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Abstract

Purpose Technosol management is one of the greatest chal-
lenges for the future, more specifically as regards supporting
and/or restoring ecosystems. The understanding of natural soil
organic matter (SOM) dynamic from Technosol may give im-
portant information about soil functioning and Technosol
evolution.

Materials and methods According to this, SOM from three
French old mine Technosols, (an old tin mine, a lead and zinc,
and a gold one which is arsenic-rich), were studied and char-
acterized using thermochemolysis coupled with gas chroma-
tography and mass spectrometry (GC-MS) with tetramethyl
ammonium hydroxide (TMAH) as reagent and FTIR. The
characterization and quantification of some specific
biomacromolecules, used as biomarkers, indicate the specific
level of incorporation relative to various subgroups. Global
parameters of soils (pH, total organic matter, cation exchange
capacity...) were also evaluated.

Results and discussion Results on bulk samples show that
lipids are the most reactive group and therefore play the most
important role in young soil pedogenesis. All of the results
show that the behavior of SOM of the Technosol is similar to
homolog non-anthropized soil and depends on vegetation

type.
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Conclusions A slight inhibition of bacterial activity is ob-
served which underlines a protective effect of Technosols on
SOM degradation due to the low pH, the high clay content,
and the presence of AP* and metal(loid)s. In fine, lipid frac-
tion of SOM may act as a well-done fingerprint of pedogene-
sis processes in Technosols.

Keywords Biomarkers - Py-GC-MS - Soil organic matter -
Technosols - Thermochemolysis

1 Introduction

Technosols represent soils subject to strong anthropogenic
pressure and particularly to soil influenced by human-made
or transformed materials. In this context, mining anthropogen-
ic soils from old abandoned mine zones are spreading
(Shrestha and Lal 2011; Mukhopadhyay et al. 2014) and con-
tain a large amount of transformed waste materials often
enriched with metals and/or metalloids, thus inducing poten-
tial harm to living organisms (Pascaud et al. 2014, 2015;
Kumar et al. 2014).

Actually, it is well-known that the natural evolution of
Technosols (pedogenesis) may induce the change in contam-
inant behavior in terms of stability of bearing phases, modifi-
cation of pH oxydo-reduction conditions, organic matter turn-
over, change in permeability, or influence of vegetation cover.
In fine, the artificialization exerts a direct impact on natural
soils by changing both their primary functions and types (from
“natural” soils to Technosols). Little is known about
Technosol function because of their early development and
their low economical attractiveness. As expected in the recent
review paper of Leguedois et al. (2016), the understanding of
the evolution of Technosols (including mine Technosols) and
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the processes involved is an important step necessary for cog-
nitive, applied, and communication goals.

The soil organic matter (SOM) in soil is composed of a
heterogeneous fraction of organic compounds (Naafs et al.
2004; Sleutel et al. 2008; Wiesenberg et al. 2012; Huot et al.
2014) such as untransformed molecules like plant residues
and microbial compounds, or transformed molecules resulting
from biological degradation (De la Rosa et al. 2012;
Gonzalez-Pérez et al. 2012; Carr et al. 2013). This large mo-
lecular panel is very complex since it consists of several chem-
ical compound groups as lignin, carbohydrates, proteins, ste-
rols, stanols. .. and closely depending on the soil specificity. In
this way, in a reverse vision, the SOM chemical composition
can be a revelator of soil functioning. Indeed, the SOM im-
proves the soils functions by supporting some ecosystems
services like water retention, purification, nutriment storage,
and carbon sequestration (Janzen 2004). Recently, Huot et al.
(2014) have demonstrated that the SOM study can provide
potential historical indications to be archived as well as infor-
mation relative to the contemporary soil organic matter dy-
namic and soil biological activity (Marseille et al. 1999;
Nierop et al. 2005). So the use of molecular marker may
provide information on the origin and the degradation rate of
organic compounds and in fine onto soils functioning even in
the Technosol’s early stage formation. According to this fact,
the information on SOM transformation offers the keys for the
understanding of Technosol evolution.

So, the aims of this paper are to study the global hu-
mification rate and way of mine Technosols by fine mo-
lecular characterization specially focusing on free lipids as
vegetal input tracers or biological biomarkers. Indeed, in
the case of contaminated anthropogenic soils for a remedi-
ation point of view, the control of influential factors related
to the SOM maturation will optimize the settings to im-
prove the biological soil function. The finality of this work
is to determine a fingerprint tool for Technosol pedogene-
sis processes. To do this, it is proposed to focus onto mine
soils (i.e., derived from mining wastes) as a Technosol
model with significant ecosystem functions even the pres-
ence of metallic contamination. Three French contaminated
Technosols from abandoned mines (a old tin mine, a lead
and zinc, and a gold one which is arsenic-rich) were sam-
pled and characterized according classical pedological in-
vestigations (cation exchange capacity (CEC), pH, total
organic matter (TOC), total nitrogen (TN), C/N, APPY,
grain size distribution) for the solum positioning according
to current pedological concepts. Next, the SOM dynamic
has been investigated at the global and the molecular
scales using respectively attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) and
thermochemolysis-GC-MS. The latter was applied on both
bulk soil and lipid extracts. At last, the general Technosol
SOM fingerprint has been compared to the natural soils.

2 Materials and methods
2.1 Site localization and background on soil properties

The studied mining sites were selected according to their geo-
chemical background and equivalent vegetation cover. The
majority of former French mines are located on an acidic
bedrock basement corresponding to old mountainous massifs
like the Armorican Massif, and the Central massif. The three
distinct sites herein were chosen for having mined Pb, Sn, and
Au in an acidic substrate. In order to compare Technosol de-
velopment under the same conditions, all the profiles were
sampled only on land with minimal slope. High slopes often
prove to be unstable and prone to erosion, which in turn in-
duces soil rejuvenation and limits plant growth (Osman and
Barakbah 2011). “Natural” plant recolonization was sponta-
neously established on all study sites. Regardless of the site, a
significant presence of birch and brambles was observed,
along with sparse shrub and tree growth and, at times, grass
growth. As regards the climate parameter, these sites all lie
below 750 m in altitude, and their average temperatures cor-
respond to a general oceanic climate pattern (i.e., between 10
and 15 °C over the year).

The localization of the three different sites studied herein is
presented in Fig. 1; they have been referenced: Abbaretz
(“ABZ”), Mioche (“MCH”) and La Petite Faye (“LPF”).
The physicochemical characteristics of each soil sample are
reported in Table 1. In succinct terms, Abbaretz (ABZ) is an
old tin mine located onto a carboniferous quartz vein of the
Armorican massif. The soil there has developed on an old
sedimentation basin with a water table near 25 cm, and the
vegetal cover corresponds to a tall leafy forest. The represen-
tative soil profile is shown in Fig. 1. According to the physi-
cochemical properties (Table 1) and redox traces, this anthro-
pogenic acidic soil (pH from 4.1 to 4.9) presents characteris-
tics of Redoxisol for the RP 2008 classification (AFES, 2008)
and as Stagnosol for the 2014 WRB (World Reference Base
for Soil Resources) classification.

Mioche (MCH) is located in the French Massif Central
region and originates from a former lead and zinc mine oper-
ating on a granitic basement. The soils were developed on
mine tailings, and the sparse vegetation corresponds to an
intermediate zone with few deciduous trees (birch) and some
lichens. The physicochemical properties and representative
soil profile are displayed in Table 1 and Fig. 1, respectively.
This anthropogenic acidic soil (low pH ranging from 4.1 to
4.4) shows a high AI** concentration in the C horizon and a
large grain size. Consequently, this soil exhibits characteristics
of Alocrisols (Cambisols) and Arenosols (RP and WRB
terms, respectively).

The “La Petite Faye” (LPF) samples stem from a former
gold mine and have been described previously (Ollivier et al.
2012; Wanat et al. 2014). These soils have been developed

@ Springer



J Soils Sediments (2017) 17:340-351

[Deps
m) ABZ

7.5YR4/3(dry)
A 36em  7,5YR33(dry)
el 6-13em 10YRS/4(dry)

oo 0-3em

clear transition.

2te2(e) 13-21em  2,5Y2/1(dry)
20

Fig. 1 French selected mine sites and profile presentation

from highly contaminated sediment stored in a settled basin.
The well-developed vegetation is composed of deciduous
trees, predominantly birch, oak, chestnut and beech, and dense
grassland. The presence of paracrystalline materials such as
ferrhydrite (8 %), in addition to an acidic pH (3.4 to 4.4) and
low density (see Table 1 and Fig. 1) illustrate the andic prop-
erties of this soil.

2.2 Sample collection and pedological analysis

The representative profile was selected during every cam-
paign. Each soil horizon was sampled, air-dried, and then
sieved to 2 mm before analysis.

The <2 mm fraction of the particle size distribution was
determined by sieving and stokes method after organic matter
destruction (NF X 31-107). The soil pH was measured with a
solid to liquid ratio of 1:5 in double deionized water (accord-
ing to the NF ISO 10390 Standard). The CEC was determined
by the 0.05-N cobaltihexamine method at the soil pH (NF ISO
31-130 Standard). Both TOC and TN were evaluated by
means of dry combustion.

Double deionized water (18.2 MQem ') was used for all
experiments. All reagents were of analytical grade or higher

purity.
2.3 Chemical analysis
Total metal(loid) contents were determined by X-ray fluores-

cence analyses (XRF) using an XMET 5100 marketed by
Oxford Instruments after preparation of pressed pellets.

@ Springer

Loam texture, large lumpy structure, liter of year, plant residues, clear transition.

Sandy loam texture, fine lumpy structure, dense roots network, clear transition.
Sandy loam texture, compact and homogeneous platty structure, few roots,

Loamy sand texture, fine polyhedral structure, capillarity zone.

0-2cm  2,5Y4/4(dry) Loam texture, large lumpy structure, liter of year, clear transition.
2-5cm  2,5Y7/4(dry) Loam texture, fine lumpy structure, dense roots network, clear
1 transition.

S5-11cm  2,5Y8/2(dry) Silty loam texture, compact and homogeneous platty structure,
few roots, clear transition.

10YR5/4(dry) Loamy sand texture, lumpy
structure, wavy transition.

2-5em  10YR7/8(dry) Sand texture, polyhedral

structure, clear transition.

A 02m

t¢ 5.30cm 10YR6/6(dry) Sand texture, polyhedral
structure.

2.3.1 Characterization of soil organic matter

Molecular analyses were performed on both bulk and lipid
fractions.

The lipid fraction from each horizon was extracted from the
bulk sample with dichloromethane/methanol (2/1) using a
Speed Extractor (Biichi) running at 80 °C, 50 bar, and with a
5-min contact time.

After solvent evaporation, 1 mg of lipids was moistened
with a 15 pL tetramethyl ammonium hydroxide (TMAH) so-
lution and then placed in a stainless steel cup prior to
thermochemolysis at 400 °C, as will be described hereafter.

The pyrolyzer was a Frontier Lab EGA 2020 model equipped
with an AS-1020E auto-shot sampler, coupled with gas chroma-
tography and mass spectrometry (GC-MS Shimadzu QP 2010
Ultra). GC separations were performed using an SLB-5SMS
(Supelco) capillary column (30 m long, 0.25-mm inner diameter,
0.25-um phase thickness). The injector temperature was set at
250 °C, while the column temperature was programmed from 50
to 300 °C min ™" at a rate of 5 °C m ' and held at 300 °C for
9 min. The ionization mode was electron impact (70 eV) and the
source temperature equaled 220 °C.

Thermochemolysis of the bulk fraction was performed at
400 °C (isothermal) using TMAH 50/50 v/v in methanol as the
alkylating agent. Three milligrams of soil were mixed with
15 uL of TMAH methanolic solution and placed in a stainless
steel cup introduced into the auto-shot sampler. The com-
pounds were identified on the basis of their GC retention times
and through comparison of their mass spectra with those of
reference compounds and of the NIST library,
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Organic bulk soil characteristics and relative percentages of the various classes of compounds identified in the bulk sample pyrograms (results expressed in %: peak area/y’ peak areas)

Table 1

Sterols

Carbohydrate  Fatty acids

Proteins

Lignin

Texture

CEC AP

pH (H0)

C/N  Free lipids

TOC N

Depth

Horizon

%

%

%

%

%

ecmolkg”'  cmolkg %
ND ND

% (MO)
9.4
8.5

-1

gkg
473

cm

0-3

0.8

75 55.3
4.7

24
3.6

0.1

34.1

ND

49

19.9

1.5
8.7

0.8

292.8

OL

ABZ

0.4
0.1

61.7

29.6
5.5

Silt

0.17
0.57
0.05
0.77
3.15

0.

16.0
1.8

49

24.1
6.1

18.7
8.8
39

164.0
6.7

3-6

92.1

2.3

Loam clay

4.1

529

6-13

Ztcl

0.3

98.0

1.3
11.2
0.1

0.0
3.5
0.1

0.3

Loamy sand

233 4.5

3.9

0.2

13-21 05 0.1
0-2 4.6

Ztc2(g)

MCH A

0.6
0.4

2.6

1.1

0.7

58.0

26.7
0.4

43

Loamy

9.8

4.4

4.4
0.7
0.4

14.3

65.8
2.3

99.0

Sandy
Sand

ND

4.6

4.1

17.7

13.8
9.7

0.2

2-5

92.3

0.4

0.3

84

2.0

42

19.4
7.2

0.8

1.2 0.1

5-30
0-2
2-5

Ztc

53.4

10.5
5.5

3.9
0.2

31.0
8.2

ND ND

44
3.8

43

18.7 9.7 22.5

181.0

96.6
8.2

4.9

OL

LPF

85.4

Silty loam

0.10
0.70

8.8

1.3
0.4

13.7 7.1
0.5

1.4
1.4

2.3

96.1

0.0
0.3

0.6

Silty loam

2.1

2.8

5.8

5-11

Ztcl

0.2

99.1

0.1

1.70 Silty loam 0.2

34 2.7

5.9

34

11-15

Ztc2

TOC total organic carbon, 7N total nitrogen, ND not determined

Attenuated total reflectance Fourier transform infrared
spectroscopy ATR-FTIR

ATR-FTIR spectra of the lipid extracts were recorded on a
Thermo Fisher Scientific 380 infrared spectrometer (Nicolet)
equipped with a diamond crystal. The IR spectra were record-
ed over a range of 400-4000 cm ' with a resolution of 4 cm .
Sixteen scans were collected per spectrum. The atmospheric
CO, contribution was removed with a straight line between
2400 and 2280 cm . Then, spectra were baseline corrected

and normalized.

3 Results and discussion
3.1 General characterization of SOM

The global characteristics of the soils such as C to N ratio,
TOC, TN, free lipid contents, and pH 120, are summarized in
Table 1. TOC values decreased with depth for all soil samples,
ranging from 292.8 to 0.5 g kg~' for ABZ, 65.8 to 1.2 g kg™
for M and 181.0 to 4.9 g kg™ for LPF. This finding is due to
soil organic matter being incorporated along the soil profile
(Wiesenberg et al. 2012). TN values also decreased with depth
(from 18.7 g kg ™' for LPF to 0.1 gkg ' for ABZ and MCH).
The C to N ratios of soil samples range from 19.9 to 3.9 for
ABZ, 14.3 t0 9.7 for MCH, and 9.7 to 3.4 for LPF (Table 1),
these values are in agreement with data in the literature (Matus
et al. 2014; Santana et al. 2015) and could suggest an increase
of decomposition of plant-derived compounds.

In the way to better characterize SOM in a structural point
of view, thermochemolysis-GC-MS of bulk samples was
done. The various compounds produced are reported in
Table 2. These compounds are characteristic of five distinct
origins, respectively, lignin, proteins, carbohydrate, fatty
acids, and steroids. Alkylbenzenes and phenolic compounds
(as methyl ethers) result from the thermal degradation of lig-
nin. Nitrogen-containing compounds originate from proteins,
whereas the thermochemolysis of cellulose produces furans
and glucose (Table 2). Fatty acids are detected as methyl esters
in the C;5—C3, range. Steranes and a steroidic ketone originat-
ing from sterols could be detected. Moreover, a by-product of
the arsenic-bearing phase was detected for the LPF profile
(molecule no. 23 in Table 2); its presence suggests that the
thermochemolysis of a highly contaminated soil in As may
induce the occurrence of oxides such as As;Og, which natu-
rally bias the organic compound quantification. This com-
pound seems to appear during thermochemolysis after recom-
bination between As and O in the oxidant pyrolyzer condition.
To avoid this bias, compound no. 23 will not be taken into
consideration during the quantification. This method, associ-
ated with the molecular chain summarized in Table 2, has been
devised in accordance with the surface horizons for these three
soil profiles. This relative quantification therefore enables
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Table 2 Pyrolysis products of bulk samples

n° Name Molecular weight RT Structure Origin
g.mol”! min

1 Hydroxy pyrrolidinedione 115 10.19 N P
2 Hydroxyethyl methyl pyrazolinone 142 11.34 ; I P
3 Benzoic acid methyl ester 136 12.08 C
4 Methyl cyclopentanedione 112 12.25 > C
5 Dimethoxy benzene 138 14.09 L
6 Methoxy dimethyl furanone 142 15.81 > C
7 Dimethoxytoluene 152 16.21 L
8 Ethyl dimethyl pyrazolinone 154 16.38 > P
9 Tertabutylcyclohexanone 154 19.17 N F
10 Ethenyl dimethoxy benzene 164 19.76 L
11 Trimethoxybenzene 168 19.86 L
12 Methoxy benzoic acid methyl ester 135 20.07 ' L
13 1.6-Anhydro-4 D-glucose trimethyl ether 101 20.27 C
14 Trimethoxy benzene 168 20.94 L
15 Trimethoxytoluene 182 22.73 L
16 Dimethoxy benzaldehyde 166 22.87 L
17 Dimethoxy propenyl benzene 178 23.10 L
18 Nonanedioic acid dimethyl ester 216 24.20 C11H2004 F
19 Dimethoxyphenyl ethanone 165 24.87 \ L
20 Dimethoxy benzoic acid methyl ester 196 25.44 L
21 Dimethoxy methoxyethenyl benzene 194 26.21 L
22 Dimethoxy methoxyethenyl benzene 194 26.52 L
23 Hexaoxa tetraarsatricyclo decane 396 27.07 As40¢ *
24 Propenoic acid methoxyphenyl methyl ester 192 27.45 { L
25 Trimethoxy benzoic acid methyl ester 226 28.24 v L
26 Dimethoxy (methoxy propenyl) benzene 208 28.74 L
27 Iso pentadecanoic acid methyl ester 256 29.59 Ci6H3,0, F
28 Anteiso pentadecanoic acid methyl ester 256 29.75 Ci6H3,0, F
29 Pentadecanoic acid methyl ester 256 30.37 C16H3,0, F
30 Heptadecanone 254 30.74 C7H340 F
31 Branched hexadecanoic acid methyl ester 268 31.66 C7H340, F
32 Dimethoxyphenyl propenoic acid methyl ester 222 31.82 L

Origin: P proteins, C carbohydrate, L lignine, F fatty acid, S sterols
*Pyrolysis by-product of As bearing phase
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Table 2 (continued)
n° Name Molecular weight RT Structure Origin
g.mol”’ min
33 Hexadecenoic acid methyl ester 268 31.99 C17H3,0, F
34 Hexadecenoic acid methyl ester Z 268 32.18 C7H3,0, F
35 Hexadecanoic acid methyl ester E 270 32.43 C7H340, F
36 Heptadecenoic acid methyl ester 282 34.35 CisH340, F
37 Octadecenoic acid methyl ester Z 296 35.74 C19H360, F
38 Octadecenoic acid methyl ester E 296 35.85 C19H360, F
39  Octadecanoic acid methyl ester Z 298 36.23 C19H330, F
40 Octadecadienoic acid methyl ester 294 36.58 C1oH340, F
41 Octadecenoic acid methyl ester Z 296 36.74 C19H360, F
42 Hexadecanoic diacid methyl ester 314 38.49 CisH3504 F
43 Eicosanoic acid methyl ester 326 39.73 Cy0H350, F
44 Uncosanoic acid methyl ester 340 41.37 C,1Hy00, F
45 Docosanoic acid methyl ester 354 42.95 CyH4,0, F
46 Methoxy nonadecanoic acid methyl ester 342 43.39 Cy1Hi,05 F
47 Tricosanoic acid methyl ester 368 44.45 Cy3Hy40, F
48 Heptacosane 380 45.46 Cy7Hss F
49 Tetracosanoic acid methyl ester 382 45.93 C,4Hy60, F
50 Methoxy uncosanoic acid methyl ester 370 46.39 Cy3Hy605 F
51 Methoxy Cl6 372 47.32 C16H3903 F
52 Docosanoic diacid methyl ester 398 47.79 C24Hy604 F
53 Nonacosane 408 48.24 CayoHgo F
54 Hexacosanoic acid methyl ester 410 48.71 CyHas0, F
55 Methoxy tricosanoic acid methyl ester 398 49.13 CpsHs005 F
56 Methoxy C18 414 49.99 Ci5H3305 F
57 Octacosanoic acid methyl ester 438 51.32 CosHs00, F
58 Dimethoxyphenyl dimethoxy-benzopyranone 342 51.89 L
59 - methoxy stigmastane 428 53.30 T S
60 o-methoxy stigmastane 428 53.30 e S
61 Tricontanoic acid methyl ester 466 54.29 C30Hs,0, F
62 Stigmastadiene-3-one 410 55.57 P S
1H.3H-Furo[3.4-c]furan.tetrahydro-1.4-
63 bis(3.4.5-Trimethoxyphenyl)-.[1S-(1.a.3a.a.4. 446 58.03 L
a.6a. a)]-
64 Dotricontanoic acid methyl ester 494 58.37 C3,Hs60, F

comparing the SOM repartition at these three study sites. The
range of relative group contents (expressed in % and calculat-
ed as follows: peak area/y’ peak areas) is presented in Table 1.

Fatty acids are the two main identified thermochemolysis
products. In contrast, steroids are detected as trace compo-
nents. The lignin percentages decrease from top to bottom of
the ABZ profile, respectively, from 34.1 to 0.3 %. This trend
seems to be nonlinear, with a strong decrease appearing be-
tween the A and Ztcl horizons (29.6 to 5.5 %). This same
trend is observed for protein fragments, whereas the cellulose
and sterol compound proportions show a linear decrease from
top to bottom (from 7.5 to 1.3 %). In contrast, the relative
proportions of fatty acid compounds increase with depth from
55.3 % for the OL horizon to 98 % in Ztc2(g). Similar trends
are obtained in the case of MCH and LPF soil profiles for the
lignin, protein, cellulose, and fatty acid class components.

Carbohydrate-derived products, however, are less mobilized
than the ABZ soil profile (Table 1).

On a global scale, the vertical repartition of SOM seems to
be similar for all origins. Lignin, proteins, and carbohydrate
are poorly incorporated over the soil depth, which is in agree-
ment with the literature (Jenkinson and Coleman 2008;
Thevenot et al. 2010; Carr et al. 2013). This fresh vegetal
organic matter is poorly incorporated in soils, whereas fatty
acids and sterols (i.e., the lipids; Quenea et al. 2004; de Blas
et al. 2013) are more readily incorporated. In fine, the lipids
correspond to the mobile and biodegradable fractions which
decrease with depth (Celerier et al. 2009). The migration of
lipid in the studied soils can be linked to the lower pH values
(see Table 1; pH values from 4.9 for ABZ to 3.4 for LPF in the
Ztc horizon) which increase their mobility (Nierop et al.
2005). On the other hand, the low pH values could not explain
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the large family migration differences from one profile to the
next (e.g., cellulose incorporation in the ABZ profile, differ-
ences in sterol behavior).

It is therefore obvious that other setting parameters are
capable of greatly affecting organic compound incorporation;
these parameters include the following: (i) physicochemical
properties such as particle size fractions (texture) and pH
values of soils (Quenea et al. 2004; Aciego Pietri and
Brookes 2008), (ii) soil toxicity towards microbiological life
and biological activity (Naafs et al. 2004), (iii) vegetation
cover type (De la Rosa et al. 2012; de Blas et al. 2013), and
(iv) the SOM structure. This latter behavior can be ascribed to
the difference in texture. Indeed, the high clay content ob-
served in mine Technosols (ABZ and LPF) can sometimes
increase SOM stability via sorption or complexation (Naafs
et al. 2004; O’Brien and Jastrow 2013). Moreover, for ABZ
Technosol, this behavior can also be explained by the change
of redox conditions due to the water table flapping (Ztcl—
Ztc2(g)) with periods of saturation and desaturation one. It
has been demonstrated that redox conditions promote the sol-
ubilization of SOM (Grybos et al. 2009; Hanke et al. 2014). In
our case, either SOM is being leached after solubilization,
which would explain the decrease of lipid % in Ztc2(g)
(ABZ), or Ztcl is being enriched by capillary rise.

Due to their reactivity with the mineral sphere, lipid bio-
availability and mobility at the profile scale are reduced by the
mine Technosol background (i.e., a large volume of clays, fine
material fractions, water conditions), yet it is obvious that
these lipids play a major role in the SOM dynamic; conse-
quently, the finest characterizations yield information on ori-
gin and decomposition type.

3.2 The lipid fraction as a tracer of the SOM origin

The lipid fraction was extracted and characterized using ATR-
FTIR and thermochemolysis-GC-MS pyrolysis; these results
are listed in Fig. 2 and Table 3, respectively. The infrared
spectra (Fig. 2a—c) of lipids for each soil profile reveal the
various functional groups present with depth. Regardless of
the soil profile, the bands localized at 2920 and 2850 cm ' are
correlated with the aliphatic group (alkanes) stretching band,
confirmed by a deformation band at 1460 and 1370 cm . The
750 cm ™" band is due to the ortho-substituted aromatic com-
pounds (stretching band). Aliphatic carboxylic acids have also
been identified by the band at 1710 cm™ ', corresponding to the
C = O carboxylic acid vibration. Furthermore, a shoulder at
1730 cm ! is attributed to ketones.

A comparison of the various spectra provides some infor-
mation about the incorporation of fresh soil organic matter.
Independent of the soil profile, no evolution can be observed
in the aliphatic group (alkanes) and aliphatic carboxylic acids
with depth (see Fig. 2). These differences are significant for
the aromatic compounds (with a band at 750 cm ') and
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Fig. 2 Attenuated reflectance infrared spectra of the Technosol lipid
fraction

decrease with depth. Such trends are highly visible for both
the ABZ and LPF profiles (Fig. 2 a, ¢) and, to a lesser extent,
for the MCH profile (Fig. 2b). These results can be explained
by the absence of an OL horizon in the MCH soil profile
compared to the ABZ and LPF profiles (where the OL hori-
zons are present). The FTIR exposes the SOM evolution at the
profile scale and with respect to the functional group. To better
understand the SOM dynamic and evolution, refined tech-
niques are implemented to characterize the lipid fraction as
needed. The thermochemolysis products of lipid fractions
are listed in Table 3.

Fatty acids (detected as methyl esters) are the main com-
pounds, as observed in the thermochemolysis products of lipid
fractions. Several minor series, like hydroxy acids detected as
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Table 3  Pyrolysis products of the lipid fractions
n Name Correpondence methylated compound Molecular weight g mol ! RT min Structure
1 Nonanedioic acid dimethyl ester Nonanedioic acid, dimethyl ester 216 242 C11Hy004
2 Iso pentadecanoic acid methyl ester C,sMe iso 256 29.59 C16H3,0,
3 Anteiso pentadecanoic acid methyl ester C,sMe anteiso 256 29.75 C6H3,0,
4 Pentadecanoic acid methyl ester C,sMe 256 30.37 C6H3,0,
5 Heptadecanone KetoneCy 254 30.74 Ci7H340
6 Branched hexadecanoic acid methyl ester C¢Me branched 268 31.66 C7H340,
7 Hexadecenoic acid methyl ester Ci6.1Me 268 31.99 C7H3,0,
8 Hexadecenoic acid methyl ester Z Ci6.1Me 268 32.18 C7H3,0,
9 Hexadecanoic acid methyl ester E C,sMe 270 3243 C7H340,
10 Heptadecenoic acid methyl ester C,7Me 282 34.35 C,gH340,
11 Octadecenoic acid methyl ester Z Cg:1Me 296 35.74 C19H360,
12 Octadecenoic acid methyl ester E Cig:1Me 296 35.85 C19H360,
13 Octadecanoic acid methyl ester Z C sMe 298 36.23 CoH3530,
14 Octadecadienoic acid methyl ester C3oMe 294 36.58 CoH340,
15 Octadecenoic acid methyl ester Z Ci5.1Me 296 36.74 C9H360,
16 Hexadecanoic diacid methyl ester DiCgMe 314 38.49 C,gH3504
17 Eicosanoic acid methyl ester C9oMe 326 39.73 C,oH350,
18 Uncosanoic acid methyl ester CroMe 340 41.37 C,1Hy0,
19 Docosanoic acid methyl ester C,Me 354 42.95 CyH40,
20 Methoxy nonadecanoic acid methyl ester methoxyesterCo 342 43.39 Cy1Hy05
21 Tricosanoic acid methyl ester CyoMe 368 4445 Cy3Hy40,
22 Heptacosane AlkanC,, 380 45.46 Cy7Hsg
23 Tetracosanoic acid methyl ester Cy3Me 382 4593 Cy4H460,
24 Methoxy uncosanoic acid methyl ester methoxyesterCy; 370 46.39 Cy3Hy605
25 Methoxy Ci¢ methoxyCig 372 47.32 C6H340
26 Docosanoic diacid methyl ester DiC,,Me 398 47.79 C4H4604
27 Nonacosane AlkanCsq 408 48.24 CaoHego
28 Hexacosanoic acid methyl ester CrMe 410 48.71 Cy6Hy50,
29 Methoxy tricosanoic acid methyl ester methoxyesterCss3 398 49.13 C,5Hs5003
30 Methoxy Cig methoxyCig 414 49.99 CigH350
31 Octacosanoic acid methyl ester C,rgMe 438 51.32 C,gH;500,
32 Beta methoxy stigmastane beta methoxy stigmastane 428 53.30 C3oH5,0
33 Alpha methoxy stigmastane alpha methoxy stigmastane 428 53.30 C30Hs52,0
34 Tricontanoic acid methyl ester C3oMe 466 54.29 C30Hs,0,
35 Stigmastadiene-3-one 4,22-Stigmastadiene-3-one 410 55.57 CyoHy6O
36 Dotricontanoic acid methyl ester C;,Me 494 58.37 C3,Hs560,

methoxy esters, diacids detected as dimethyl esters, alkanes,
ketones, and steroids, are also observed.

Fatty acids range from C, 5 to Cs,, with a bimodal distribu-
tion. In the short mode, palmitic (C;4) and stearic (C;g) acids
are ubiquitous; C;¢.; and Cyg., are both correlated with bacte-
ria and fungi (Ruess et al. 2002; Taube et al. 2013); and the
branched C;5 and C;; are of microbial origin (Marseille et al.
1999). In the long mode on the other hand, the even-chained
compounds are of plant origin, with such a predominance
often being observed in a forest or grassland soils
(Almendros et al. 1996; de Blas et al. 2013). At the same time,

the presence of straight chain C;, through C,( is currently
associated with the fungal activity/input (Li et al. 2013). The
most likely source of n-alkanoic acids in soil corresponds to
the plant lipid oxidation derived from vegetation and perco-
lating through the profile along the hydric path (Celerier et al.
2009).

Hydroxy acids (detected as methoxy esters) in addition to
diacids C;¢ and C,, (detected as diesters) were also observed.
«-diacids are of plant origin (cutin and suberin) (Bull et al.
1998) and w-diacids are related to the terminal oxidization by
biological means. In contrast, as regards the monoacid
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resemblance, it appears that these substances may be a source
of diacids (Celerier et al. 2009).

Alkanes are identified in all three profiles, with predomi-
nance for C,;. These compounds are not correlated with the
bacterial activity; long odd-chained alkanes are traditionally
associated with the epicuticular waxes and protective layer in
vascular plants. The observed C,7 and C,9 hydrocarbons are
thus correlated with long-chained fatty acids and originate
from plants. On the other hand, these long odd-chained al-
kanes can also be produced by fungal activity (Bull et al.
1998; Naafs et al. 2004).

Some methoxyester has been detected for the various pro-
files, ranging from C,9 to C,3 with maximization at C;o. Their
repartition is rather heterogeneous in considering the different
profiles; it does not seem to match the vegetal organic matter
repartition (i.e. decreasing with depth).

A ketone C;; is observed for the profile with a pre-
dominance of grassland soils (MCH and LPF). Ketones
are produced either after the terminal alkane oxidation
or by the fatty acid (-oxidation followed by a decar-
boxylation (Celerier et al. 2009). In this case, the low
alkane content indicates that ketones might be derived
from fatty acids; hence the presence of ketones implies
in situ microbial oxidation.

Steroids were detected in low quantities, i.e. compounds
no. 32, 33 and 35, respectively as 3-methoxy stigmastadiene,
o-methoxy stigmastadiene Cs, and 4.22-stimastadiene-3-one
Cso. Such a distribution is commonly observed in terrestrial
organic matter derived from higher vascular plants (Peters
2005; Fabianska and Smoétka-Danielowska 2012).

Several compound types however may provide an indica-
tion of soil functioning, especially the branched C, 5 iso- and
anteiso-fatty acids. These molecules are closely correlated

with the microbial activity (Bull et al. 1998). The ratio
(isoC;s + anteisoCy5)/Cys values are listed in Fig. 3; these
values reflect current bacterial activity in the surface horizons
and poor activity in the deepest horizon (Celerier et al. 2009):
on a global scale, these values range from 3.88 to 0.52. They
seem to be lower for the MCH profile: 2.39 to 0.52. The CPI
(Carbon Preference Index) values have been gathered in Fig. 3
and range overall from 1.28 to 0.29. Nearly all of these values
are less than 1, which highlights the even mod predominance
that is indicative of the limited degradation of primary plant
biomass (Huot et al. 2014). The LMW/HMW (Low
Molecular Weight/High Molecular Weight) ratio provides ev-
idence about the biological activity, with a low molecule cor-
responding for the most part to microbial or fungal activity.
The values observed reveal a peak on the dense root network
zone C horizon for M and A of the LPF profile. At the ABZ
site, the highest value is associated with the Ztc2(g) horizon;
this result may be due to the vegetation characteristic: in this
instance, ABZ is under a forest soil. This correlation between
roots and fungal activity has been cited in several studies
(Madan et al. 2002; Ruess et al. 2002; Mardhiah et al. 2014).

3.3 Comprehensive approach and comparison
with natural soils

At first glance, the presence of branched fatty acids and
diacids suggests undisturbed soil functioning. However,
the CPI molar ratio, which indicates the predominance
of even-chained fatty acids (CPI <I1), would suggest a
low degradation of primary plant biomass (Wiesenberg
et al. 2012); in conjunction with this result, C;5 iso- and
anteiso-fatty acids demonstrate that the bacterial activity
is more pronounced in the surface horizon than in
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deeper horizons (as is typically observed for natural
soils) (Stone et al. 2014). When compared to natural
soils however, it would appear that these values are
significantly lower (Celerier et al. 2009); moreover, the
absence of C;7 iso- and anteiso-alkanoic acids suggests
that bacterial activity is slightly inhibited. These results
may be correlated with the acidic soil results; several
studies demonstrate the inhibition of bacterial activity
under acidic soil conditions: low pH and high free Al
contents (Dinel et al. 1990; Parfitt et al. 1999; Naafs
et al. 2004; Suarez-Abelenda et al. 2015). In contrast,
unlike bacterial activity, the arbuscular myccorhizal fun-
gi seem to be heavily involved in the andic soil func-
tioning (Rillig et al. 2001). In our case, some bio-
markers indicate the contribution of fungi (alkanes,
methoxy ester repartition), but nothing allows us to con-
clude that fungal activity is higher or occurs at the
expense of bacterial activity.

These biomarkers therefore suggest a slower degradation
of SOM in the Technosol profiles, compared to the natural
homologous soil; this occurrence might be correlated with
the protector characteristic of soil towards SOM against bio-
degradation (Naafs et al. 2004; Matus et al. 2014). Various
mechanisms can be responsible for this phenomenon in natu-
ral soils: (i) acidic properties are known to inhibit bacterial
activity; (ii) several complexation reactions like organometal-
lic or clay interaction can avoid the biodegradability of SOM
by stabilization (Skjemstad et al. 2008; O’Brien and Jastrow
2013; Song et al. 2013) (these stable organometallic and
organo-clayey complex formations are exacerbated by the
presence of excessive quantities of clays); and (iii) lastly, the
free Al toxicity (Naafs et al. 2004). If the slower degradation
of SOM can be ascribed to low pH and the mineralogical
sequence in the natural soil, then the mine Technosol back-
ground implies additional factors that may alter biological
activity, like: toxic metal bearing phases, a very fine particle
grain size, high clay content, and high free Al content. Metals
or metalloids like Al, As, Pb, and Sb are indeed known to be
toxic for microbial fauna (Singh et al. 2004; Nayak et al.
2014). In addition, several sorption phenomena have been
observed between Al and Fe hydrous oxides (Parfitt et al.
1999) and paracrystalline minerals present in huge amounts,
triggering another type of protection in favor of SOM and
potentially slowing its fast degradation.

To conclude, the results obtained in this study clearly show
that the dynamic of organic matter into the three mine
Technosol samples appears to be similar to that of non-
anthropized soils (having similar functioning). Moreover,
SOM turnover commonly depends on vegetation type as in
natural soils (Leguedois et al. 2016). However, it is clear that
soil development is slower, in particular due to the low fertility
of tailings, their acidic nature, the protective effect on SOM,
and their potential toxicity for microbial fauna.

4 Conclusions

The mine Technosols organic matter dynamic by various tech-
nics has been studied at three different representative mine
sites located on a bedrock basement in the context of future
management/remediation point of view.

The results clearly evidenced that the molecular fingerprint
of SOM can be a usefool tool as an indicator of pedogenesis
processes in Technosols. The SOM seems to follow the veg-
etal cover type then indicating a main plant input. However,
the SOM incorporation and the increase of the bioavailable
fraction relative to fertility (and to a greater extent the ecosys-
tem support potential) depend on the biodegradation of fresh
natural organic matter. Thus, it appears that the biological
(microbial, fungal, and vegetal) activity that plays such a ma-
jor role in the pedogenesis process is slowed by the mine
Technosol background. Calculations with several origin bio-
markers extracted from pyrolysis data indicate not only (i) the
normal functioning of Technosol compared to a natural ho-
mologous soil but also (ii) the carbon dynamic seems to be
slowed by the protective effect of Technosol on SOM. It can
be hypothesized that this later effect is essentially may be due
to low pH of Technosols, the high clay content which may
create strong interactions between inorganic and organic mat-
ter (and consequently decreasing SOM bioavailability), and
the soil toxicity towards microorganisms (presence of AI**
and metal(loid)s).

From a broader perspective, only the understanding, pro-
tection, and restoration of soil function will promote ecosys-
tem services. A Technosol management approach will rely on
the set of parameters explained above in order to promote the
SOM dynamic and, consequently, to perceive the beneficial
impacts on fertility and, more specifically, on the potential to
support ecosystems.
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