EC was decreasing in the opposite order: NLD > NLF > NHD (AHD) > NHF (AHF) (Figure 9B). With the increase of leachate volume, the leachate alkalinity under high rainfall intensity was significantly higher than under low rainfall intensity regardless of temperature, but there was no significant increase at low freezing temperature compared with high-drying temperature under high rainfall intensity (Figure 9A). It is also interesting that acid rain is not significantly influencing the leachate pH in the case of all four tested sediments.
Sediments during the drying treatments are mechanically weathered, and once fragments decrease in size the active surface is increasing. However, there are interactions both on the surface and inside the fragments. Freezing temperature treatments caused significantly higher leachate volume and slightly lower EC than drying temperatures (Figure 9B). This could be explained because less evaporation under low temperature increased leachate volume, which enhanced the percolation effect. This indicates that the high-intensity rainfall with freezing promotes chemical weathering rate, although it is not considerable for this type of fine-grained sediments. This is in accordance with findings of Spatti Junior et al. (2019) that chemical weathering of mudstones is more effective in the wet season. Pulice et al. (2013) also reported higher EC in samples collected after wet winter than in samples collected after dry winter.
Increase in leachate volume between treatments also brings scattering in cation and anion concentrations (Figures 9C,D). The low rainfall intensity treatments leached lower cation and anion concentrations. However, most of the dissimilarities occur in the freezing treatments. Canton et al. (2001) found different trends of dissolved salt migration during drying periods which can be applied to wetting–drying processes investigated in this study. Not only volume but also total releases of cations and anions are higher in samples subjected to freezing, indicating the release and migration of dissolved salts. Drying at 50°C caused dissolved ions to migrate toward the surface and crystallize in the pores of sediments promoting fragmentation.
The similarity in both value and trend of total cation release among D, J, and X under every treatment indicates that chemical weathering has the same effect on D, J, and X. Significantly greater total cation release of A than the other three mudstone types, regardless of treatments, signifies that sample A is more susceptible to chemical leaching. The similarity in both the value and trend of total cation release between two levels of rainfall acidity shows that samples appear to be less sensitive to acidification.
The ratios between the leachate volume and pH, EC, and total releases of cations and anions show the equilibrium between stationary phase (i.e., sediment) and mobile phase (i.e., precipitation). During high-intensity rainfall, this equilibrium is moved toward desorption because sediment is releasing, that is, leaching anions. During low-intensity rainfall, there is a competition between ions from the rainfall and sediment for position on the sediment surface.
Based on the above discussion about the influence of each factor on physical disintegration, it can be summarized that under the conditions of temperature, intensity, and acidity of rain that can be achieved in nature, high rainfall and acid rain do increase the disintegration rates, but also high temperature definitely accelerates the rock disintegration by promoting the rate and magnitude of moisture variations (wetting and drying alterations). In addition to previous literature that emphasizes the strong influence of water over temperature (Sass, 2005; Doostmohammadi et al., 2008; Zhang et al., 2013), this finding confirms that impact and importance of the drying process caused by high temperature between wetting events need more attention. It is in accordance with the conclusion of Chen et al. (2021) that the temperature variations have similar influence on slope erosion as precipitation.
Nadal-Romero et al. (2022) indicate that in wet badlands weathering is controlled by freeze–thaw cycles, while wetting–drying cycles are the main weathering drivers in dry badlands with rainfall amount being the main driver for runoff generation. Our findings correspond to these findings with the addition of importance of drying between wetting events. Therefore, climatic variations of temperature can modify weathering processes, and in that way condition hydro-geomorphological processes in badland areas. Such changes should be considered for direct and indirect implications on badland dynamics, geomorphological processes, and on-site and off-site effects.
4 CONCLUSION
Based on the abovementioned discussion about the influences of each factor on mechanical disintegration and chemical leaching, it can be concluded that for the investigated sediments, under the conditions of temperature, intensity, and acidity of rain that can be achieved in nature,
1) high-drying temperature increases mechanical disintegration by promoting the rate and magnitude of moisture variations (wetting–drying alterations), while high rainfall intensity and acid rain have no obvious effect on physical disintegration. This conclusion confirms that impact and importance of the drying process caused by high temperature between wetting events on mechanical disintegration need more attention, rather than high rainfall intensity.
2) low temperature and high rainfall intensity causing larger total flux of water through the rock minerals and acid rain with higher concentration of H+ in the water, contributing more H+ required for cation exchanges, rock type with more soluble minerals, all promote chemical leaching. Also, the mineral composition of the rock has a greater effect on chemical leaching than climate conditions. The influence of climatic variables on chemical weathering decreases in the order as follows: high rainfall intensity > freezing temperature > acid rain.
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