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Abstract 23 

The aim of this study was to investigate the bio-physico-chemical properties of soils developed on 24 

dumps originating from lignite extraction and to decipher the respective roles of the geomorphology 25 

and the presence of lignite on the biogeochemical characteristics of these soils. Soils from the Armand 26 

spoil heap, located in Peypin (Bouches-du-Rhône, France), and natural neighboring Mediterranean 27 

soils without lignite were sampled and compared. Lignite presence was assessed by 13C CPMAS NMR 28 

spectroscopy allowing for the quantification of C pools such as aromatic C groups, which are 29 

characteristic signature of lignite. Physico-chemical (texture, pH, organic C, carbonate, total N, total S, 30 

CEC), mineralogical and biological (enzyme activities: β-glucosidase, arylsulfatase, acid phosphatase, 31 

arylamidase, lipase and fluorescein diacetate hydrolase; Oxitop basal respiration and Biolog® catabolic 32 

profile) parameters were analyzed in the two types of soil. Microbial activities were higher in the 33 

natural soils than in the spoil heap soils, while spoil heap samples exhibited enriched aromatic-C 34 

pools. Some variables exhibited a gradient along the slope: carbonate and sand contents were larger at 35 

the bottom of the heap while clay content, CEC, organic C and C/N ratio were larger at the top of the 36 

heap. On the contrary, microbiological activities did not follow any structured pattern according to the 37 

slope and appeared distributed as patches. Variance partitioning combined with multiple linear 38 

regressions demonstrated that the 13C NMR quality of soil organic matter was the main structuring 39 

factor of microbial properties, which were in most cases reduced by the presence of lignite. 40 

 41 

Keywords 42 

Lignite, 13C CPMAS NMR, Spoil heap, Enzymatic activities, Respirometry, CLCPs, Leptosols, 43 

Technosols 44 

45 
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1. Introduction 46 

Lignite, also named brown coal, is a poor-quality coal. Compared to mature coal such as anthracite, it 47 

is classified as the lowest grade coal (Van Krevelen classification) due to its high moisture content and 48 

its least carbon concentration. It has also a low heating value which explains its main use as a fossil 49 

fuel for steam-electric power generation. This fossil material can be found all around the world, with 50 

about 20 % of the reserves being located in Europe (Thielemann et al., 2007). In France, lignite was 51 

extracted in the Provence coal mine basin (south-east France) until 2003 to generate electricity in a 52 

coal-fired plant located near the pits (Meyreuil-Gardanne, France).  53 

The mine activities were located in the sedimentary basin of the Arc, made up of old fluvio-lacustrine 54 

formations from the Upper Cretaceous with a Triassic to Jurassic basement. The Arc basin forms a 70-55 

km-long syncline elongated from East to West (between Saint-Maximin-la-Sainte-Baume and Berre 56 

l’Etang), and 12-km-wide  from North to South (between Aix-en-Provence and Marignane). The 57 

originality of the Provence mining basin is that it dates from the late Cretaceous, whereas the other 58 

French coal mining basins were formed during the Carboniferous (-359 to -299 Ma). More precisely, 59 

lignite deposits of the Provence mining basin dates from the Fuvelian, a local name corresponding to 60 

the lower Campanian (approx. 80 Ma). (Autran et al., 2014; Dheilly and Brigati, 2015; Geoderis, 61 

2016) 62 

 63 

The Fuvelian formation is composed of limestone (sometimes mixed with clays), clayey and/or gray 64 

lacustrine micrites, lignite layers, several levels of cement rock (i.e.  a limestone containing 20-25% 65 

clay) and lateral intercalation of detrital levels with clayey or sandstone tendency. The lignite layers 66 

themselves can contain interbeds of these non-lignite substrates. 67 

Lignite deposits were formed in a continental and lacustrine environment (i.e. a deep lake), alternately 68 

with periods of limestone sedimentation. These sedimentary characteristics were quite different from 69 

those of the carboniferous coal period (no vegetation and pedological fossilized characteristics)  70 

(Autran et al., 2014). 71 

 72 
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During its extraction, large amounts of mine overburden materials enriched in lignite were deposited 73 

near the pits, forming spoil heaps. Such dumps can cause ecosystem disturbances such as 74 

modifications in plant, animal and microbial community structures (Hüttl and Weber, 2001). However, 75 

uncapped spoil heaps of the Provence basin have been colonized by natural vegetation and 76 

pedogenetic processes have started over the past few decades, although not documented in detail 77 

(Geoderis, 2020). 78 

 79 

 80 

Given the unique properties of lignite, many studies have investigated its influence on soil physico-81 

chemical properties such as SOM quality, mineralogy, pH and cation exchange capacity (Rumpel et 82 

al., 2002; Shrestha and Lal, 2011; Ogala et al., 2012). Despite its central role in soil formation and 83 

nutrient recycling, far less studies have investigated the effect of lignite on the functions of soil 84 

microbial communities (Frouz and Nováková, 2005; Helingerova et al., 2010; Lehmann et al., 2011). 85 

Extracellular enzymes and Community-Level-Catabolic-Profiles (CLCPs) of soil microorganisms act 86 

as the major drivers of mineralizing and recycling functions. These parameters are known to vary 87 

concomitantly with the quality of C substrates (Alarcón-Gutiérrez et al., 2009) and may serve as 88 

indicators of SOM lability/recalcitrance and soil biological pedogenetic processes. Moreover, lignite 89 

effects on both physico-chemical and biological variables have been poorly documented under 90 

Mediterranean pedoclimatic conditions (Panagopoulos, 2013; Panagopoulos and Hatzistathis, 1995; 91 

Dixon and Schulze, 2002; Clouard et al., 2014). In fact, most of the studies dealing with lignite effects 92 

on soil properties were generally performed in low-pH environments and in typical North-European 93 

pedoclimatic conditions (e.g. the Lusatian District in Germany) (Fettweis et al., 2005). This was also 94 

emphasized in a review of Amoah-Antwi et al. (2020) which mentioned that alkaline soils remain 95 

largely untested about the effects of lignite on their pedobiological properties. Thus, there is 96 

unambiguously a gap of knowledge about the impact of lignite on soils with alkaline/calcareous 97 

properties. This lack of data is even more true if we consider the atypical nature of the lignite we 98 

studied (formed during the cretaceous period) compared to the other data available in the literature and 99 

which mostly concern lignite from carboniferous period with different physico-chemical properties. 100 
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Another gap of knowledge in literature data concerns the heterogeneity of lignite distribution in soils 101 

and its associated effects on soil properties. Indeed, to our knowledge, fine topographic assessment of 102 

the distribution of these variables on a whole spoil heap is almost never investigated, an original 103 

aspect that we aimed to investigate during our study. 104 

Given the different gap of knowledge mentioned above, our general objective was to compare the bio-105 

physico-chemical properties of soils developed under natural conditions (without lignite) and those of 106 

soils developed from overburden spoil heap material from a lignite mine, in Mediterranean 107 

pedoclimatic conditions characterized by a calcareous parent material, alkaline pH, sclerophyllous 108 

vegetation cover and summer drought conditions. Specific objectives were supported by two 109 

hypotheses: (i) lignite enrichment can be evidenced by the non-destructive NMR method and its 110 

presence can modulate the expression of microbial functions in soil samples; (ii) soil bio-physico-111 

chemical properties and their interactions are influenced both by the topography of the heap and by the 112 

patchy distribution of lignite. Consequently, 4 different contour lines were sampled along the slope of 113 

the spoil heap. Near the spoil heap, 4 plots, named controls, were also sampled on the natural slope of 114 

a hill devoid of overburden material. Soil organic matter (SOM) quality was characterized by Solid-115 

State 13C Cross-Polarization Magic-Angle Spinning Nuclear Magnetic Resonance (SS 13C CPMAS 116 

NMR), and pedological properties of soil samples (e.g. texture, pH, CEC, C, N, etc.) were measured. 117 

Microbial functions were assessed by CLCPs (Biolog), soil basal respiration (Oxitop) and a set of 118 

various enzymatic activities involved in the main biogeochemical CNPS cycles. 119 

 120 

2. Materials and methods 121 

2.1. Site description and sampling 122 

The studied site (43°23’11.20’’N/ 5°33’28.28’’E) was located in Peypin, in south-east France, in the 123 

mine basin of Provence near Marseille. Armand’s coal heap is one of the numerous slag heaps present 124 

in the mine basin of Provence. The Armand mine shaft sinks through the different layers of limestone 125 

and lignite to a depth of 350 m. Lignite deposits form interstratified layers within the Fuvelian karstic 126 

limestone of the late Cretaceous, with an E-W average angle of dip of 8°. Only 7 layers, named 127 

“Mine” in French were exploited, 4 of them being present and exploited in all the different pitheads 128 
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(including the “Puits Armand”) of the coal basin. From the base of the lignite Fuvelian deposit these 4 129 

layers are called “Grande Mine” (300 m deep, 2.5 – 4 m thickness), “Mauvaise Mine” (285 m deep, 130 

0.7 – 1.7 m thickness), “Mine des 4 Pans” (238 m, 1.2 – 2 m thickness) and “Gros Rocher” (226 m 131 

deep1 – 1.2 m thickness) (Dheilly and Brigati, 2015). Detailed stratigraphic data of the arc Basin and 132 

the Armand well can be found in Espurt et al. (2012) and Monteau (2010). 133 

 134 

The Armand mine shaft was bored between 1887 and 1890. The mine was in activity until 1954 with a 135 

break between 1932 and 1941 (HBCM, 2002). Tailings were stored close to the well under the form of 136 

a slag heap leaning against the hill. To this end, the tailings were dumped on the top of the slag heap 137 

using tip wagons and a mechanical hauling along a chain. The structure of the slag heap was 138 

constituted by a top platform and a slope. Tailings were constituted of limestone bed rock mixed with 139 

lignite residues. At the end of the mining activity, the slag heap was left as it was. No other 140 

management intervention/rehabilitation strategy has taken place since it was abandoned (e.g. no 141 

capping layer or external inputs such as compost, soil or embankments) except for the establishment of 142 

a commercial zone on the south part of the platform (between 1996 and 2007). It was not the case for 143 

the north part of the platform and the slope (Fig. S1). Thus, the zone where our study was done has not 144 

experienced any reworking of human origin since the cessation of the mining activity. A last point that 145 

can be emphasized here concerns self-combustion. All the slag heaps of the mine basin of Provence 146 

have experienced episodes of self-combustion and this was also true for the Armand slag heap (now 147 

extinguished since several decades). This process results from exothermic oxydo-reduction reactions 148 

between lignite and pyrite. The increase in temperature can transform the limestone into quicklime 149 

then, under the action of runoff water, in slaked lime with a powdery texture, present in abundance 150 

under the soil horizons (Geoderis, 2020). 151 

The age of the heap was determined from the end of overburden inputs making the heap 55-y-old. The 152 

heap is 45-m-high, and the mean length of its slope is about 70 m. Four topographic levels (contour 153 

lines) spaced 15 m apart were studied from the foot/bottom (level 1) to the top (level 4). Within each 154 

level, a systematic sampling procedure was used to collect a set of individual samples (Fig. S1). 155 

Morphological descriptions of the soils classified them as Spolic Technosols (Calcic) (WRB, 2015) or 156 
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artificial Anthroposols (RP, 2008) composed of four horizons, namely O, AZ, AZ/Ztc (transition) and 157 

Ztc horizons (Fig. S2) with a depth of up to 1 m until a pulverulent mine waste material that has 158 

undergone self-combustion processes was reached. The thickness of the heap soil profiles was about 159 

0.7 m on average. The samples were collected from the AZ horizon (0.10-0.20 m thickness, average 160 

0.14 m) every 10 m along each topographic level. Thereafter, composite samples were performed by 161 

grouping sequentially 4 to 6 contiguous individual samples along the different levels. After grouping, 162 

the different composite samples were homogenized using a manual elliptical mixer. Finally, 4 163 

composite samples (n = 4) were generated at each level, except for the 1st level, whose extension 164 

enabled only 3 samples to be obtained (n = 3). Additionally, 4 control samples corresponding to 165 

“natural” or in-place Mediterranean soils developed without any mine tailing inputs were sampled on 166 

4 plots located near the spoil heap (an illustration of the sampling strategy is given in Figure S1). The 167 

control soils from this natural site were Rendzic Leptosols (WRB, 2015) or Rendosols (RP, 2008) with 168 

four horizons namely O, A (average thickness of 0.13 m), A/C (transition) and C horizons (Fig. S2) 169 

with a maximum total depth of 0.25 m until the calcareous parental material was reached. After 170 

sampling, soils were aliquoted to perform both microbial and physico-chemical analyses. A subsample 171 

was air-dried at 40 °C and passed through a 2-mm sieve before physico-chemical analysis, while 172 

another subsample was sieved at 2 mm and kept fresh at 4 °C before microbial analysis within a 173 

month, according to the AFNOR standard NF ISO 18512.  174 

 175 

2.2. Physico-chemical analyses 176 

pH was measured in a 2.5 soil/water ratio after 2h of incubation at room temperature (pH meter WTW, 177 

Germany, pJ330i/SET). Cation exchange capacity (CEC) was measured with  2.5 g soil (sieved at 2 178 

mm) suspended in 50 mL of a 50 mmol+.L-1 hexaammine cobalt(III) chloride solution (Co(NH3)6Cl3) 179 

according to the method described in AFNOR NF X 31-130. The particle size analysis was done after 180 

destruction of organic matter by H2O2, without decarbonation step, and using the sedimentation 181 

technique of Robinson (pipette method) described in NF X 31-107. Total carbon was analyzed after 182 

dry combustion of soil sample at 900°C and gas chromatography measurement according to NF ISO 183 

10694 and total nitrogen according to NF ISO 13878. Carbonate content was determined using HCl 184 
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according to the gasometric method of Leo (1963). Total organic carbon (Corg) was obtained by 185 

subtracting carbonate value to total carbon value. Mineralogy was characterized by X-ray diffraction 186 

(XRD) performed on some soil samples, collected on both control and spoil heap plots. The protocol is 187 

given in Table S1. 188 

 189 

2.3.  SS 13C CPMAS NMR spectra acquisition 190 

One gram of soil was pre-treated with 45 mL of a 10 % (v/v) hydrofluoric acid solution according to 191 

the modified method of Schmidt et al. (1997) before NMR analyses. The HF treatment was repeated 192 

four times, followed by four rinses with distilled water. This procedure was adequate to eliminate 193 

carbonate and paramagnetic compounds that may induce broadened resonances and decreased signal 194 

intensities (Georgakopoulos, 2003). Following HF treatments, samples were further dried at 50 °C 195 

before NMR analyses. TOC content of each soil sample was determined before and after HF treatment 196 

by CHNS elemental analysis. The SS 13C CPMAS NMR spectra were obtained with a Bruker Advance 197 

III 400 MHz spectrometer, using a commercial two-channel, 4-mm Bruker probe head. 100 mg of air-198 

dried and ground soil sample (particle size < 0.3 mm, Cyclotec TM1093, Foss Co., France) was placed 199 

in a 4-mm zirconium rotor and spun at magic-angle at 10 kHz. SS 13C CPMAS NMR was performed 200 

with a ramped 1H pulse during a contact time of 2 msec to obtain the best signal-to-noise ratio. 1H 201 

decoupling was performed during the acquisition to improve the resolution. Recording 8 K transients 202 

with a recycle delay of 2.5 sec represented standard conditions to obtain a good signal to-noise ratio. 203 

The 13C chemical shifts were referenced by tetramethylsilane (TMS) and calibrated with the glycine 204 

carbonyl signal, set at 176.05 ppm. All measurements were monitored at room temperature. The 205 

spectra chemical shift range of soil was characterized by the following dominant peaks: alkyl C (0–45 206 

ppm), O-alkyl C (45–110 ppm), methoxyl C (50–60 ppm), aromatic C (110–140 ppm), phenolic C 207 

(140–160 ppm) and carboxyl C (160–190 ppm). Deconvolution of the NMR spectra was performed 208 

using the software DmFit (Massiot et al., 2002), and the intensity of each C region was expressed as a 209 

percentage of the total C.  According to Mathers et al. (2003) and Clouard et al. (2014), to obtain C-210 

quantified data (mg g-1) instead of only C proportions, the percentages of each NMR spectrum region 211 

were multiplied by both TOC value of residual fraction (post-HF treatment) and enrichment factor (i.e. 212 
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sample residue / sample raw mass). The degree of humification was calculated according to Baldock et 213 

al. (1997) using the alkyl-C to O-alkyl-C ratio with the respective peaks of the spectra. The ratio A 214 

was calculated according to Chabbi et al. (2007) as it follows (alkyl C + aromatic C) / (O-alkyl C + 215 

carboxyl C). The aromaticity index (AI) was calculated as AI = (A(110-160 ppm) / A(0-160 ppm)) 216 

(Lorenz et al., 2006). 217 

 218 

2.4.  Enzyme assays 219 

The following enzyme activities, arylamidase, arylsulfatase, β-glucosidase, acid and alkaline 220 

phosphomonoesterases were measured according to the respective protocols of Tabatabai and 221 

Bremmer (1969, 1970), Eivazi and Tabatabai (1988) and Acosta-Martinez and Tabatabai (2000). The 222 

substrates used for the different enzyme assays were : 8 mM L-leucine β-naphtylamide hydrochloride 223 

(arylamidase), 5 mM p-nitrophenyl sulphate (arylsulfatase), 5 mM p-nitrophenyl-β-D-glucopyranoside 224 

(β-glucosidase), 5 mM p-nitrophenyl phosphate (acid and alkaline phosphomonoesterases).  The 225 

buffers used for the different enzyme assays were : 0.1 M tris(hydroxymethyl)aminomethane (THAM) 226 

pH 8.0 (arylamidase), 0.5 M acetate buffer pH 5.8 (arylsulfatase), modified universal buffer (MUB) 227 

pH 6.0, MUB pH 6.5 (acid phosphomonoesterase), MUB pH 11 (alkaline phosphomonoesterase). 228 

Detailed protocols can be found in Floch et al. (2009). The method of Green et al. (2006) was 229 

modified to monitor fluorescein diacetate hydrolase activity (FDA); the pH of phosphate buffer (50 230 

mM) used was 7.0 instead of the 7.6 as recommended by Alarcón-Gutiérrez et al. (2008b), to avoid 231 

potential non-enzymatic interferences and the substrate used was fluorescein diacetate (5 mM). Lipase, 232 

i.e. fluorescein dilaurate hydrolase, was measured according to the same procedure as FDA except that 233 

5 mM fluorescein dilaurate (FDL) was used for the incubation. 234 

For all enzyme assays, no toluene was added to the mixture because of the short incubation times. 235 

Enzyme assays were performed in 3 replicates for each soil sample (1g) at 37°C during 1 h. Control 236 

samples, i.e. without substrate added during soil incubation step, were also realized for the different 237 

enzyme assays. A unit (U) of enzyme activity was defined as μmole of substrate hydrolyzed min-1, and 238 

per g of soil dry weight (U.g-1 DW). 239 
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 240 

2.5. Basal respiration 241 

Basal respiration (BR) was carried out in triplicate using the Oxitop® (WTW, Germany) system. Jars 242 

fitted with CO2 trap (NaOH pellets) were filled with soil sample (40 g) and were thereafter  243 

hermetically sealed. The depression in O2 was measured during 21 days at 20 °C in jars with the 244 

automated manometric heads (Platen and Giessen-Friedberg, 2000). Basal respiration was expressed 245 

in mg O2.g-1 DW (Alarcón-Gutiérrez et al., 2008a). 246 

 247 

2.6. Community-Level-Catabolic-Profiles (CLCPs) 248 

The Biolog® Ecoplate technique was used to characterize the CLCPs of the soil bacterial communities. 249 

Briefly, 10 g of soil was added to 100 mL of a sterile sodium pyrophosphate solution (0.1 %) in a 250 250 

ml flask and was shaken at 200 rpm for 20 min. The resulting mixture was 100-fold diluted with a 251 

sterile NaCl solution (0.85 %). On the basis of respirometry results and according to the protocol 252 

defined by Calbrix et al. (2005), dilutions were adjusted to obtain pre-defined and similar 253 

concentrations of microbial cells between the different soil samples. Each dilution was used to 254 

inoculate wells (31 C substrate wells + 1 control well) of the Biolog® Ecoplates (125 µL per well). 255 

Plates were incubated at 25 °C and absorbance at 595 nm was measured daily for 7 days. Metabolism 256 

of the different substrates in the wells resulted in the reduction of tetrazolium, which changed from 257 

colorless to purple formazan. The absorbance value of the Biolog® Ecoplates control well (containing 258 

no substrate) was subtracted from the absorbance of every other well, to eliminate background color 259 

from the soil suspension. The average well-color development (AWCD) value was calculated from the 260 

C substrate wells after 48 h of incubation (Garland and Mills, 1991). Three replicates for each soil 261 

sample were performed. 262 

 263 

2.7. Statistical analysis 264 

Means and standard error of means were determined for each set of composite samples. The means 265 

were compared using the Kruskal-Wallis post hoc test, with a significance level of P < 0.05. 266 

Correlations between the different variables were calculated using Pearson coefficient and their 267 
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significance was tested at a level of 5%. The coefficient of variation (CV) of each variable was 268 

calculated by dividing the standard deviation by the mean (s(n)/µ). To perform ordination methods, we 269 

distinguished 3 subsets of variables in our study: the 1st subset contained the response variables 270 

(microbiological) and the 2nd and the 3rd were environmental explanatory variables, i.e. physico-271 

chemical (carbonates, Corg, Ntot, C/N, clay, silt, sand, CEC) and 13C NMR quality subsets 272 

respectively. Prior to multivariate analyses, a detrended correspondence analysis (DCA) was carried 273 

out using detrending by segments according to ter Braak and Smilauer (2002). Since the gradient 274 

lengths extracted were always < 1 (4 being the threshold value for a unimodal response), linear 275 

responses were expected, and thus linear ordination methods were chosen. Principal component 276 

analyses (PCA) were performed to analyze the different datasets and to show relationships between 277 

physico-chemical, 13C CPMAS NMR and microbiological variables as well as to discriminate the 278 

different soil samples. Redundancy Discriminant Analyses (RDA) were performed according to the 279 

design given by Floch et al. (2009) in order to decompose the variance and to determine the relative 280 

contribution of both pedological and 13C NMR quality variables on the total variance of enzyme 281 

activities. Before running RDA, collinearities were detected and variables with high variance inflation 282 

factors (VIFs > 20) were deleted. Thereafter, the remaining variables in both environmental subsets 283 

were selected using a mixed forward and backward step by step procedure with Monte Carlo 284 

permutation tests and with a k penalty parameter of 1.2. Variance partition was finally performed by 285 

running full RDA and partial RDA (pRDA) and calculated using adjusted R2 according to Peres-Neto 286 

et al. (2006) and Borcard et al. (2011). The total variation of response model was partitioned as % of 287 

net physico-chemical and % of soil 13C quality of explained variance. The statistical significance of the 288 

different fractions was tested with Monte Carlo permutation tests (α = 0.001). Multiple linear 289 

regression (MLR) was also performed on each individual microbial variable and its selected subsets of 290 

environmental explicative variables. Adjusted-R2 and β-coefficients of each MLR model were 291 

calculated and tested at P < 0.05. Statistical analyses were performed using CANOCO version 4.5 292 

(Biometris, The Netherlands) and XLSTAT (Addinsoft, 2011 version, UK) software and both ADE4 293 

and Vegan packages of the R project for statistical computing.  294 

 295 
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 296 

3. Results 297 

We distinguished 3 subsets of variables: physico-chemical (carbonates, Corg, Ntot, C/N, clay, silt, 298 

sand, CEC, pH), 13C NMR markers of C quality, and microbiological variables. It appeared that for 299 

most of them their coefficients of variation (CV), i.e. their dispersion, were high, which made some 300 

differences non-significant between the spoil heap levels and/or the controls from the neighboring 301 

natural site (Fig. S3). Total organic carbon (CV=0.38), aromatic C contents (CV=0.46), and lipase 302 

activity (FDL; CV=0.66)) showed the highest coefficient of variation for physico-chemical, NMR and 303 

microbiological variables respectively. To reduce the dimensionality of the data, several ordination 304 

methods were carried out on the different soil samples (PCA, DCA and RDA). 305 

 306 

3.1. Soil physico-chemical and 13C NMR characteristics 307 

Results of the soil physico-chemical analyses are given in Table 1. Several physico-chemical 308 

characteristics differed significantly between control soils of the natural site and spoil heap soils. 309 

Control soils showed significant higher clay content (342 g kg-1 on average) than soils from the slope 310 

of the slag heap (ranging on average between 135 and 175 g kg-1). On the contrary, sand content in 311 

control soils (222 g kg-1 on average) was significantly lower than those of the slag heap (ranging on 312 

average between 387 and 520 g kg-1). According to the USDA soil textural classification, soils from 313 

the coal heap were thus mainly loam soils, while control soils were mainly clay loam soils (Fig. S4). 314 

Carbonate content showed the lowest average value in control soils (400 g kg-1 on average), which was 315 

significantly lower than carbonate contents of soils from the top (Level 4, 461 g kg-1 on average) and 316 

the foot (Level 1, 656 g kg-1 on average) of the slag heap.  CEC of control soils (25 cmol+ kg-1 on 317 

average) showed significant difference, but only with soils from the foot of the slag heap (39.1 cmol+ 318 

kg-1 on average).   Mineralogy differed between control soils and coal heap soils. Detailed results are 319 

given in Table S1. Briefly, calcite, illite, muscovite and quartz were present in all samples. Hematite 320 

and anorthite were only present in coal heap soils. On the contrary dolomite and clinochlore were only 321 

present in the control soils. 322 

 323 
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Considering only the soil samples of the slope of the spoil heap, some physico-chemical variables 324 

were structured according to an altitudinal gradient. The carbonate (656 > 524 / 562 > 461 g kg-1) and 325 

sand contents (520 > 442 > 436 > 387 g kg-1) decreased with increasing altitude level (from level 1 to 326 

level 4), while the inverse pattern was observed for Corg (5.1 < 8 < 9.7 < 11.3 %), C/N (10.1 < 14 < 327 

14.1 < 19.7), clay (135 < 169 / 166 < 175 g kg-1) and silt contents (346 < 389 < 395 < 439 g kg-1) and 328 

CEC (25 < 34.2 < 37.1 < 40.4 cmol+ kg-1). These trends were more evident following principal 329 

component analysis (PCA) (Fig. 1), which highlighted, except for samples from the level 2, a gradual 330 

distribution of heap samples (levels 1, 3 and 4) along the 1st axis defined by these variables. 331 

 332 

In complement, the quality of organic carbon was assessed using SS 13C CPMAS NMR (Tab. 2) and a 333 

PCA was also performed to discriminate samples according to their C quality (Fig. 2). Phenolic C and 334 

methoxyl C were the sole fractions to show no significant differences between samples, whether they 335 

came from the slag heap or from the control plot. Aromatic C, ratio A and aromatic index (AI) were 336 

significantly lower in control samples than in the spoil heap samples (respectively up to 3.3, 3.1 and 3 337 

times lower), except for those of level 1, making it possible to discriminate them from heap samples 338 

on the PCA factorial map (Fig. 2). The opposite pattern was observed for O-Alkyl-C which was a 339 

fraction significantly more abundant in control soils than in all the slag heap soils (up to 2.5 times 340 

higher). The distribution of the other C signals between control and spoil heap samples was clearly 341 

heterogeneous. When considering only the samples of the heap slope, level 1, which corresponded to 342 

the foot of the spoil heap, had systematically the lowest contents in the different C fractions, while a 343 

gradual decrease was observed for some of the C signals from level 4 to level 1. This was perceptible 344 

on the 1st PCA map (Fig. 2) for recalcitrant C, such as aromatic C content, and ratios A and AI.  345 

 346 

3.2. Soil microbiological variables 347 

Results of the microbiological variables are given in the Table 3. β-glucosidase activity was 348 

significantly higher in controls (6.95 mU g-1 MS on average) than in most of the spoil heap samples 349 

(ranging on average between 4.7 and 5 mU g-1 MS). However, activity of the control soils was not 350 

significantly different from those of the heap foot (Level 1, 5.7 mU g-1 MS on average). The acid 351 



14 

 

phosphatase activities were significantly 2.5 to 2.8 times higher in the control soils (170.7 mU g-1 MS) 352 

than in the soil samples from the different levels of the slag heap (ranging on average between 61.2 353 

and 67.4 mU g-1 MS). No significant differences in acid phosphatase activities were observed between 354 

the soils of the different spoil heap levels. The arylsulfatase activities were significantly 4.2 to 5 times 355 

higher in the control soils (368.7 mU g-1 MS on average) than in the soil samples from the different 356 

levels of the slag heap (ranging on average between 74.3 and 88 mU g-1 MS). As also observed for the 357 

acid phosphatase and the β-glucosidase activities, no significant differences in the arylsulfatase 358 

activities were observed between the soils of the different spoil heap levels. No significant differences 359 

in respiration activities were observed between the control and the spoil heap samples. However, a 360 

gradient of respiratory activity was observed between soil samples along the slope of the slag heap 361 

with significant differences between the levels 1-2 (1.79 and 1.75 mg O2 g-1 d-1 on average) and the 362 

level 4 (3 mg O2 g-1 d-1 on average). No significant differences between the different samples (i.e. spoil 363 

heap levels and controls) were observed for alkaline phosphatases, arylamidases, FDA and lipases 364 

(FDL) activities. Finally, AWCD of the different samples was not significantly different between the 365 

spoil heap and the control soils, thus indicating similar CLCPs in both the spoil heap levels and the 366 

controls.  367 

On a multivariate basis, PCA revealed that controls were clustered at the positive end of the 1st axis 368 

and thus were well discriminated from spoil heap samples (Fig.3), indicating that control soils were 369 

biologically the most active. In the case of the spoil heap samples it was not possible to discern any 370 

multivariate pattern structured according to elevation because of the patchy distribution of the different 371 

activities along the slope. 372 

 373 

3.3. Correlations and variance partition 374 

The detailed examination of univariate Pearson correlation coefficient between the different variables 375 

indicated some significant correlations (Tab. 4), the highest negative correlation detected being the one 376 

between FDA and ratio A (-0.71).  377 

Partitioning of the variance in the response data (microbiological) into the contribution of the two 378 

subsets of environmental variables (i.e. physico-chemical and 13C NMR quality) was thereafter 379 
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performed on the whole (heap and controls) and the reduced (heap only) datasets (Fig. 4) as well as on 380 

each distinct response variable (heap only).  381 

Prior to partitioning, the most significant variables in the two subsets of environmental variables were 382 

selected using a step by step procedure and RDA. This selection is given in supplementary data (Table 383 

S2). Thereafter, the selected variables were also used to perform multiple linear regressions (Tab.5). 384 

 385 

For both the whole and reduced datasets (i.e. control + spoil heap samples; spoil heap samples only), 386 

the sum of the net (marginal) explained variances (i.e. physico-chemical and 13C NMR) was twice 387 

higher considering only the spoil heap model (44 % vs 23 %) (Fig. 4). For both datasets, explained net 388 

variance of NMR variables was twice higher than that of physico-chemical variables (26.5 % vs 13.2 389 

%). Explained variance of each microbiological variable was performed only on soil heap samples 390 

(Fig. 4). Strong variations of total net explained variances were observed as a function of the microbial 391 

variable considered. Arylsulfatase, alkaline phosphatase and arylamidase activities showed the highest 392 

explained variances (between 89 and 69 %) whereas AWCD (Biolog) and FDA had the lowest values 393 

(5.2 and 6.7 % respectively). Partitioning the variance between physico-chemistry and 13C NMR 394 

effects on microbiological variables also showed large differences. For some microbial variables, 395 

variances were more explained by net effects of 13C NMR variables (arylamidase 98 %, β-glucosidase 396 

96 %, lipase (FDL) 83 %, respiration 77 %, FDA 73 %), while the variances of other microbiological 397 

variables were more explained by net effects of physico-chemical variables (acid phosphatase 85 %, 398 

arylsulfatase 67 %, alkaline phosphatase 64 %). From the environmental variables previously selected 399 

by RDA (Tab. S2), multiple linear regression analyses (MLR) were also generated for each microbial 400 

variable. Significant adjusted R2 and β-coefficients are given in Table 5. The highest and significant 401 

R2 were obtained with the 13C NMR quality. Moreover, β-coefficients were calculated and were 402 

complementary to the previous statistical calculations, enabling negative or positive effects of the 403 

different explicative variables to be visualized. The most significant effects were negative NMR 404 

effects which were mainly attributed to recalcitrant C, i.e. aromatic, phenolic and alkyl C contents. 405 

Accordingly, the best models were obtained for arylamidase (adj. R2 0.86***) and β-glucosidase (adj. 406 
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R2 0.59**) activities, which were clearly and negatively influenced by the richness in aromatic C. 407 

Three other microbial variables, FDL, FDA and basal respiration, were less strongly but significantly 408 

influenced by C quality signature (adj. R2 of 0.35*, 0.44* and 0.47* respectively), especially the 409 

content in alkyl-C. Some significant models were also obtained between some microbial variables (β-410 

glucosidase, arylsulfatase, FDA, Oxitop BR) and physico-chemical variables (carbonate, N, clays, 411 

CEC), but their levels of significance were lower than those obtained with the sub-set of NMR 412 

variables (adj. R2 ranging between 0.23* and 0.41*).  413 

 414 

4. Discussion 415 

Lignite or coal waste tailings have considerably modified large surface areas worldwide. This is also 416 

the case in the Provence coal mine basin, in France. Currently, only a few deposits remain visible at a 417 

landscape scale because of their natural spontaneous plant colonization. Concomitantly to the 418 

establishment of the vegetation, soils have developed on the tailings. Our objectives were to 419 

characterize these soils and to compare their properties to those developed on the neighboring natural 420 

substratum, and in particular, to decipher the role of both the geomorphology and the presence of 421 

lignite in the spatial structuring of the biogeochemical characteristics of these soils. It was not possible 422 

to directly quantify the total amount of lignite remaining in the different soil profiles, as the 423 

quantification of lignite in soils or mine coal wastes remains a challenge (Roth et al., 2012). 424 

Characterization of the organic matter quality by solid state 13C NMR was thus necessary to track the 425 

presence of lignite in the surface horizons. This proxy was tested and validated by Clouard et al. 426 

(2014) and Rumpel et al. (1998), who showed that aromatic C, aromatic index and ratio A parameters 427 

were typical of the presence of lignite in soil. 428 

 429 

4.1.  Spoil heap soils significantly differ from control soils 430 

We first aimed to compare the typology of control soils from the natural site and heap soils measuring 431 

both physico-chemical and microbiological variables. Control and spoil heap soils presented the same 432 

sequence of poorly developed horizons, but their morphology and their physico-chemical 433 

characteristics were different as detailed below.  434 
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The main morphological difference between the two types of soil was the thickness of the whole soil 435 

profile: while control soils presented a maximum of 0.25 m thickness, the average thickness of the 436 

heap soils was about 0.7 m (Fig. S2). This larger thickness may be due to the loose/powdery material 437 

characteristic in which the heap soils develop allowing for an accelerated water circulation and thus 438 

pedogenesis in the chore of the material unlike for the control soils, which are developed from hard 439 

limestone. Some physico-chemical properties also differed between control and coal heap soils. 440 

Controls were clearly richer in clay and on the contrary poorer in sand indicating a clay loam texture, 441 

while coal heap soils were exclusively classified as loam. The texture, added to soil thickness, 442 

indicated that spoil heap possessed physically favorable characteristics for vegetation establishment as 443 

observed on site where both control and spoil heap stands were visually very similar. In addition, the 444 

thickness of the A horizon was similar on both the spoil heap and in the control soils after only 55 445 

years, indicating an active early pedogenesis or a reduced organic matter mineralisation due to lower 446 

enzymatic activities and leading to an enhanced stock of organic matter. However, the extent of the 447 

organo-mineral aggregation and its stability would need further study to conclude on the physical 448 

fertility status of these soils. A related and interesting study was performed by Panagopoulos and 449 

Hatzistathis (1995) on spoil heaps from lignite mining in Greece, under the same bioclimatic 450 

conditions (i.e. sub-humid Mediterranean bioclimate) and on a similar mineral substratum (i.e. 451 

calcareous). On their naturally revegetated stands, the texture of the A horizons was similar (145-200 g 452 

kg-1 clay, 340-460 g kg-1 silt and 180-230 g kg-1 sand) to that of the Armand soils. In addition, in a 453 

previous study (Clouard et al., 2014), we compared an aged soil developed on a lignite outcrop of the 454 

same origin as the lignite exploited at the Armand mine, and a nearby natural soil without lignite, 455 

similar to the Armand control soils. Control soils (without lignite) of these two sites had similar 456 

textures (clay loam / silty clay loam, (Fig. S4), a similarity which can be explained by both the same 457 

geological parent material and the same Mediterranean vegetation cover (scrubland dominated by 458 

Quercus alba and Pinus Halepensis). On the contrary, when comparing soils from these two studies 459 

developed in the presence of lignite, differences in texture were observed between spoil heap and 460 

outcrop soils. Aged soil (geological) had a finer texture (silty clay) than young soils (spoil heap), 461 

which presented a loamy texture. This comparison suggests that, on the long term, the presence of 462 
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lignite, in combination with bedrock limestone, may affect soil texture and thus soil physico-chemical 463 

quality. However, we are aware that care must be taken with this hypothesis because Clouard et al. 464 

(2014) investigated natural soils whereas our present study was done on technosols with complex 465 

historical traits of life. 466 

Considering C contents, with mean values of respectively 550 g kg-1 and 85 g kg-1, carbonate and Corg 467 

contents of the Armand spoil heap soils were also similar to those reported by Panagopoulos and 468 

Hatzistathis (1995) (553 g kg-1 and 73.7 g kg-1 respectively). Therefore, for these physico-chemical 469 

variables, it seems that the dynamics patterns observed could represent a general trend for unmanaged 470 

young spoil heap soils under similar mineral parent material and bioclimatic conditions. However, in 471 

the case of Ntot content and C/N values, our results diverged from those of Panagopoulos (2013), since 472 

we obtained higher Ntot values and therefore lower C/N ratios. This can be easily explained by the age 473 

of the spoil heaps, the plant colonization chronosequence and the establishment of soil N2 fixing 474 

microbial communities as mentioned by Baldrian et al. (2008) on brown coal heap. Indeed, the 475 

Armand spoil was 55 years old, while the spoils described by Panagopoulos (2013) were only 14 years 476 

old. Moreover, this may reflect a more evolved soil organic matter status since N and C/N values were 477 

close to those of the nearby control soils. Heap soils also exhibited some differences in their 478 

mineralogical composition. Unlike in the control plots, dolomite and clinochlore were absent in the 479 

spoil heap soils, whereas hematite and anorthite were only present in spoil heap soils. Anorthite is 480 

highly weatherable and it may favor an early pedogenesis. Lignite is known to contain 481 

pyrite/marcasite (FeS2) (Ogala et al., 2012) , which oxidation can induce the formation of hematite and 482 

thus explain its presence in the spoil heap. Alternatively, hematite could be either inherited from the 483 

calcareous rock or the result of combustion processes (Masalehdani et al., 2009) that occur in spoil 484 

heaps with lignite or coal residues (Thiery et al., 2013); as already mentioned, self-combustion is 485 

indeed an event that occurred in the past on the Armand spoil heap before its spontaneous plant 486 

colonization. 487 
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Microbial analyses showed that control soils had globally higher microbial activities than heap soils, 488 

with acid phosphatase, arylsulfatase and β-glucosidase activities being the best differentiating 489 

variables. 13C CPMAS NMR analysis also discriminated between control and spoil heap soils. Control 490 

soils had higher contents in O-Alk-C than spoil heap soils, which were richer in structures more 491 

recalcitrant to C biodegradation such as aromatic C. Soil organic matter (SOM) quality between 492 

control and heap soils was clearly and significantly different, and this parameter has been recognized 493 

(Alarcon-Gutierrez et al., 2009) to influence microbial biomass and microbial activities (e.g. enzyme 494 

activities). Thus, the richness in easily assimilable C contents (O-Alk-C including carbohydrates) was 495 

probably the main driver explaining the higher enzyme activities observed in the control soils. 496 

 497 

4.2. Variable evolution along the slope of the spoil heap 498 

One objective of our study was to test the role of the slope as a discriminating factor for soil 499 

characteristics. We thus spatialized soil-bio-physico-chemical properties along the slope and 500 

investigated the determinism of their interactions. Some physico-chemical properties did indeed 501 

present a gradient along the slope. The foot of the spoil heap was characterized by enrichment in sand 502 

and carbonate, while the highest values in clay, CEC, Corg contents and C/N were observed at the 503 

highest levels. The most probable explanation for this trend is that the calcareous sand (probably 504 

present in the dumped material), having no cohesion and being more sensitive to erosion, tended to 505 

accumulate downhill during rainy events at the early stage of dumping, while no vegetation had yet 506 

been established. There is no obvious on-going erosion, which is now prevented by the actual dense 507 

vegetation. No dissolution and/or precipitation figures were observed in the soil profiles that would 508 

support a soluble transport. This agrees with Nyssen and Vermeersch (2010), who found that slope 509 

affects the geomorphic dynamic, the coarse elements being more abundant at the foot of a spoil. The 510 

resulting larger clay content at the top of the heap may have helped stabilize organic matter and 511 

therefore induce an increase in CEC and Corg. This may also explain the gradients in the 13C NMR 512 

quality observed for some C pools: aromatic C and alkyl C were far more abundant at the top of the 513 

heap probably because of the larger clay and Corg contents.  514 
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 515 

Despite these trends, many parameters presented high coefficients of variation, thus also revealing a 516 

patchy co-structure. A similar kind of heterogeneous spatial distribution was also observed by Frouz et 517 

al. (2011), who argued that this heterogeneity is determined by many biotic and abiotic factors, as well 518 

as their interactions. This is especially true for spoil anthropogenic soil characterized by their traits of 519 

life and the heterogeneity of the deposited material itself and the way it was dumped (Baldrian et al., 520 

2008) which, as a result, can induce a heterogeneous vegetation development and concomitant 521 

spatially heterogeneous pedogenetic processes (Boruvka et al., 2012). The age of the pines was 522 

determined along the slope and did not show any structured pattern according to the position of the 523 

trees on the slope, and thus belongs to such a paradigm (Dr F. Guibal, personal communication). For 524 

the last subset of variables, i.e. microbial activities, neither gradient, nor any structured pattern were 525 

observed.  These response variables had a patchy distribution that calls for other explanations which 526 

are discussed below.  527 

 528 

4.3.  Lignite impacts SOM quality and microbial activities 529 

Spoil heap samples were clearly enriched in aromatic C and thus had high AI and ratio A values, 530 

which are typical of a lignite signature (Chabbi et al., 2007; He et al., 2019). These results confirmed 531 

our previous results obtained with a soil developed from a lignite outcrop (Clouard et al., 2014). They 532 

are also in accordance with several other studies performed on various soils enriched in lignite and 533 

mentioning high peaks in the aromatic C region (Kögel-Knabner, 1997; Rumpel et al., 1998; Kögel-534 

Knabner, 2000; Rumpel et al., 2000 a & b; Fettweis et al., 2005). The higher values of these proxies 535 

were concomitant with a decrease in microbial activities. From diverse ordination techniques, our 536 

results clearly evidenced that microbial activities of the spoil heap were mainly structured by the 537 

quality of SOM in relation with the presence of lignite, with lignite abundance indicators having 538 

negative effects on most of the microbial variables. Up to now, an explanation for this phenomenon 539 

has remained difficult to establish. Lignite has been suggested to be an inert material and very few 540 

studies have mentioned the possibility for microorganisms to use it as a C source (Opara et al., 2012). 541 

Rumpel et al. (2001) and Rumpel and Kogel-Knabner (2004) mentioned the possibility for soil 542 
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microorganisms to transform and incorporate lignite in their biomass, but the C proportion was very 543 

low compared to recent soil organic matter. Considering potential effects on the composition of soil 544 

microbial communities, Tran et al. (2015) reported that lignite had very limited impacts on soil 545 

microbial biodiversity. In our study, we suggest that the lower microbial activities observed in the 546 

spoil may be due to a relative enrichment in the C pool derived from lignite (black carbon), which is 547 

more recalcitrant to degradation by microorganisms and thus limits the expression of their 548 

mineralizing enzymes. We observed the same activity pattern (Clouard et al., 2014) in a soil developed 549 

from a lignite outcrop. In that study, the use of a ∆ 14C model (Stuiver and Polach, 1977; Rumpel et 550 

al., 2003) allowed us to distinguish the functional relationships between microorganisms and the two 551 

C pools, i.e. fossil black C and recent plant C. It demonstrated that the recent C pool was the sole C 552 

fraction able to exert a positive influence on microbial activities, while the black C pool was devoid of 553 

any stimulating effect on soil microbial metabolism. Unfortunately, C ranges between our 2 studies 554 

were very different, ruling out the extrapolation to the Armand spoil of the model we used for the 555 

lignite outcrop to quantify both recent and lignite C pools, probably because of the large difference in 556 

soil age. Another explanation may be a direct inhibitive effect of lignite, especially on enzyme 557 

activity, as it has been shown that charcoal can adsorb enzymes and can thus reduce their activities 558 

(Daoud et al., 2010; Wang et al., 2011). 559 

 560 

5. Conclusions 561 

 562 

This study was performed because of the gap of knowledge about lignite effects on characteristics and 563 

functioning of calcareous/alkaline soils. The approach chosen was to consider the topography of the 564 

slag heap and to demonstrate : i) that soil properties were heterogeneously distributed or influenced by 565 

the slope of the slag heap and ii) that lignite presence could modulate the expression of microbial 566 

functions. 567 

Control soils from the natural site and spoil heap soils differed in their 13C NMR signature with 568 

aromatic C, ratio A and aromatic index (AI), typical of lignite and, which were higher in spoil heap 569 

soils. They also differed in their microbiological activities, which were higher in control soils. The 570 
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lower activities observed in the spoil soils may be due to a relative enrichment in the C pool derived 571 

from lignite. The presence of lignite also discriminated soils from the heap: the patchy distribution of 572 

lignite on the heap induced a patchy distribution of microbial activities.  573 

Heap soils were also discriminated according to their location along the slope: soils at the top of the 574 

heap had higher clay and lower carbonate contents, while soils at the bottom of the spoil heap had 575 

higher CEC, carbonate and sand contents. This trend highlights the importance of physical evolution 576 

of the heap, probably during the early stage of soil development, when vegetation is scarce. Also, 577 

control and heap soils differed in texture, with more clay in control soils than in heap soils, which can 578 

be explained by the different “parent” materials and duration of the pedogenesis processes of the two 579 

pedosystems. 580 

This study also evidenced a very active pedogenesis since thick soil profiles developed on the spoil 581 

heap in a few decades (within 55 years). As we mentioned in the site description section (see 2.1.), the 582 

formation of slaked lime with a powdery texture following past events of self-combustion of the spoil 583 

heap is also probably of major importance for explaining the quickness of soil formation. This 584 

confirms the interest of studying lignite mine tailings in a context of calcareous/alkaline soils because, 585 

under acidic conditions, soil formation is recognized in the literature to be slower with the need of 586 

remediation procedures. 587 

In conclusion, the pedogenesis of soils on lignite spoil heaps seems to be quite rapid and the evolution 588 

trend depends on the heap morphology and the presence of lignite, which has either a negative or at 589 

least no effect on microbiological activities. As they gradually blend into the landscape, the slag heaps 590 

become less and less easily identifiable, especially the oldest heaps such as the Armand heap. 591 

Nevertheless, after only 55 years, age of the Armand slag heap, we can consider that the soils are still 592 

in phase of evolution and that it is difficult to predict what their future evolution will be. It would 593 

therefore be desirable to monitor these heaps over the long term in order to contribute to a better 594 

understanding of this specific anthropogenic environment and to obtain data that would be useful for 595 

mine site remediation. 596 

 597 
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Figure captions 839 

 840 

Fig. 1. PCA of physico-chemical characteristics of control and spoil heap soils (squares are control 841 

soils (C) from natural site  included in the analysis as additional and passive observations). Legend of 842 

soil samples: 1st number refers to spoil heap level/belt (1 to 4); 2nd number refers to the composite soil 843 

replicate; example: 2.3. refers to the third composite sample of the level 2 of the spoil heap. 844 

 845 

Fig. 2. PCA of 13C CPMAS NMR signals of control and spoil heap soils (squares are control soils (C) 846 

from natural site included in the analysis as additional and passive observations). Legend of soil 847 

samples: 1st number refers to spoil heap level/belt (1 to 4); 2nd number refers to the composite soil 848 

replicate; example: 2.3. refers to the third composite sample of the level 2 of the spoil heap. 849 

 850 

Fig. 3. PCA of biological activities of control and spoil heap soils (squares are control soils (C) from 851 

natural site included in the analysis as additional and passive observations). Legend of soil samples: 1st 852 

number refers to spoil heap level/belt (1 to 4);  2nd number refers to the composite soil replicate. 853 

example: 2.3. refers to the third composite sample of the level 2 of the spoil heap. 854 

 855 

Fig. 4. Partitioning of the net variance in the response data (microbiological) into the contribution of 856 

the two subsets of environmental variables (i.e. physico-chemical and 13C NMR quality) on the whole 857 

(heap and controls from natural site) and the reduced datasets (heap only) and on each individual 858 

microbial variable (heap only). 859 

 860 

Supplementary files 861 

 862 

File “Supplementary figures” includes : 863 

- Supplementary Figure S1. Aerial view of the Armand spoil heap (Peypin, France) 864 

and location of the collected soil samples. The sampling strategy on the heap and the making 865 

of the composite samples are also detailed. Satellite image from Google Earth. 866 
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- Supplementary Figure S2. Typical a) control (natural site) and b) spoil heap profiles 867 

at the Armand site. Names are given after WRB (2015). 868 

- Supplementary Figure S3. Coefficients of variation of the different variables of the 869 

Armand spoil heap. 870 

- Supplementary Figure S4. USDA Diagram of textural classification of surface (A) 871 

horizons of the Armand spoil heap and control (natural site) soils and comparison with Kirbon 872 

lignite outcrop soils (Kirbon hamlet, Trets, Bouches du Rhône, France) with and without 873 

lignite A and A/C horizons*; * data from Clouard et al.  (2014); Textural diagram from 874 

www.nrcs.usda.gov/wps/portal/nrcs/detail/soils. 875 

 876 

File “Supplementary tables” includes : 877 

- Supplementary Table S1. XRD analysis of minerals in soil samples.1/0 means presence / 878 

absence. 879 

- Supplementary Table S2. Selected variables in physico-chemical and 13C NMR subsets 880 

of data. X1 and X2 refer to the variables used respectively for the physico-chemical and 881 

13C NMR fractions of variance partitioning. 882 

 883 



35 

 

 884 

Tables 885 

 886 

 887 

Table 1. Physico-chemical characteristics of spoil heap and control (natural site) soils. Means (± SE, n=3 for level 1 and n=4 for level 2, 3, 4 and 888 

control) with different letters within a column are significantly different based on Kruskal-Wallis post hoc test (P < 0.05) 889 

Level pH 
Carbonates 

(g kg-1) 

Corg 

(%) 

Ntot 

(%) 

C/N  

ratio 

Clay  

(g kg-1) 

Silt 

(g kg-1) 

Sand 

(g kg-1) 

CEC      

(cmol+ kg-1) 

Level 1 8.53 ± 0.1 a 656 ± 120 a 5.1 ± 2.2 a 0.5 ± 0.2 a 10.1 ± 1.6 a 135 ± 15 c 346 ± 55 b 520 ± 66 a 25.0 ± 6 b 

Level 2 8.47 ± 0.08 a 524 ± 95 abc 8.0 ± 2.7 a 0.6 ± 0.2 a 14 ± 2.2 ab 169 ± 7 b 389 ± 102 ab 442 ± 108 a 34.2 ± 8.4 ab 

Level 3 8.46 ± 0.15 a 562 ± 106 abc 9.7 ± 3.1 a 0.7 ± 0.1 a 14.1 ± 3 b 166 ± 18 bc 395 ± 19 ab 439 ± 31 ab 37.1 ± 2.8 a 

Level 4 8.50 ± 0.05 a 461 ± 16 b 11.3 ± 3.3 a 0.6 ± 0.2 a 19.7 ± 2.1 b 175 ± 21 b 439 ± 24 a 387 ± 33 b 40.4 ± 3 a 

Controls 8.40 ± 0.11 a 400 ± 56 c 10.4 ± 2.4 a 0.7 ± 0.3 a 15.2 ± 3.6 ab 342 ± 60 a 436 ± 85 ab 222 ± 32 c 39.1 ± 6.7 a 

 890 
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 892 

Table 2. Absolute intensities (mg g-1) derived from the 13C CPMAS NMR spectra of spoil heap and control (natural site) soils. Means (± SE, n=3 for 893 

level 1 and n=4 for levels 2, 3, 4 and controls) with different letters within a column are significantly different based on Kruskal-Wallis post hoc test 894 

(P < 0.05) 895 

Level Alkyl C Methoxyl C O-alkyl C Aromatic C Phenolic C Carboxyl C Ratio A Aromatic Index 

Level 1 9.4 ± 2.65 b 2.6 ± 1.08 a 13.1 ± 4.65 b 8.6 ± 4.52 b 2.5 ± 1.3 a 3.2 ± 0.99 a 1.1 ± 0.23 b 0.2 ± 0.07 a 

Level 2 20.2 ± 2.95 a 4.8 ± 2.06 a 19.5 ± 2.71 b 23.7 ± 9.67 a 3.5 ± 0.64 a 5.4 ± 0.67 ab 1.8 ± 0.42 a 0.3 ± 0.1 a 

Level 3 21.6 ± 5.61 a 3.7 ± 0.78 a 23.3 ± 9.41 b 23.6 ± 4.81 a 3.1 ± 1.35 a 5.4 ± 1.58 b 1.6 ± 0.37 ab 0.3 ± 0.02 a 

Level 4 24.9 ± 7.79 a 4.3 ± 0.97 a 20.9 ± 5.04 b 32.2 ± 10.99 a 3.3 ± 1.55 a 6.1 ± 1.15 ab 2.2 ± 0.86 a 0.3 ± 0.08 a 

Controls 18.9 ± 5.15 a 6.1 ± 2.4 a 32.9 ± 7.69 a 9.9 ± 2.46 b 3.3 ± 0.65 a 6.7 ± 1.31 a 0.7 ± 0.17 b 0.1 ± 0.01 b 
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Table 3. Enzymatic activities (basic phosphatase, acid phosphatase, β-glucosidase, arylsulfatase, arylamidase, lipase and FDA hydrolase), basal 917 

respiration measured by Oxitop® system and functional diversity measured by Biolog® system in the different levels (1, 2, 3 and 4) on the spoil heap 918 

and in the control (natural site) soils. Means (± SE, n=3 for level 1 and n=4 for levels 2, 3, 4 and controls) with different letters within a column are 919 

significantly different based on Kruskal-Wallis post hoc test (P < 0.05). 920 

Level 
BPH  

(mU g-1MS) 

APH  

(mU g-1MS)  

β-glu  

(mU g-1MS) 

ArylS  

(mU g-1MS) 

ArylN  

(mU g-1MS) 

FDL  

(mU g-1MS) 

FDA  

(mU g-1MS) 

Oxitop BR 

(mg O2 g-1 d-1) 

 Biolog  

(AWCD) 

Level 1 81.26 ± 29.37 a 64.76 ± 19.68 b 5.71 ± 1.59 ab 74.30 ± 61.01 b 10.72 ± 5.51 a 0.34 ± 0.18 a 38.36 ± 8.07 a 1.79 ± 0.73 b 0.34 ± 0.14 a 

Level 2 66.72 ± 25.5 a 61.18 ± 5.32 b 5.00 ± 0.96 b 75.65 ± 11.32 b 11.99 ± 2.93 a 0.41 ± 0.16 a 35.66 ± 7.85 a 1.75 ± 0.45 b 0.51 ± 0.18 a 

Level 3 86.90 ± 4.15 a 67.40 ± 9.61 b 5.25 ± 0.43 b 87.98 ± 12.15 b 13.42 ± 3.98 a 0.84 ± 0.43 a 41.11 ± 7.76 a 2.24 ± 0.73 ab 0.47 ± 0.21 a 

Level 4 92.65 ± 15.25 a 62.20 ± 7.23 b 4.70 ± 1.1 b 77.82 ± 17.8 b 12.66 ± 2.64 a 0.72 ± 0.57 a 30.21 ± 10.27 a 3.00 ± 1.69 a 0.42 ± 0.20 a 

Controls 101.78 ± 36.29 a 170.70 ± 34.46 a 6.95 ± 0.45 a 368.70 ± 58.03 a 8.66 ± 2.72 a 0.80 ± 0.46 a 46.81 ± 9.55 a 2.93 ± 0.21 ab 0.48 ± 0.19 a 
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 922 

 923 

 924 

Table 4. Pearson correlation values obtained between microbial activities and environmental  925 

variables in soil samples of the Armand spoil heap. Values in bold are significant at P < 0.05. 926 

 Microbial activity 

Environmental 

variables 
BPH APH β-glu ArylS ArylN 

FDL 

(lipase) 
FDA Oxitop AWCD 

Carbonates -0,27 0.25 0.34 0.36 0.02 0.03 0.17 -0.25 -0.10 

Corg 0.12 0.14 0.08 0.15 0.23 0.16 0.13 0.15 0.23 

N 0.08 0.48 0.47 0.43 0.07 0.28 0.42 0.04 0.35 

C/N 0.09 -0.24 -0.33 -0.14 0.32 -0.05 -0.27 0.32 0.02 

Clay  -0.02 -0.02 -0.16 0.09 0.15 0.12 -0.47 0.53 0.29 

Silt -0.14 0.05 -0.18 0.01 -0.24 0.29 -0.25 0.29 0.11 

Sand 0.12 -0.04 0.19 -0.04 0.16 -0.28 0.33 -0.39 -0.17 

CEC 0.07 0.20 -0.07 0.15 0.10 0.34 0.03 0.27 0.28 

Alkyl-C 0.09 0.09 -0.14 0.11 -0.02 0.36 -0.35 0.68 0.28 

Methoxyl-C -0.23 -0.11 0.43 -0.04 0.22 -0.30 -0.11 0.18 0.03 

O-alkyl-C 0.28 0.38 0.17 0.27 0.37 0.19 0.31 0.22 0.17 

Aromatic-C -0.02 -0.14 -0.45 -0.18 -0.07 0.15 -0.42 0.50 -0.16 

Phenolic-C -0.12 0.06 -0.05 -0.21 -0.54 0.41 -0.23 0.23 0.27 

Carboxyl-C 0.24 0.21 -0.04 0.09 0.17 0.25 -0.02 0.28 0.17 

Ratio A -0.16 -0.33 -0.53 -0.27 -0.28 0.15 -0.71 0.62 -0.14 

AI -0.14 -0.33 -0.58 -0.36 -0.18 0.13 -0.46 0.22 -0.24 
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 929 

 930 

Table 5. Multiple linear regressions between microbial responses and environmental variables  931 

(13C NMR OM quality and physico-chemical variables).  932 

β-coefficient 

Model Alkyl C Methoxyl C O-Alkyl C Phenolic C Carboxyl C 
Aromatic 

index 
Adj. R2 

BPH 0.41ns -0.58ns 0.54ns -0.56ns 0.15ns 

APH -0.29ns 0.51ns -0.33ns 0.15ns 

Glu -0.54* 0.52* -0.81** 0.59** 

ArylS -0.51ns 0.69. -0.57. 0.20ns 

Aryln -1.14*** 1.12** -0.44** 0.86*** 

FDL 0.70* -0.66* 0.35* 

FDA -0.66* 0.69* -0.25ns 0.44* 

BR 1.07** -0.26ns -0.37ns 0.47* 

AWCD 0.41ns -0.38ns 0.08ns 

β-coefficient 

Model Carbonates N C/N Clay Sand CEC Adj. R2 

BPH 1.31** -0.28ns 0.57ns 0.91. 1.60* 0.40. 

APH 0.63ns 0.36ns -0.13ns 0.56ns 0.26ns 

Glu 0.45. 0.56* 0.32* 

ArylS 1.10* 0.31ns 0.29ns 0.64. 0.41* 

Aryln 0.59ns 0.76. 0.13ns 

FDL 0.59ns 0.77. 0.16ns 

FDA 0.46. 0.50* 0.34* 

BR 0.03* 0.23* 

AWCD 0.35ns 0.05ns 

*** P < 0.001; ** P < 0.01; * P < 0.05; . P < 0.1; ns: not significant. 933 
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