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Jülich, Germany 12 

4Institute of Crop Science and Resource Conservation (INRES), Soil Science and Soil Ecology, 13 

University of Bonn, 53115 Bonn, Germany. 14 

5School of Natural Sciences, Environment Centre Wales, Bangor University, Bangor, LL57 2UW, U.K. 15 

 16 

* Corresponding author. E-mail: mengfq@cau.edu.cn 17 

 18 

 19 

  20 

Manuscript File Click here to view linked References

mailto:mengfq@cau.edu.cn
https://www.editorialmanager.com/geoder/viewRCResults.aspx?pdf=1&docID=13451&rev=2&fileID=338126&msid=3e2737ee-c4ae-42ae-ad83-251bb5d5e7c6
https://www.editorialmanager.com/geoder/viewRCResults.aspx?pdf=1&docID=13451&rev=2&fileID=338126&msid=3e2737ee-c4ae-42ae-ad83-251bb5d5e7c6


Abstract  21 

Replanting of mining soils is necessary for utilizing soil resources and increasing cultivated land areas. 22 

However, limited information exists on the long-term temporal trends of carbon accrual in agricultural 23 

systems containing carbonate-rich soil material. We examined changes in soil organic carbon (SOC), 24 

soil inorganic carbon (SIC), and total carbon (TC) stocks in an agricultural soil containing carbonate 25 

over a 62-year recultivation chronosequence. The most critical differences in the SOC, SIC, and TC 26 

stocks were observed in the 0–30 cm soil layer. The results revealed that the SOC stock increased rapidly 27 

during the first 10–20 years, but only slowly thereafter. The SIC stock decreased over 62-year from 28 

approximately 40 Mg C ha−1 to 2 Mg C ha−1. According to soil δ13CTC data, the SIC to TC ratio decreased 29 

from 83% (year 0) to 7% (year 62). Overall, the average sequestration rates were 0.30 Mg C ha−1 y−1 for 30 

SOC and −0.61 Mg C ha−1 y−1 for SIC over the 62 years after recultivation. Total carbon ultimately 31 

declined by approximately 19.5 Mg C ha−1 in recultivated carbonate soils. Topsoil SOC model 32 

(Rothamsted Carbon Model) outputs predicted an equilibrium value of 38.6 Mg C ha−1 after 197 years, 33 

which was less than the SIC stock lost in the first 70 years. Therefore, an overall TC increase in these 34 

carbonate-containing agricultural soils will only occur (i) during the initial rapid SOC sequestration 35 

accumulation phase (first 20 years of recultivation); and (ii) after the soils are fully decalcified (after 36 

~62 years), but when SOC still slowly increases before SOC stocks reached full equilibrium (after ~197 37 

years). However, compared with starting TC stocks, when we consider periods over a semicentennial 38 

and beyond, we will likely lose more TC than we gain in these recultivated agricultural soils if there are 39 

no additional TC sequestration measures.   40 

Keywords: soil inorganic carbon; CO2; restoration fields; RothC model; carbon sequestration；41 

isotopic analysis 42 



Introduction  43 

Soils are the largest carbon (C) reservoir within Earth’s terrestrial biosphere. The soil organic 44 

carbon (SOC) stock is approximately 1500–2400 Pg (Batjes, 1996; Stockmann et al., 2013), 45 

and that of soil inorganic carbon (SIC) is approximately 700–1750 Pg (1 Pg = 1015 g) (Batjes, 46 

1996; Lal, 2007). Changes in soil C stocks can affect the global climate (Luo et al., 2010), and 47 

this has led to initiatives such as the ‘4 per 1000’ (Minasny et al., 2017; Soussana et al., 2019). 48 

These initiatives have shown that soil carbon sequestration is a global soil climate-mitigation 49 

strategy and has positive effects on biodiversity, crop yields, and soil water retention (Rumpel 50 

et al., 2018; Soussana et al., 2019; Amelung et al., 2020).  51 

Since the development of settled agriculture approximately 10–13 millennia ago, up to 25%–52 

75% of the original SOC in the world’s agricultural soils has been lost because of unsustainable 53 

intensive management practices (Lal, 2013). In Europe alone, 45% of soils have a low SOC 54 

content (Lehtinen et al., 2014). However, realising the actual global potential of SOC 55 

sequestration in agricultural systems remains challenging because it requires specific and varied 56 

options that are adapted to local soil conditions and management opportunities, and accounting 57 

for site-specific trade-offs (Amelung et al., 2020). Therefore, precise detailed information on 58 

what factors control and drive the agricultural soil C sink capacity and its turnover time in 59 

different soils is critical (Lal, 2013). 60 

SIC also plays a crucial, but less reported, role in global C sequestration and CO2 emissions 61 

(Lal, 2009; Chevallier et al., 2016). For example, Zamanian & Kuzyakov (2018) pointed out 62 

that, on a global scale, CO2 emitted from liming of acidic soils was approximately 273 × 1012 63 

g C y−1. Additionally, emissions from carbonate-containing soil caused by nitrogen (N) 64 



fertilization amounted to 7.5 × 1012 g C y−1. Together, these numbers accounted for than 30% 65 

of total global CO2 emissions from land use changes (Zamanian et al., 2018). Generally, in most 66 

agricultural systems under more humid conditions, SIC is low or absent. Therefore, research 67 

has so far mainly concentrated on SIC-related issues in semi-arid and arid areas of the world 68 

(Lardner et al., 2015). Such studies have revealed that agricultural management in semi-arid 69 

and arid regions often uses substandard and wasteful irrigation techniques to ensure maximum 70 

crop yields. However, during this process, Ca2+ and Mg2+ are partially leached down the profile, 71 

leading to deep soil pedogenic carbonate (PIC) formation (Bughio et al., 2017). Therefore, it is 72 

important to analyze changes in SIC in both topsoil and subsoil, not only for constraining CO2 73 

emission budgets, but also for overall assessment of the total soil C pool. 74 

The recultivation of mining soil is necessary for re-utilization of soil resources. However, 75 

recultivated soils can vary greatly from original (pre-mining) soils. They may have lower 76 

nutrient status (Vindušková and Frouz, 2013), changes in the microbial biomass and 77 

microbiome (An et al., 2009; Li et al., 2015; Schmid et al., 2020) or mesofauna (Reichel et al., 78 

2017), or a degraded soil structure (Lewis et al., 2010). These changes in soil quality result from 79 

mixing of the soil with other mining materials during and after the mining process (Schwenke 80 

et al., 2000).  81 

The post-mining mineral soil may contain less SOC or have a different bulk density; therefore, 82 

the original SOC stock could also change. The SOC stock of recultivated post-mining soil is 83 

affected by factors such as the SOC input, inherent pedological characteristics, and the actual 84 

state of soil development (Rumpel et al., 2020). The new ‘steady-state’ SOC stock for a 85 

particular soil type is the result of the action of multiple soil processes and climatic conditions, 86 



which are mediated by the specific management measures applied (Costantini et al., 2020; 87 

Rumpel et al., 2020). This process usually takes decades, which means that once a region’s soil 88 

or its management measures are in a state of change, long-term observations are needed to 89 

comprehensively understand the SOC stock potential of each individual soil–climate 90 

combination (Lal, 2008; Costantini et al., 2020). It may also take a long time for recultivated 91 

soils to reach a new equilibrium condition, because the newly implemented management 92 

measures and soil characteristics may be extremely different from the original characteristics. 93 

Therefore, it is necessary to use models, such as the Rothamsted Carbon Model (RothC), to 94 

help estimate potential SOC changes and SOC stocks over semi- to multi-centennial timescales 95 

for re-cultivated soils.  96 

When a retained pre-mining upper soil layer is mixed with mine-based materials containing 97 

inorganic carbon (e.g., carbonates), the newly reclaimed or post-mining soil has a higher 98 

inorganic carbon content than the original pre-mining soil (Zopes, 2017). Consequently, such 99 

soils are a potential source of CO2 derived from inorganic carbon, and OC. This is an additional 100 

greenhouse gas emission issue that has not yet been adequately examined. Many recultivated 101 

post-mining soils are located in more humid parts of Europe, where SIC is not naturally present 102 

anymore in the soil (Clayton et al., 2021; Reichel et al., 2017). When SIC in the surface layer 103 

is dissolved over time, it leaches down the profile in the form of CO3
2−, HCO3

−, Ca2+, and Mg2+, 104 

and forms PIC in deeper layers. This SIC is then not truly lost from the overall soil total carbon 105 

(TC) pool, but just translocated. However, if the SIC is emitted as CO2 or lost in a dissolved 106 

phase from the soil, then the SIC amount lost may exceed the amount of SOC sequestered at 107 

the initial stage of reclamation, because reclaimed soils usually have a higher SIC content 108 



(Zopes, 2017). Then, SIC, and subsequently the TC content or stock, will decline (Bughio et 109 

al., 2015; Zamanian et al., 2018; Zamanian and Kuzyakov, 2018). However, whether the 110 

dissolved and leached SIC mainly forms PIC in the deep soil, or is irreversibly lost, still remains 111 

largely unexplored or unreported for humid regions of Europe and beyond. 112 

Germany ranks first in the world for open-cast brown-coal production. As a result of mining 113 

activities, 313 villages in Germany have disappeared since 1924 and the use of approximately 114 

180 km2 of land has changed (Clean Energy Wire, 2018). The land recultivation rate after 115 

mining in Germany is among the highest in the world at 90% (Zheng et al., 2019). Consequently, 116 

there are many recultivated fields in Germany, and the time elapsed since restoration is longer 117 

than in most other countries (Roy et al., 2017). Some recultivation sequences have been initiated 118 

where SIC was freshly added when the new soils were reconstituted. This setting provides a 119 

unique opportunity to explore the longer-term SOC, SIC, and TC stock trends in restored 120 

agricultural fields to enable prediction of the time when new soil C will reach a steady state.  121 

In the current study, we examined the temporal trends of SOC, SIC, TC, and total N (TN) stocks 122 

for the 0–30 and 0–90 cm layers of a 62-year agricultural recultivation chronosequence on 123 

sequentially restored farmland near an open-cast brown coal mine at Inden (Germany). We used 124 

13C isotope analysis to elucidate the farmland crop planting history and to assess the relative 125 

importance and fate of SIC and SOC in all soil C pools over time. The RothC model was used 126 

to simulate the SOC stock dynamics over a 500-year period after initiation of recultivation. We 127 

hypothesized that along the agricultural recultivation chronosequence i) SOC stocks would 128 

increase over time, but at decreasing rate; ii) SIC stocks would decline at faster rate than the 129 

SOC increase; and iii) TC stocks after 62 years would be lower than those measured 130 



immediately after the start of the recultivation.  131 

 132 

2. Material and methods 133 

2.1 Site description 134 

The sampling sites were located on restored farmland in an open-cast brown-coal mining area 135 

in North Rhine-Westphalia, Germany (50°50′24″ to 50°53′30″ N, 06°14′20″ to 06°20′39.5″ E). 136 

The climate in this area transitions from temperate oceanic to temperate continental. The annual 137 

average temperature is 9.8 °C, the annual average rainfall is 829 mm per year, and the annual 138 

average evapotranspiration is 601 mm per year. The average altitude is 124 m above sea level. 139 

In this area, brown coal is extracted by the German energy company RWE after removing the 140 

former agricultural soil and subjacent loess and sedimentary material. During the mining and 141 

excavation process, the Luvisol of the former topsoil is mixed with the underlying parent 142 

material. The new substrate is then used as a base for agricultural recultivation at the backside 143 

of the mine. 144 

Cultivation starts after soil substrate deposition. The recultivation process is divided into three 145 

stages (Roy et al., 2017). In the first three years, the fields are planted with alfalfa (Medicago 146 

sativa L.), fertilizer is applied at 200 kg ha−1 (mass ratio of N:P2O5:K2O = 15:15:15). Barley is 147 

then planted for two years, and fertilizer is applied (437 kg ha−1 y−1, containing 167 kg of N, 148 

150 kg of P2O5, and 120 kg of K2O). Finally, the fields are returned to farmers and managed 149 

with common crop rotations, such as winter wheat/winter barley/sugar beet, in accordance with 150 

standard German agricultural methods. The plough layer is 30 cm thick. The oldest farmland 151 

sampled in this study was restored in 1956. Therefore, in 2018, when the 0–30 cm layer was 152 



sampled, 62 years of land parcels were available for sampling along this agricultural 153 

recultivation chronosequence. Supplementary sampling of the 0–90 cm soil profile was 154 

undertaken in 2019, that is, in year 63 of the soil chronosequence. 155 

2.2 Soil sampling 156 

In ecology, it is difficult to find true replicates, especially for time series. True age replicates 157 

were unavailable in the study area. Therefore, we relied on within-field repetitions and the use 158 

of many sites to ensure that our age gradient was independent of field site effects. This method 159 

has been used in multiple previous studies in the same area (Reichel et al., 2017; Roy et al., 160 

2017). For sampling, twelve fields with increasing time since recultivation (i.e., field age) and 161 

agricultural histories were selected (Fig. 1). The selected fields were restored in 1956, 1964, 162 

1971, 1975, 1980, 1985, 1990, 1995, 2001, 2005, and 2011, which corresponded to 163 

recultivation times of 62, 56, 47, 43, 38, 33, 28, 23, 17, 13, and 7 years after their return to local 164 

farmers, respectively. The 2018 field was still fallow (i.e., the recultivation time was 0 years). 165 

Soil samples were collected in June 2018. We collected five samples from each field, which 166 

were taken at the vertices and center point of a square with a side length of 50 m. Soil samples 167 

were collected using a soil auger (diameter 3.0 cm) from 0–30 cm. The bulk density (BD) was 168 

determined by the ring cutter method during sampling. Plant roots were removed from the 169 

collected soil samples, and they were then air-dried, crushed, and passed through a 2.0-mm 170 

sieve to prepare them for determination of soil physical and chemical properties. Subsamples 171 

were milled and passed through a 0.15-mm sieve before SOC, SIC, labile organic carbon (LOC), 172 

residual oxidizable carbon (ROC), N, and isotopic analyses. 173 

2.3 Soil analysis 174 



Soil electrical conductivity (EC) was measured with a soil/distilled water ratio of 1:5, and soil 175 

pH was measured using 0.01 mol L−1 CaCl2 solution (soil:CaCl2 solution ratio of 1:5). Soil 176 

texture was measured by wet sieving (ISO 11277, 2020), which separated the soil samples into 177 

three particle-size fractions: sand (63–2000 μm), silt (2–63 μm), and clay (< 2 μm).  178 

The SOC, SIC, LOC, and ROC contents were analyzed with a Soli TOC Cube (Elementar 179 

Analysensysteme, Hanau, Germany) at the University of Bonn, Germany. Each sample was 180 

analyzed in triplicate and a standard substance was analyzed after every 20 samples. The 181 

structure and measurement principles of the Soli TOC Cube are described by Mörchen et al. 182 

(2019), and details are given in the Supplementary Materials. Briefly, the Soli TOC cube 183 

distinguishes different forms of C by means of carrier gas switching and temperature 184 

programming. In a single program, LOC, ROC, SOC, and SIC can be measured separately. 185 

LOC is released at temperatures up to 400 °C, ROC is released between 400 °C and 600 °C in 186 

the case of dry combustion in a current of oxygen, and SIC is released at temperatures up to 187 

900 °C. The SOC content was calculated using Eq. 1 and the TC content was calculated using 188 

Eq. 2. 189 

SOC = LOC + ROC       (1) 190 

TC = LOC + ROC + SIC   (2) 191 

The SOC and SIC stocks were calculated using Eqs. 3 and 4. 192 

SOCstock = BD × SOCconc × D         (3) 193 

SICstock = BD × SICconc × D          (4) 194 

where D is the thickness of the soil layer, SOCconc is the SOC content, SICconc is SIC content, 195 

and BD is soil bulk density. The TC stock was calculated as the sum of the SOC stock and SIC 196 



stock. The TN contents were measured using a CN analyzer (Flash EA 2000, Thermo Fisher 197 

Scientific, Waltham, MA) at the Jülich Research Center (Jülich, Germany). TN was determined 198 

according to an established method (DIN, 2017). 199 

Soil samples for analysis of the δ13C values of SOC (δ13CSOC) were ground and passed through 200 

a 0.15-mm sieve before soaking in 0.5 M HCl for 12 h to remove carbonates as described by 201 

Bughio et al. (2015). The soil was then dried in an oven at 60 °C. Samples were combusted at 202 

1080 °C using a continuous flow system with a Flash 2000 (Thermo Fisher Scientific) elemental 203 

analyzer for carbon and a Euro EA 3000 (Eurovector) elemental analyzer for nitrogen. The 204 

elemental analyzer was directly attached to an isotope ratio mass spectrometer (Delta V 205 

Advantage, Thermo Fisher Scientific), and the measurements were conducted at the Jülich 206 

Research Center (Zhu et al., 2013). The δ13C values of TC (δ13CTC) were measured in a similar 207 

way as δ13CSOC, but without the removal of the carbonates. 208 

2.4 RothC model simulations of the SOC stock 209 

RothC version 26.3 (Coleman and Jenkinson, 2005) was used to simulate the topsoil SOC stock 210 

with standard partitioning and turnover rates. The Downhill Simplex Algorithm (Nelder and 211 

Mead, 1965) was used for model inversion with RothC. The parameter settings in the RothC 212 

are described below. 213 

TOC stocks were estimated according to the equivalent soil mass (Wendt and Hauser, 2013) 214 

from the organic carbon content and the reference Ap soil mass measured in 2018 in the plot 215 

that was refilled in 1956. The initial pools were assumed to be in equilibrium. First, the inert 216 

organic matter (IOM) pool was estimated from the SOC content at refill (8.8 Mg ha−1) according 217 

to an established method (Falloon et al., 1998). The IOM pool was estimated as 0.58 Mg ha−1. 218 



Resistant plant material (RPM), microbial biomass (BIO) and humified organic matter (HUM) 219 

initial pools were estimated according to the pedotransfer functions (PTF) of Weihermüller et 220 

al. (2013). The initial decomposable plant material (DPM) was set to zero, because the overall 221 

DPM pool size was very small in relation to SOC (Table 1) and it equilibrated rapidly (Herbst 222 

et al., 2018). 223 

Meteorological data for the air temperature, rainfall, and potential evapotranspiration were 224 

obtained from the German Weather service DWD for the period 1961–2018. Because refill 225 

occurred in 1956, which was defined as the model start, the 5-year gap between refill and the 226 

start of the metrological data was filled with monthly average meteorological data from the 227 

1961–1971 period. 228 

Model inversions were performed because reliable information about the cropping history and 229 

management was not available. However, the standard procedure for the first 5 years after refill 230 

was to plant legumes (without harvesting) before the plots were turned over to the farmers and 231 

subjected to standard agricultural practices. Therefore, we inversely estimated the C inputs for 232 

the first 5 years and used a different amount of yearly C input for the remaining 57 years. Yearly 233 

C inputs were assumed to consist of 50% organic amendments and 50% crop residues, which 234 

reflects typical agricultural practice in the study region (Herbst et al., 2018). Fifty percent of 235 

the crop residues were assumed to be incorporated in August each year, and the other 50% were 236 

assumed to be root exudates and evenly distributed between May and July.  237 

According to the Summary for Policymakers of the Intergovernmental Panel on Climate 238 

Change (IPCC, 2018), global warming currently increases by 0.2 °C per decade, with a likely 239 

range of 0.1 °C–0.3 °C per decade. To predict the evolution of SOC for 24 future years, we 240 



assumed a 0.2 °C increase in air temperature per decade. An increase in C inputs or changes in 241 

the water balance were not considered. We randomly selected 24 out of the 57 years in a 242 

meteorological time series and added the temperature trend of 0.2 °C per decade. This was 243 

repeated 100 times to account for inter-annual climate variability.  244 

To run the model to equilibrium, we generated mean monthly meteorological data from the 245 

1961–2018 time series. This average climatic year was repeated until the SOC stock of the 246 

recent year deviated from that of the previous year by less than by a factor of 0.005 of the recent 247 

year’s SOC. The C inputs were assumed to be the same as those inversely estimated for the 248 

1961–2018 period. The starting point for the equilibrium run was the C pools estimated after 249 

the first 5-year period of high C input. At that time, SOC stocks were 19.4 Mg ha−1. The root 250 

mean square error between measured and estimated SOC stocks was 4.39 Mg ha−1. There was 251 

some scatter in the measurements, which was probably related to heterogeneity of the parent 252 

material, and to variations in the crop rotation and management history at the specific plots. 253 

The inversely estimated C inputs for the first 5 years and the remaining 57 years were 5.98 Mg 254 

ha−1 y−1 and 3.50 Mg ha−1 y−1, respectively. 255 

2.5 Statistical analysis  256 

Statistical analyses were performed using SAS (SAS Institute Inc., Cary, NC, USA). Data were 257 

tested for normality using the Shapiro–Wilk test and then one-way analysis of variance. 258 

Differences in soil pH, EC, and soil texture were determined by a t-test for least significant 259 

differences (LSD) at P < 0.05. The values are expressed as arithmetic means (n=5) with 260 

standard errors. Quadratic equations were used to estimate the relationships between ROC and 261 

the recultivation time. Exponential equations were used to estimate relationships between SOC 262 



and TN content derived from the recultivation time. A linear model was used to estimate 263 

relationships between SIC and TC derived from the recultivation time.  264 

3 Results 265 

3.1 Soil physical and chemical properties  266 

Analysis of changes in soil physical and chemical properties with recultivation time showed 267 

that soil pH gradually decreased with increasing recultivation time (Table 2). After 62 years of 268 

recultivation, soil pH had dropped significantly by 0.8 units. The sand and silt content did not 269 

change significantly with recultivation time. The clay content of soil that was recultivated for 270 

more than 33 years was significantly higher than that of soil recultivated for 0–28 years. Soil 271 

BD and EC showed no obvious trends (Table 2).  272 

3.2 ROC, LOC, and SOC contents 273 

The ROC content did not change in the first 28 years (~0.25 g C kg−1 soil). However, it 274 

significantly increased thereafter, with a peak value of 1.69 ± 0.20 g C kg−1 soil after 54 years 275 

and followed a quadratic curve (R2=91.4%) (Fig. 2A). The LOC content rapidly increased in 276 

the first 13 years of recultivation, but the rate declined thereafter, with an exponential equation 277 

describing the trend best (R2=60.1%) (Fig. 2B). The change in SOC content with recultivation 278 

time was very similar to the change in LOC, and was also best described by an exponential 279 

equation (R2=59.6%) (Fig. 2C). The SOC content after 62 years of restoration was 7.12 ± 0.46 280 

g C kg−1 soil, which corresponded to an increase of 4.77 g C kg−1 soil (203%) compared with 281 

the unrestored field (Fig. 2C). The ROC:SOC ratios were approximately 0.10, 0.05, and 0.18 282 

for the unrestored field, the fields 7–28 years after restoration, and the fields 43–62 years after 283 

restoration, respectively. The highest proportion of the more stable ROC in the SOC pool 284 



(18.2%) was found in the field 54 years after restoration (Fig. 3).  285 

3.3 SIC, TC, and TN contents 286 

The SIC content did not significantly change during the first 28 years (ca. 10–12 g C kg−1 soil; 287 

Fig. 4A) but was decreased significantly after 33 years (by 7.1g C kg−1 soil) (Fig. 4A). From 288 

33 to 62 years, the SIC content decreased linearly with increasing cultivation time (R2=87.7%). 289 

After 62 years, the SIC content was 0.53 ± 0.13 g C kg−1 soil, that is, 4.46 g C kg−1 soil or 89% 290 

lower than after 33 years, and 10.91 g C kg−1 soil or 95% lower than that of the unrestored field 291 

(year 0). The soil TC content clearly increased with the cultivation duration in the first 28 years 292 

(Fig. 4B, R2 =75.1%), but thereafter the TC content showed a significant linear decline from 33 293 

to 62 years (R2=71.0%). The field restored 28 years ago had the highest TC content (18.5 ± 294 

0.88 g C kg−1 soil), which was 4.7 g C kg−1 soil (34%) higher than that in the unrestored field 295 

(Fig. 4B). The TC content in the first 28 years increased on average by 0.17 g C kg−1 soil y−1. 296 

The 62-year-old field had the lowest TC content (7.65 ± 0.44 g C kg−1 soil), which was 40.3% 297 

lower than that in the 33-year-old field (12.8 ± 1.51 g C kg−1 soil). Over the whole 62 years of 298 

the recultivation chronosequence, the TC content decreased on average by 0.1 g C kg−1 soil y−1 299 

(Fig. 4B). The temporal change in soil TN content with recultivation time was similar to that of 300 

SOC and could also be simulated by an exponential equation (Fig. 5, R2=80.2%). The TN 301 

content increased significantly during the initial 10 years, but the rate slowed considerably after 302 

23 years. The TN content of the field 62 years after restoration was 0.84 ± 0.03 g N kg−1 soil, 303 

which was an increase of 0.57 g N kg−1 soil (215 %) compared with the unrestored field (Fig. 304 

5). 305 

3.4 δ13CSOC, δ13CTC, and soil carbon stock 306 



The δ13C value of the soil organic carbon in the unrestored fields was −25.4‰ (year 0). The 307 

δ13CSOC values of the recultivated fields after 7 to 62 years fluctuated between −28‰ and −26.5‰ 308 

and were independent of the duration of cultivation (Fig. 6A). The δ13CTC decreased 309 

significantly with recultivation time (Fig. 6B). The δ13CTC of the unrestored field was −4.5‰, 310 

and the δ13CTC of the 62-year-old field was −26.7‰ (Fig. 6B), which was similar to the value 311 

of δ13CSOC (−27.4‰) in this field (Fig. 6A). 312 

The SOC stock did increase with recultivation time (Table 3). After 7, 13, 23, 33, and 62 years, 313 

the rates of SOC stock enhancement were 1.50, 1.35, 0.99, 0.69, and 0.30 Mg C ha−1 y−1, 314 

respectively (Table 3). Therefore, the SOC stock increased fastest in the first 7 years of 315 

recultivation. The SIC stock did not change significantly during the first 23 years of 316 

recultivation (Table 3). The 28-year-old field had the largest SIC stock (47.2 ± 2.1 Mg C ha−1). 317 

By contrast, in the period from 33 to 62 years after the start of the recultivation, the SIC stock 318 

decreased by 0.61 Mg C ha−1 y−1 (Table 3), and the lowest calculated value of 2.0 ± 0.5 Mg C 319 

ha−1 was found after 62 years of recultivation. Compared with the unrestored field, SIC stocks 320 

decreased by approximately 38 Mg ha−1 after 62 years. 321 

The TC stock increased significantly, on average by 0.86 Mg C ha−1 y−1, in the first 28 years of 322 

recultivation (Table 3). After 28 years of recultivation, the estimated TC stock peaked at 72.3 323 

± 3.4 Mg C ha−1. In the period from 33 to 62 years, the TC stock decreased significantly, with 324 

an average decrease of 0.76 Mg C ha−1 y−1. The TC stock of the 62-year-old field was 28.7 ± 325 

1.7 C Mg ha−1, which was 19.5 Mg ha−1 less than that of the unrestored field (Table 3).  326 

3.5 RothC-based SOC stock estimates 327 

Using RothC, we estimated that approximately 25.4 Mg ha−1 of C was sequestered over the 62-328 



year period, corresponding to an average sequestration rate of 0.41 Mg ha−1 y−1. An equilibrium 329 

state was reached after 197 years, which was associated with an equilibrium SOC stock of 38.6 330 

Mg ha−1 (Fig. 7). It is noteworthy that a value of 36 Mg ha−1, which is quite close to the 331 

equilibrium stock of SOC, was reached after only 122 years. This occurred simply because of 332 

the SOC increased exponentially and the rate of change near the maximum level was minimal.  333 

4 Discussion 334 

4.1 Changes in SOC and other soil properties in the restored fields  335 

Studies have shown that SIC is the most important buffering system in carbonate-rich arable 336 

soils to mitigate soil acidification caused by N fertilizer application (Huang et al., 2015; 337 

Zamanian et al., 2018). Therefore, soil pH reflects the presence of SIC (as carbonate) to some 338 

degree in soil throughout the chronosequence (Zamanian et al., 2018). Only when SIC 339 

approached zero, a drop in soil pH of 0.5 units (i.e., from 6.9 to 6.4) was observed between the 340 

54- and 62-year-old fields. Previous studies have suggested that there are almost no SIC stocks 341 

in soils with a pH below 6.5 (Raza et al., 2020; Zamanian and Kuzyakov, 2018), which is 342 

consistent with our study. The lack of clear temporal changes in BD and EC values reflect that 343 

they are generally greatly affected by factors such as tillage, fertilization, irrigation, and planted 344 

crops (Corwin and Lesch, 2003). Crop management in the study region is fairly unified, but 345 

crops and their rotation patterns may differ between years. Therefore, in addition to the 346 

recultivation duration, the number of crop rotations may contribute to interannual changes in 347 

soil BD and EC. 348 

The physico-chemical stabilization of SOC by clay particles is documented in the literature 349 

(Bol et al., 2009; Six et al., 2002; Zhao et al., 2020). LOC is an unstable and easily oxidizable 350 



C fraction that is generally derived from recently deposited and undecomposed plant residues 351 

and is mostly concentrated in the sand fraction (Amelung et al., 1999; Von Lützow et al., 2007). 352 

ROC is composed of microbially processed organic carbon compounds that form more stable 353 

organo-mineral associations, and is mostly concentrated in the clay fraction (Derrien et al., 2006; 354 

Grandy and Neff, 2008). In this study, the changes observed for ROC and clay with the 355 

reclamation time were not consistent. The reason for this may be heterogeneity in the texture 356 

of the reclaimed soil because of rapid soil development (weathering) in 62 years. Reclaimed 357 

soil can be affected by previous excavation processes. For example, if digging machines move 358 

in one direction (e.g., northward or eastward), slight artificial texture differences (e.g. clay 359 

content) can be introduced in the initial substrate used for recultivation. Consequently, the 360 

‘existing’ soils and bedrock may differ slightly along a certain digging transect. Schwenke et al. 361 

(2000) found that SOC levels in mining areas could be restored after 33 years of reclamation 362 

with trees. In our study, we found that the SOC content after 28 years of recultivation was 363 

initially restored mainly in the form of LOC, whereas ROC increased significantly only after 364 

38 years of recultivation. There were probably two reasons for this. First, the ‘original’ soil 365 

microbial community may have not been restored at the beginning of the recultivation (Kim et 366 

al., 2018; Stahl et al., 2003). The present microbial biomass or community structure (Reichel et 367 

al., 2017; Roy et al., 2017) only promoted a significant increase in ROC content after 38 years 368 

of recultivation. Secondly, the formation and turnover of ROC takes longer than that of LOC, 369 

and new ROC formation generally takes several decades (Meng et al., 2014; Six and Jastrow, 370 

2002). 371 

In this study, we simulated and predicted the SOC stock of the recultivated soil using the RothC 372 



model. We also conducted a supplementary measurement of the SOC stock of deeper soil in 373 

June 2019. The results showed no significant differences in the SOC stock below a soil depth 374 

of 30 cm in the agricultural recultivation chronosequence (Fig. 1S). This means that analysis of 375 

SOC in the cultivated layer is important for the analysis and prediction of SOC changes in the 376 

region.  377 

The δ13CSOC analysis showed that predominantly C3 crop plants (e.g., wheat) were grown in the 378 

fields over the entire length of the chronosequence, with very limited evidence of the occasional 379 

presence of C4 crops (e.g., maize), as only suggested by a slightly higher δ13CSOC value (−26.5‰) 380 

in the 47-year-old field. However, studies have revealed that for soil restoration purposes the 381 

recultivation time, rather than vegetation type, is the main factor affecting physical and 382 

chemical soil properties (Vindušková and Frouz, 2013; Kim et al., 2018). Therefore, although 383 

there are some differences in the crops grown in the restored fields, the changes in soil carbon 384 

are mainly affected by the reclamation time. 385 

4.2 Changes in SIC in mining restoration fields  386 

Hydrogen ions released in arable soil during the nitrification process after N fertilizer 387 

application may be the main factor causing SIC dissolution (Tamir et al., 2013; Yu et al., 2018). 388 

This is supported by the finding that nitrification inhibitors significantly reduce SIC dissolution 389 

in the plough layer (Li et al., 2017). The application of ammonium-based N fertilizer induces 390 

nitrification by ammonia-oxidizing bacteria and ammonia-oxidizing archaea (Firestone and 391 

Davidson, 1989). The number of ammonia-oxidizing archaea and ammonia-oxidizing bacteria 392 

directly affects the nitrification rate (Firestone and Davidson, 1989; Zhang et al., 2016). 393 

Therefore, we assumed that the change in SIC content with restoration time in our study was 394 



related to the rate and duration of nitrification in the different fields of the recultivation 395 

chronosequence.  396 

We did not find any significant change in SIC content between 0 and 28 years of recultivation. 397 

This was probably because of the low microbial activity, which was reflected in the low 398 

microbial biomass in the soil at the beginning of recultivation (Li et al., 2015; Reichel et al., 399 

2017). This was associated with a low nitrification rate and low H+ release, which led to only 400 

very limited dissolution of SIC. In our study, the SIC dissolution accelerated 33 years after the 401 

start of recultivation, and this probably occurred because the abundance and activity of nitrifiers 402 

increased significantly by then (Kim et al., 2018). In addition, the TN content increased rapidly 403 

during the first 10 years of recultivation, but the rate of increase slowed thereafter. This 404 

supported our assumption that the N loss associated with nitrification and denitrification was 405 

low at the beginning of the recultivation. 406 

We also analyzed changes in SIC/TC and δ13CTC with reclamation time. While the δ13CSOC did 407 

not change significantly, the δ13CTC value gradually decreased with time. Therefore, according 408 

to the soil δ13CTC data, the ratio of SIC to TC decreased from 83% (year 0) to 7% (year 62) (Fig. 409 

6, Fig. 2S, and Table 3). This was also evidence of continued nitrification throughout the 62 410 

years of recultivation, which caused SIC dissolution. However, during the first 28 years, this 411 

process was too weak to significantly change the SIC content. In the future, the δ13CTC value 412 

could be used as a rough gross indicator of the relative proportion of SIC still present in wider 413 

soils in this area. 414 

In this study, fields lost approximately 38 Mg ha−1 of SIC after 62 years of recultivation when 415 

compared with unrestored fields. Dissolved SIC can change into two forms: (1) CO2, which is 416 



emitted to the atmosphere; and (2) CO3
2−, HCO3

−, Ca2+, and Mg2+, which are leached to the 417 

deep soil to form PIC and end up in groundwater or exported as soluble Ca(HCO3)2 or 418 

Mg(HCO3)2 to surface water. PIC formation is higher at depth than in the cultivated layer 419 

(Bughio et al., 2017). The results of additional experiments proved that there was no tendency 420 

for SIC to accumulate in the deep soil in the same field and it was independent of the length of 421 

recultivation (Fig. 3S).  422 

Ca2+ and Mg2+ are required for SIC formation; therefore, their contents in soil can be used to 423 

characterize SIC changes (Monger et al., 2015). We analyzed the Ca2+ and Mg2+ distributions 424 

in the 0–90 cm soil profile. The results showed that in all three soil layers (0–30 cm, 30–60 cm, 425 

and 60–90 cm), there were no significant differences in the Ca2+ and Mg2+ contents (Fig. 4S 426 

and Fig. 5S). This suggested that Ca2+ and Mg2+ were not leached to deeper soil layers. Indeed, 427 

most studies have shown that arable land, which is characterized by SIC accumulation in deeper 428 

soil layers, is located mainly in arid and semi-arid areas, where SIC changes are greatly affected 429 

by climate and irrigation (Lal, 2002). Fields in arid and semi-arid areas generally require 430 

irrigation, and often high levels of Ca2+ and Mg2+ are present in irrigation water. The Ca2+ and 431 

Mg2+ in irrigation water and the Ca2+ and Mg2+ produced by the SIC dissolution will be leached 432 

with surplus irrigation water. Because of evapotranspiration, Ca2+ and Mg2+ will recombine 433 

deeper in the soil profile with CO2 to form PIC (Pan, 1999), and this will cause SIC 434 

accumulation in the deeper soil (Entry et al., 2004; Sahrawat, 2003). The restored arable land 435 

in our study is located in a humid region of Germany, where the annual rainfall is moderate and 436 

evenly distributed. Irrigation measures are generally not required in this area, and there is 437 

usually no secondary carbonate formation. Although it is possible for dissolved carbonate to 438 



enter groundwater in the form of readily soluble calcium bicarbonate, there was no significant 439 

leaching of Ca2+ and Mg2+ in the 0–90 cm soil profile. Therefore, the dissolved SIC in the 440 

cultivated layer will be mainly emitted into the atmosphere as CO2. 441 

4.3 Potential for increasing the soil C pool in mining restoration fields  442 

After analyzing the SOC and SIC stocks in the 62-year agricultural recultivation 443 

chronosequence and considering the simulated SOC stock changes in the restored fields, we 444 

divided the temporal soil C pool changes in this study into four phases. In the first phase (0–28 445 

years), the SOC stock increased significantly, but there was no significant change in SIC. 446 

Therefore, the soil of the restored fields acted as a sink of CO2 at this stage. In stage 2 (33–62 447 

years), the SIC loss was significantly higher than the corresponding SOC increase, and the soil 448 

acted as a source of CO2. In stage three (62–197 years), the SIC content almost completely 449 

disappeared within the cultivated layer, and the SOC continued to slowly increase. At this stage, 450 

cultivated fields once again acted as a sink of CO2. Finally, in stage four (> 197 years), with no 451 

SIC present in the surface layer and SOC reaching equilibrium, the surface soil would be neither 452 

a sink nor source of CO2. Overall, the largest TC (SOC + SIC) stock in the whole profile (0–90 453 

cm) was found between 14 and 24 years after the start of recultivation (Fig. 6S), which indicated 454 

the process was in phase 1, as expected.  455 

Recent research has suggested that CO2 production from SIC caused by neutralization of N 456 

fertilization‐induced acidity is globally relevant (Zamanian and Kuzyakov, 2018; Zamanian et 457 

al., 2018), and that SIC is an important CO2 source with a critical impact on atmospheric 458 

composition (Chevallier et al., 2016; Tamir et al., 2013). Raza et al. (2020) showed that the 459 

application of N fertilizer in China reduced cropland SIC stocks (0–40 cm) by 7% (0.15 Pg C; 460 



1.1 Mg C ha−1) between 1980 and 2020. Zamanian et al. (2018) estimated that the global CO2 461 

efflux because of CaCO3 dissolution following N fertilization was equivalent to 7.48 × 1012 g 462 

C y−1. However, these previous studies considered SIC decomposition under natural distribution. 463 

They did not consider the soil CO2 emissions from carbonate decomposition following 464 

restoration of (agricultural) fields post-mining. Our research highlights the large potential for 465 

SIC loss in the carbonate-containing soils following agricultural recultivation. The topsoil SIC 466 

loss (0.61 Mg C ha−1 y−1) in this reclaimed arable land in Germany exceeds values measured 467 

for carbonate-containing agricultural soils in China; although, China is recognized as a country 468 

with high N fertilizer application rates (Potter et al., 2010) that are at least 2–3 times those in 469 

Germany (Löw et al., 2021). We speculate that there are two main reasons for this: (1) the SIC 470 

content in the arable soil in our study was twice that at the beginning of restoration in Chinese 471 

carbonate soils (~6–8 g C kg−1 soil) (Bughio et al., 2015; Bughio et al., 2017; Zhao et al., 2021); 472 

and (2) in the arid and semi-arid regions of China, part of the CO2 produced after carbonate 473 

decomposition will be bound again in the form of PIC (Bughio et al., 2015; Entry et al., 2004; 474 

Sahrawat, 2003). However, in our study, almost all of the carbonate present in the surface soil 475 

of the reclaimed arable land was decomposed to CO2 and released to the atmosphere. Therefore, 476 

post-mining SIC-derived CO2 losses from restored carbonate-containing arable land should not 477 

be ignored at a global scale, especially for more humid regions. 478 

The recultivation of fields post-mining resulted in large SIC losses over the 62 years, but should 479 

be set against other sustainability needs, for example, requirements to increase agricultural 480 

production areas to address higher global food requirements as the world population continues 481 

to grow (Spiertz and Ewert, 2009). Furthermore, although SIC did decline, SOC increased 482 



overall. The natural water balance of the recultivation chronosequence in humid areas or 483 

insufficient input of external Ca2+ and Mg2+ may be the main reason that we could not detect 484 

any subsurface PIC formation in our study (Bughio et al., 2015; Pan, 1999). Our study 485 

highlights that it is essential to accurately quantify the effects of restoration of arable land on 486 

SOC and SIC sources and sink strengths for different regions of the world. 487 

Conclusions  488 

The most critical differences in the TC, SIC, and SOC stocks were observed in the upper 0–30 489 

cm of soil for these recultivated agricultural soils. Here, the SIC to TC ratio gradually decreased 490 

from 83% (year 0) to 7% (year 62). Furthermore, an overall TC increase in these carbonate-491 

containing agricultural soils will only occur: (i) during the initial rapid SOC sequestration 492 

accumulation phase (first 20 years of recultivation), and (ii) after the soils are fully decalcified 493 

(after ~62 years), but when SOC still slowly increases before SOC stocks reach full equilibrium 494 

(after ~197 years). However, compared with the initial TC stocks and considering periods of a 495 

semicentennial and beyond, we will likely lose more TC than we gain in these recultivated 496 

agricultural soils if there are no additional TC sequestration measures.   497 
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Fig 1. Location map of fields and year of recultivation. 
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Fig. 2 ROC and SOC contents along 62-year agricultural recultivation chronosequence. 

Note: Bars show standard deviation (n=5). Different lower-case letters indicate there have significant differences 

between the restored farmland (P<0.05). 

 



 

Fig. 3 ROC/ SOC along 62-year agricultural recultivation chronosequence. 

Note: Bars show standard deviation (n=5). Different lower-case letters indicate there have significant differences 

between the restored farmland (P<0.05). 

 

  



 

Fig. 4 SIC and TC contents along 62-year agricultural recultivation chronosequence. 

Note: Bars show standard deviation (n=5). Different lower-case letters indicate there have significant differences 

between the restored farmland (P<0.05). 

 

 

Fig. 5 TN contents along 62-year agricultural recultivation chronosequence. 

Note: Bars show standard deviation (n=5). Different lower-case letters indicate there have significant differences 

between the restored farmland (P<0.05). 

  



 

Fig. 6 δ13CSOC and δ13CTC contents along 62-year agricultural recultivation chronosequence. 

Note: Bars show standard deviation (n=5). 

  



 

 

 

 

 

Fig. 7 Evolution of measured and simulated SOC stocks. 

Note: The grey surface represents the standard deviation of SOC prediction according to 100 realisations of 

temperature data. Bars show standard deviation (n=5). The figure inserted in the lower right corner indicates: Roth 

C model predicts the SOC stock equilibrium of restored farmland. The equilibrium state was reached after 197 years, 

linked with an equilibrium SOC stock of 38.6 Mg C ha-1; A level of 36 Mg C ha-1, being reasonably close to the 

equilibrium SOC stock, was already met after 122 years. 

 

 

 



Table 1 Initial SOC (Mg ha-1) and pools and estimated SOC (Mg ha-1) and pools for December 2018. 

 Soil organic 

carbon 

(SOC) 

Decomposable 

plant material 

(DPM) 

Resistant 

plant material 

(RPM) 

Microbial 

biomass 

(BIO) 

Humified 

organic matter 

(HUM) 

year 0 8.80 0 1.22 0.15 6.85 

62 years later 34.17 0.46 8.26 0.96 23.90 

 

Table 2 Soil foundation properties along 62-year agricultural recultivation chronosequence. 

year pH Electrical 

conductivity 

（uS/cm） 

Bulk 

density 

（g cm-3） 

Sand 

(%) 

Silt 

（%） 

Clay 

（%） 

0 7.2±0.02a 62.8±3.5cde  1.17±0.11c  4.9±1.0cde 78.6±1.3bcde 16.5±1.8cd  

7 7.3±0.08a 68.6±4.5cde 1.25±0.04b 8.1±0.3a 76.1±0.9fgh 15.8±0.9d 

13 7.1±0.03b 85.4±18.2bcd 1.29±0.06ab 6.4±1.3abc 77.4±1.4cdef 16.3±0.4d 

17 7.0±0.05b 56.2±9.4e 1.32±0.08ab 3.0±0.9f 79.3±0.9abc 17.7±0.5abc 

23 7.0±0.04bc 100.9±13.3ab 1.29±0.08ab 4.8±0.2cdef 79.0±0.2bcde 16.2±0.3d 

28 7.0±0.05bc 120.2±18.8ab 1.31±0.07ab 3.2±0.3ef 81.2±1.7a 15.5±1.0d 

33 6.9±0.04cd 63.8±4.3cde 1.32±0.05ab 3.7±0.3def 79.4±0.6ab 16.9±0.2bcd 

38 6.9±0.07cd 80.3±17.4abc 1.24±0.01bc 5.5±0.7bcd 76.7±1.1efg 17.8±1.3abc 

43 6.9±0.07cd 163.7±48.9a 1.36±0.06a 5.4±0.5cd 75.9±0.6fgh 18.6±0.3a 

47 6.8±0.04d 56.6±6.1e 1.31±0.08ab 4.1±1.3def 77.2±1.1def 18.7±0.7a 

54 6.9±0.04cd 47.6±14.2cde 1.26±0.02ab 7.3±0.5ab 74.6±0.5dh 18.0±0.4ab 

62 6.4±0.19d 47.4±12.1ce 1.25±0.01b 6.6±2.8abc 74.9±2.4f 18.5±0.5a 

Note: Data are mean±SD (n=5). Different lowercase letters indicate LSD (P<0.05) significant difference between 

agricultural recultivation chronosequence.  
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Table 3 Soil carbon stock along 62-year agricultural recultivation chronosequence. 

(year) SOC 

(Mg C ha-1) 

SIC 

(Mg C ha-1) 

TC 

(Mg C ha-1) 

0 8.2±2.9g 40.0±1.7b 48.2±5.7e 

7 18.7±2.8f 37.0±7.6b 55.7±8.0d 

13 25.7±1.0de 38.7±7.3b 64.4±8.0bc 

17 17.8±0.8f 39.7±1.0b 57.5±1.3cd 

23 31.0±1.9b 39.4±5.8b 70.4±10.7ab 

28 25.1±1.4de 47.2±2.1a 72.3±3.4a 

33 31.0±1.3b 19.7±5.3c 50.7±6.0de 

38 23.8±2.6e 19.9±2.3c 43.7±2.1ef 

43 28.3±1.0c 12.5±4.3d 40.8±4.9f 

47 37.1±1.0a 7.3±2.6de 44.4±3.1ef 

54 35.1±3.6a 6.5±1.6de 41.6±2.9f 

62 26.7±1.7cd 2.0±0.5e 28.7±1.7e 

Note: Data are mean±SD (n=5). Different lower-case letters mean LSD (P<0.05) significant difference between the 

restored farmland. 
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