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Abstract

To better understand formation, functioning and evolution of a Technosol developing
on a former settling pond of iron industry under forest cover, organic matter (OM) of
layers along the soil profile was investigated. Spectroscopic and molecular analyses of
extractable OM gave information on OM origin and state of preservation. In the surface
layer, OM fingerprints indicated fresh input from vegetation while they revealed well
preserved anthropogenic compounds related to industrial processes in deeper layers.
OM variability and distribution according to the layers recorded deposition cycles of
industrial effluents into the pond. Thus, the Technosol can be considered as archives of
past industrial activities. The preservation of anthropogenic OM could be connected
with mineralogy, high metal contents and particular physical properties of the
Technosol.

Keywords: organic matter, biomarkers, anthropogenic, preservation, Technosol

Highlights

e The Technosol profile showed a strong variability of OM quantity and
composition.

e Anthropogenic OM was well preserved and recorded deposition cycles into the
pond.

e OM preservation could be due to minerals, metal contents and physical
properties.

e The Technosol can be considered as archives of OM produced by industrial
activities.



1. Introduction

Human activities leave their marks in all environment compartments (atmosphere,
biosphere, and hydrosphere). Global and local changes induced by human activities can
be recorded over time in environmental archives (e.g. sediments, ice, peat bogs).
Sedimentary records can be archives of land use changes in watershed (Bertrand et al.,
2012) and their associated contaminations, reflecting impacts of industrialization
(Schindler and Kamber, 2013) or regulations and technological developments (Charles
and Hites, 1987), as shown in the Seine river basin (Meybeck et al., 2007; Le Cloarec et
al., 2011).

Industrial activities have generated by-products, which have often been stored on
industrial sites (e.g. slag heaps, settling ponds). After industry closure, these industrial
deposits remain as testimony of industrial past and can serve as environmental archives
of industrial impact (Hutchinson, 2003). In brownfield sites, these technogenic materials
are subjected to environmental factors, climate and biological activity when organisms
have colonized industrial sites, leading to the formation of Technosols (IUSS Working
Group WRB, 2006). Little is known about the pedogenetic evolution of these soils,
although their constitutive industrial materials may contain potentially toxic compounds
such as heavy metals or persistent organic pollutants. A better understanding of the
pedogenetic processes occurring in these Technosols would provide information on the
impact of these compounds in surrounding environments.

In these soils, organic matter (OM) is often a complex mixture of anthropogenic
compounds related to industrial processes and natural recent OM. Preservation,
degradation and fate of organic compounds in ecosystems mainly depend on their
chemical structure, (bio)availability and mobility which are related to sorption
phenomena onto inorganic and organic soil components and soil physical properties.
Under some conditions (e.g. sorption and mineral-bound protection, low microbial
degradation), anthropogenic OM was preserved, and can be used as archives of the past
human activities (Coulon et al., 2013; Pernot et al., 2013).

In order to better understand the formation, functioning and evolution of Technosols, a
former settling pond of iron and steel industry, colonized by vegetation, was thoroughly
characterized. It contained mainly blast furnace sludge, resulting from the wet cleaning
of dusty blast furnace top gas. Dusts were composed of fine particles from ore, coke and
fluxstones carried by the gas as well as particles formed by condensation of elements
volatilized at high temperature at the bottom of blast furnace (Truffaut, 1989). Due to its
high Zn, Pb and alkali metals contents damaging the blast furnace functioning, this
sludge could not be recycled and was often dumped into settling ponds (Mansfeldt and
Dohrmann, 2004). Other by-products were generated during the iron and steel-making
processes, such as oily and greasy sludge containing hydrocarbons from rolling mill
(Raguin, 1992). This former settling pond has been evolving under the influence of
climatic and biologic factors for at least 50 years.

In relation to its composition as well as its chemical and physical properties, the soil
developing on this material can be classified as a Spolic Technosol (Calcaric, Laxic,
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Hydric, Thixotropic, Andic, Toxic) according to WRB (IUSS Working Group WRB,
2006) (Huot et al., 2013). The analyses of mineralogy and soil structure at different
scales, combined with the knowledge of industrial operations have evidenced deposition
cycles along the profile as well as early processes of mineral transformation and solute
transfer. These processes were driven firstly by drying-wetting cycles and then by
biological activity (Huot et al., 2014).

In parallel, the Technosol OM was characterized by using organic geochemistry tools

on the extractable fraction with global to molecular analyses. Molecular marker

approach provides information on the origin and the degradation rate of organic
compounds (Tissot and Welte, 1984; Hunt, 1996; Peters et al., 2005). It is based on the
ability for some organic molecules, called biomarkers, to be source specific and to be
preserved over time (Eganhouse, 1997). The occurrence and the relative abundance of
biomarkers, expressed by specific ratios, allow to differentiate anthropogenic from
natural organic inputs and to determine the source apportionment of anthropogenic OM
in relation to human activities, using petrogenetic, pyrogenetic or sewage water
markers. For example, natural markers include molecules synthetized by plants and/or
microorganisms (e.g. sterols, alcohols, acids) whereas petrogenetic markers are
molecules coming from the use of fossil OM (e.g. fuel, lubricant, grease, road asphalt),

including n-alkanes, triterpanes, isoprenoids or steranes (Jeanneau et al., 2008a; 200

8b). The biomarker approach is used to characterize organic contamination and its

evolution in soils and sediments (e.g. Faure et al., 2000; Faure et al., 2007; Badin et al.,

2008; Bloundi et al., 2008; Kélomeé et al., 2012). Radiocarbon analysis validated this

quantitative multimolecular marker approach as an efficient tool to quantify fossil OM

in contaminated river sediments (Jeanneau and Faure, 2010).

In this study, composition and variability of organic matter along the Technosol profile

was investigated through spectroscopic and molecular analyses of the extractable

organic fraction. Main objectives were:

1) to track the origin (anthropogenic versus natural) and the distribution of organic
compounds and to compare them with information about the formation of the
Technosol obtained by mineralogy and soil structure analyses ;

2) to assess the OM preservation rate and to connect it to the mineral composition and
the properties of the Technosol.

2. Materials and methods
2.1. Presentation of the studied site

The studied site was a former settling pond of the iron and steel complex in Pompey-
Frouard-Custines (Lorraine, France). It produced a large range of pig iron and steels
from 1872 to 1986, date of the closure of the industry. Its worldwide reputation was
achieved through the production of puddled iron used to build the Eiffel tower. This
settling pond is located on an island at the confluence of the Meurthe and the Moselle
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rivers. It occupies 2.6 ha and deposit is ca. 10-m deep. The pond was filled
progressively by successive sludge supplies until probably the 1950s, generating a
stratified deposit. After the suspension of sludge dumping, vegetation has colonized the
pond, which is nowadays covered by a diversified deciduous forest.

2.2. Profile and sampling description

Soil profile was described and characterized in a 2-m deep pit, opened in June 2009 in
the north-western part of the pond. The profile displayed an alternation of dark layers
with a crumbly structure and of light layers with a laminar compacted structure and a 15
to 20 cm-thick organo-mineral horizon has developed at the surface (Huot et al., 2014).
Roots occurred all along the 2-m deep profile with areas of preferential development.
After removing the litter on the soil surface, the organo-mineral horizon and 11
contrasted deeper layers were sampled along the profile in May 2010 (Figure 1). For
each layer, one sample of 1-1.5 kg of field-wet soil was collected, of which half was
freeze-dried for chemical and OM analysis.
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Figure 1 Localization of sampled layers along the
Technosol profile
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2.3. Quantification of OM content

OM content was assessed by the total organic carbon (TOC), calculated by removing
the inorganic carbon from the total C. Total C was determined by dry combustion (NF
ISO 10694) and total carbonates by calcimetry (NF ISO 10693) by the Laboratoire
d’Analyse des Sols (INRA, Arras, France). Contents were expressed with respect to
freeze-dried soils.

2.4. OM extraction

Extractable organic matter (EOM) was collected from aliquots (5-10 g) of the freeze-
dried samples of the 12 layers, after crushing the soils at 500 um. EOM was obtained
from two successive extractions by methylene chloride (DCM) with an extractor
(Dionex ASE 200) at 130 °C under 130 bars (Li et al., 2002; Jeanneau et al., 2008b;
Bertrand et al., 2012). Prior to the extraction, 5 g of activated copper powder and 1 g of
sodium sulfate were added in extraction cells to remove elemental sulfur and the
remaining water from soil sample, respectively. Extracts were diluted with DCM to
reach 5 or 10 mL according to the samples. The extraction rate was determined by
weighing the dry extract obtained after solvent evaporation under N, flow.

2.5. Gel Permeation Chromatography-High Performance Liquid Chromatography
(GPC-HPLC)

The molecular mass distribution of EOM was assessed by Gel Permeation
Chromatography-High Performance Liquid Chromatography (GPC-HPLC). Dry EOMs
were diluted in tetrahydrofuran (THF) stabilized with 0.025% of BHT (3,5-di-tert.-
butyl-4-hydroxytoluene) at 0.69 mg mL™ Aliquots of 50 L were injected into an HPLC
(Hewlett Packard) equipped with a column PLgel Mixed-E (Varian) and a diode array
detector (DAD G1315A — HP Series 1100) to measure absorbance at a wavelength of
254 nm. Analyses were carried out with an eluent (THF) flow rate of 1 mL min™ and
under a temperature of 23 °C. Calibration was performed with a polystyrene standard
solution (Easycal PS-L Polystyrene Kit, Varian) for a molecular mass range of 162-
38,600 Da (Blanchart et al., 2012). This calibration permits to obtain distribution of
molecular mass of organic compounds, despite the possible bias induced by the
different structure of natural, anthropogenic OM and polystyrene.

2.6. Infrared spectroscopy (IFTS)

Functional analyses were carried out by infrared Fourier transform spectroscopy (IFS 55
Bruker) coupled to microscopy (Multipurpose Bruker IR with MCT detector cooled
with liquid nitrogen) on the dry EOMs (Faure et al., 1999; Benhabib et al., 2010; Usman
et al., 2012).



2.7. Gas Chromatography coupled to Mass Spectrometry (GC-MS)

Qualitative and quantitative analyses were conducted on the EOM by capillary gas
chromatography coupled to mass spectrometry (GC-MS) to identify organic molecules,
particularly biomarkers (Faure et al., 2000; Jeanneau et al., 2008a; 2008b; Biache et al.,
2011; Bertrand et al., 2012). For the qualitative series, dry extracts (500 puL of EOM)
were solubilized in 250 pL of DCM and 250 pL of BSTFA (N, O
bis(trimethylsilyl)trifluoroacetamide) and heated at 60°C during 15 min to activate the
silylation, before being injected into a GC (Agilent Technology 6890 N) coupled to a
MS (Agilent Technology 5973 Inert Mass Selective Detector). Aliphatic (n-alkanes
from n-Cy; to n-Cy including pristane (Pr) and phytane (Ph)) and aromatic compounds
(the 16 polycyclic aromatic hydrocarbons (PAHSs) of the US-EPA list) were quantified.
Internal standards (50 pL) containing four perdeuterated n-alkanes: [*Hss]n-hexadecane,
[*Hay]n-eicosane, [*Hso]n-tetracosane and [“Hez]n-triacontane and five perdeuterated
PAHs: [*Hg]naphthalene, [*Hio]Jacenaphthene, [*Hio]phenanthrene, [“HyzJchrysene,
[?Hi2]perylene (supplied by Cluzeau®, were added to 150 pL of EOM before being
injected into a GC-MS (GC-2010 plus gas chromatograph and QP2012 Ultra mass
spectrometer Shimadzu). All the quantification results were expressed with respect to
the freeze-dried soils. Compounds not resolved by the chromatographic column
generated a broad hump in the baseline of chromatograms, called unresolved complex
mixtures (UCM; Gough and Rowland, 1990). Its area was estimated by subtracting the
total area of resolved peaks from the total detector response.

3. Results

3.1. Global analysis of OM

Global analyses on bulk soil revealed that the quantity and the nature of the OM were
variable along the Technosol profile (Table 1).

TOC contents reached high value in the surface layer (108 g kg™) while they were lower
in the deeper layers. They ranged from 30 to 60 g kg™ in layers 2, 4, 11 and 12 and from
10 to 20 g kg™ in layers 3, 9 and 10. They were very low (4-5 g kg™) in consecutive
layers 5-8.

OM can be subdivided into EOM and an insoluble fraction. When related to TOC, the
EOM rate was rather low in most layers, except in layer 4, in which it represented 80%
of TOC. It was lower than 30 % of TOC in layers 5, 7, 9, 11 and 12 and lower than 10%
of TOC in layers 1-3, 6, 8 and 10.



Table 1 Quantitative characterization of organic matter of 12 layers along the profile of the Technosol

Analysis on bulk soil

Analysis on extractable organic matter

Layer . . Tn- . LMW/H . . UCM/Zresolved X 16 BghiP/ BaA/ IP/IP+B

Layer depth Toct  EOM alkaness  CTU mwe PriCiy PhiCis peaks? PAHS" ¥ 16PAHS  BaA+Chr  ghiP®

Iug g* Iug g*
fem /Imgg* /mgg? /Togco:f (/% of - - - - - (/% of - - -

EOM) EOM)
36.5 16

1 0-18 108 15 14 2.4%) 7.8 0.2 0.6 0.2 0.6 (1.0 %) 0.1 0.23 0.47
35.8 26

2 18- 26 34.5 2.1 6.2 (1.7 %) 14 0.5 0.8 0.7 5.6 (1.2 %) 0.3 0.30 0.36

3 42 - 55 14.1 0.4 25 10.2 2.1 0.8 0.3 0.05 1.6 24 0.1 0.36 0.63
(2.9%) 0.7 %)
397 38

4 65 - 68 53.3 43 80 (0.9 %) 0.7 1.3 0.9 0.9 20 (0.1 %) 0.2 0.38 0.44

5 68 - 82 4.4 0.5 10 78 0.9 0.7 0.6 0.1 3.1 15 0.05 0.42 0.68
(1.7 %) (0.3 %)

6 82-91 4.7 0.2 3.6 8.6 1.0 0.4 0.7 0.1 0.2 56 0.3 0.31 0.47
(5.1%) (3.3%)
31.3 2.6

7 93-112 4.7 0.5 11 (6.2 %) 1.0 0.1 1.0 0.2 0.5 (0.5 %) 0.2 0.48 0.46

8 112 - 134 4.9 0.4 8.0 8.9 1.0 0.2 1.0 0.3 0.2 36 0.1 0.37 0.47
2.2%) (9.0 %)

9 135 - 150 135 15 11 57:3 0.9 0.2 0.8 0.4 4.7 7'7 0.3 0.47 0.32
(3.8%) (0.5%)

10 150 - 165 16.6 0.5 2.8 32.4 1.0 0.1 0.6 0.3 05 4.8 0.03 0.37 0.55
(6.9 %) (1.0 %)

11 165 - 180 58.8 11 18 154 0.9 0.3 0.5 0.5 10 65 0.2 0.50 0.29
(1.4 %) (0.6 %)

12 > 180 32.3 8.9 28 309 1.0 0.2 0.4 0.4 5.2 >4 0.4 0.44 0.24
(3.5%) (0.6 %)




4TOC: content of total organic carbon

PEOM: content of extractable organic matter by organic solvent (dichloromethane)

> n-alkanes : sum of n-alkanes from n-Cy; to n-C,, including pristane (Pr) and phytane (Ph)

CPI: Carbon Preference Index calculated as

CPI = 1/2 x [((Cg5+Cy7+Cyg+C31+Cs3)/(Cos+Co6+Cogt+Cap+Cay))+((Cos+Cor+Cog+Ca1+Ca3)/(Coa+Co6+Cos+Cap+Csp+Cayy))]

with C,: n-alkane with x carbons (Bray and Evans, 1961)

¢ LMW/HMW: ratio of low molecular weight n-alkanes (LMW) by high molecular weight n-alkanes (HMW), calculated as X n-alkanes,<,,+pristane+phytane/ > n-alkanes, .,
"Pr/C;;and Ph/C.g are the ratios of pristane content by n-C,; alkane content and phytane content by n-C,g alkane content, respectively.

9UCM/X(resolved peaks): estimation of Unresolved Complex Mixture (UCM) area divided by the total area of resolved peaks

hs 16 PAHSs: sum of the 16 polycyclic aromatic hydrocarbons (PAHs) of the US-EPA list

i BghiP/X 16 PAHs: ratio of benzo[ghi]perylene concentration by sum of the 16 PAHs of the US-EPA list

JBaA/BaA+Chr: specific PAH ratio of benzo[a]anthracene (BaA) and chrysene (Chr) contents used to trace source apportionment. BaA/BaA+Chr ratios <0.20 imply
petroleum, from 0.2 to 0.35 indicate either petroleum or combustion and >0.35 imply combustion (Yunker et al., 2002).

KIP/IP+BghiP: specific PAH ratio of indeno[1, 2,3-cd]pyrene (IP) and benzo[ghi]perylene (BghiP) contents used to trace source apportionment. IP/IP+BghiP ratios <0.20
imply petroleum, from 0.2 to 0.5 liquid fossil fuel combustion and >0.35 imply grass, wood and coal combustion (Yunker et al., 2002).



3.2. Molecular mass distribution (GPC)

Molecular mass distribution of EOM varied along the soil profile (Figure 2). In the surface
layer, the distribution was dominated by low molecular mass compounds (< 50 Da) with a
peak around 10 Da (Peak a). This peak was also present in the mass distribution of layers 2, 3,
6-10 and, to a lesser extent, in layer 5, along with a contribution of heavier compounds. The
mass distribution of layers 3, 5, 7, 8, 10 and, to a lesser extent, layers 6 and 9 showed narrow
peaks around 85-100 Da (Peak b) and 1100-1200 Da (Peak d). The distribution of layer 4 was
dominated by compounds with a mass around 120 Da. Deeper layers (11 and 12) had similar
mass distribution with a predominant contribution of compounds with a molecular mass
around 425-450 Da (Peak c). This contribution occurred also on the distribution of layers 8
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Figure 2 Molecular mass distribution of
extractable organic matter obtained by
HPLC-GPC for the 12 layers sampled along
the Technosol profile
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referenced from a to d highlighted peaks in
mass distributions.
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3.3. Spectroscopic analyses (FTIR)

Functional analyses, obtained by FTIR spectroscopy, showed that EOM was dominated by
aliphatic compounds. In fact, vCH,; stretching bands (3000-2800 cm'l) and 8CHy; twisting
bands (1470-1440 cm™) of aliphatic compounds were detected in all the layers as well as
r(CHy)n ns4 Vibration (720 cm™) in most of layers (Figure 3).
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The proportion of the bands assigned to CH3 groups, compared with those relative to CH,
groups, varied depending on the layers. It was more important in layers 2, 4, 5, 9, 11 and 12,
indicating the presence of shorter and/or branched aliphatic chains and is linked with the
lower intensity of the r(CH,), band.

Two vN-H stretching bands (3250-3450 cm™), vC=0 stretching band and 8N-H twisting band
(1640-1690 cm™) and vC-N stretching band (1055-1175 cm™) of amide compounds (RCO-
NH,) were present in layers 7, 8 and 10 and, with a lower intensity, in layers 3 and 5.

vC=0 stretching band (1800-1650 cm™) was present in most layers. The stretching bands
associated to aromatic compounds (vC=C, 1620-1590 cm™*and vC-H,,, 3100-3000 cm'l) were
present in the spectra of layers 2, 6, 11 and 12 with low intensity.

3.4. Molecular analyses (GC-MYS)

Molecular analyses revealed heterogeneity in the EOM along the profile. However,
chromatogram similarities were recorded between those of layers 7, 8 and 10, of layers 11 and
12 and of layers 3 and 5 (Figure 4).

3.4.1. Aliphatic hydrocarbons

N-alkane contents (n-Cy; to n-C4o including Pr and Ph) ranged from 8 to 396 ug g™ (1 - 7 % of
the EOM, Table 1) with the highest values in layers 4, 11 and 12. From the n-alkane
distribution, layers can be divided into several groups. In layer 1, the distribution featured an
odd-over-even predominance, confirmed by the high value of the Carbon Preference Index
(CPI) (Table 1). The distribution in layer 3 and, to a lesser extent, layer 2 showed a slight odd-
over-even predominance whereas in the other layers no predominance was observed and the
CPI values were close to unity. The distributions in the deeper layers (7-12) and the surface
layer were dominated by high molecular weight n-alkanes (HMW- n-C;; to n-Cy4p). On the
contrary, low molecular weight n-alkanes (LMW- n-Cy; to n-Cy including Pr and Ph)
accounted for a higher proportion in the upper layers (2-6), as highlighted by the LMW/HMW
ratio (Table 1). The distribution in layer 4 was particularly dominated by LMW n-alkanes as
well as Pr and Ph while the distributions in layers 3 and 5 showed a high contribution of n-
Cis. Both isoprenoids (Pr and Ph) were present in lower content than the n-alkanes n-C,; and
n-Cig (Table 1).
Chromatograms displayed a broad UCM (Figure 4), revealing the occurrence of some iso- and
cyclo-alkanes, compounds not resolved by the chromatographic column (Gough and
Rowland, 1990). The relative proportion of UCM area to the total area of resolved peaks was
higher in layers 2, 4,9, 11 and 12 (Table 1).
Chromatograms revealed the presence of tri-, tetra- and pentacyclic triterpanes (hopanes)
(Figure 4). Tri-, tetracyclic triterpanes and some hopanes did not appear on chromatograms of
layers 1, 6, 7, 8 and 10. The hopane distribution was characterized by a predominance of
17a(H),21p(H)-30-norhopane and 17a(H),21p(H)-30-hopane in association with a decrease in
homohopanes from 31 to 35 carbons with a stronger contribution of the S diastereoisomers
than of the R diastereoisomers (Figure 5).
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Technosol profile

n-C,. n-alkane with x atoms of C; C, alk. a.: alkanoic acid with x atoms of C; C, 1-alk-ol: 1-alkanol with x atoms
of C; Cs3(6,10,14) Cys one: 2-pentadecanone 6, 10, 14 trimethyl; x: non identified compound; amide:

octadecenamide; BghiP: benzo[ghi]perylene; UCM: Unresolved Complex Mixture
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Hopanes

1 17 o(H)-22,29,30-trisnorhopane Cy
2 17 B(H)-22,29,30-trisnorhopane Cy
3 17a(H),21p(H)-30-norhopane Co
4 18a(H)-30-nornechopane Coo
5 17a(H),21p(H)-hopane Cao
6 22S-17a(H),21p(H)-30-homohopane Ca
7 22R-17a(H),21p(H)-30-homohopane Ca
8 22S-17a(H),21p(H)-30-bishomohopane Ca,
9 22R-17a(H),21B(H)-30-bishomohopane Ca,
10 22S-17a(H),21B(H)-30-trishomohopane Cas
11 22R-17a(H),21B(H)-30-trishomohopane Cas
12 22S-170(H),21B(H)-30-tetrakishomohopane  Cgy
13 22R-17a(H),21B(H)-30-tetrakishomohopane  Cgq4
14 22S-170(H),21B(H)-30-pentakishomohopane  Css
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Tri- and tetracyclic terpanes

16  Cyytricyclic Cy
17 C, tricyclic Cy
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3.4.2. Aromatic hydrocarbons

The total concentrations of the 16 US-EPA PAHSs ranged from 3 to 65 pg g™ (0.3 - 9 % of the
EOM, Table 1). Content and distribution of the 16 PAHSs varied along the profile (Figure 6)
with the highest contents measured in layers 11, 12, 4 and 8. The PAH distribution in layers 2,
4, 6, 7, 8, 9 and 12 was dominated by 5- and 6-ring PAHs. Benzo[ghi]perylene (BghiP)
represented at least 20 % of the 16 PAHSs in these layers, except in layer 8, where 5-ring
PAHs (benzo[b]fluoranthene and benzo[a]pyrene) presented a higher contribution (Table 1).
The PAH distribution in layer 11 exhibited high proportion of BghiP but also of 2-3 ring
PAHs (naphthalene and phenanthrene). The PAH distribution in the surface layer displayed a
high proportion of 4- (fluoranthene) and 2-3-ring PAHs while the distribution in layers 3 and
5 were dominated by 4- and 5-ring PAHSs. Layer 10 featured a higher contribution of 2-3 ring
PAHSs and 4-5-ring PAHSs. There were no or very few alkylated PAHS.

70 -

2-3ring PAHs o

60 CD4-ring PAHs
m5-ring PAHs —

m6-ring PAHs

50

40 -

30

PAH content (pg g)

20 4

10 -

—_— = e

layer 1 layer 2 layer 3 layer 4 layer 5 layer 6 layer 7 layer 8 layer 9 layer 10 layer 11 layer 12
(0-18cm) (18-26cm) (42-55cm) (65-68cm) (68-82cm) (82-91cm) (93-112cm) (112-134 cm)(135-150 cm)(150-165 cm)(165-180 cm) (> 180 cm)

Figure 6 Content and distribution of polycyclic aromatic hydrocarbons (PAHS) in 12 layers of
the Technosol

The PAHSs are classified in relation to their number of cycles.

2- and 3-ring PAHs: Naphthalene, Acenaphthene, Acenaphtylene, Fluorene, Phenanthrene, Anthracene.
4-ring PAHSs: Fluoranthene, Pyrene, Benzo[a]anthracene, Chrysene.

5-ring PAHSs: Benzo[b]fluoranthene, Benzo[a]pyrene, Dibenzo[a,h]anthracene, Benzo[k]fluoranthene.
6-ring PAHSs: Benzo[ghi]perylene, Indeno[1,2,3-cd]pyrene.

3.4.3. Polar compounds

In the surface layer, the n-alkan-1-ol distribution was dominated by compounds containing 18
to 30 carbons with an even-over-odd predominance (Figure 4). In underlying layer 2, the
distribution was similar but the n-alkan-1-ol relative abundance was smaller. In deeper layers
(3to 12), 1-octadecanol (Cig.0) was present in high proportion.

The n-alkanoic acid distribution was dominated by LMW carboxylic acids containing 14 to 18
carbons, with a higher contribution of Cy4.9 and Cig.. In the surface layer, acids with an even
carbon number between 20 and 28 also occurred.
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Sitosterol and traces of sigmastanol were analyzed in the surface layer. Sitosterol was also
present in layers 2 and 3 (Figure 4). An isoprenoid ketone, 6,10,14-trimethylpentadecan-2-one
(phytone), was detected in the surface layer.

Chromatograms revealed the presence of particular compounds including octadecenamides in
layers 7, 8 and 10 (Figure 4). An unidentified peak (with a retention time of 65 min) appeared
on chromatograms of layers 3, 5, 7, 8, 9 and 10 (Figure 4).

4. Discussion

Analyses revealed the variability of OM quantity and composition along the profile.
Characterizations carried out on extractable OM enabled us to trace the origin of organic
compounds (anthropogenic versus natural) and their distribution, in relation to industrial and
pedogenetic processes. It also gave information on the OM preservation state in technogenic
materials, evolving under the influence of environmental factors since ca. 50 years.

4.1. Source apportionment of OM (natural versus anthropogenic origin) along the Technosol
profile

The TOC distribution along the profile revealed strong accumulation of OM in the surface
layer and the variability of OM contents according to the deeper layers, with low contents in
some layers.

OM of the surface layer displayed a natural fingerprint. The n-alkane distribution, dominated
by HMW compounds (n-C,; to n-Cs;) with a strong odd-over-even predominance (CPI>5),
could indicate the contribution of cuticular waxes from higher plants (Bray and Evans, 1961;
Eglington and Hamilton, 1967). This hypothesis was supported by the concomitant presence
of HMW n-alkan-1-ols and n-alkanoic acids (C;g to C3p) with an even-over-odd predominance
and phytosterols (sitosterol and sigmastanol) (Simoneit, 1986). Phytone (6,10,14-
trimethylpentadecan-2-one) could originate from the degradation of phytol (ester-linked side-
chain of chlorophyll-a) (Rontani and Volkman, 2003). However, the occurrence of
compounds such as hopanes and PAHSs indicated the contribution of anthropogenic OM in the
surface layer (Faure et al., 2000; Peters et al., 2005).

Sub-surface layers (2 and 3) were characterized by a specific n-alkanes distribution leading to
CPI wvalues higher than unity, a distribution of n-alkan-1-ols with even-over-odd
predominance and sitosterol was also detected. Except this limited molecular evidence of
natural OM contribution in layers 2 and 3, dominant biomarkers revealed mainly
anthropogenic origin of OM. From the layer 4, the HMW n-alkane distribution displayed no
odd-over-even predominance (CPI close to one), which is a distinctive feature of fossil OM
(Jeanneau et al., 2008a). As a matter of fact, layers 2 and 3 marked the transition between the
surface layer impacted by natural input and deeper layers characterized mainly by
anthropogenic contribution.

All along the profile, the contribution of anthropogenic OM was supported by the presence of
PAHs and petrogenic biomarkers such as hopanes and iso- and cyclo-alkanes, reflected by the
occurrence of an UCM. The distribution of stable configuration hopanes (17a,21B) is
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characteristic of thermal mature crude oil (Peters et al., 2005) or by-products, such as
lubricant oils and greases and road asphalt (Faure et al., 2000; Jeanneau, 2007). Aromatic
compound profiles showed the predominance of HMW parent PAHs with a low proportion of
alkyl-PAHs which is typical of pyrogenic PAHs (Stout et al., 2004). Values of some specific
PAH ratios used to trace source apportionment (Budzinski et al., 1997; Yunker et al., 2002)
involving 4-ring PAHs (benzo[a]anthracene (BaA) and chrysene (Chr), BaA/BaA+Chr) and
6-ring PAHs (indeno[1,2,3-cd]pyrene (IP) and BghiP, IP/IP+BghiP) confirmed that PAHs
would be produced by combustion processes (Table 1).

4.2. Variability of EOM fingerprints along the Technosol profile in relation to natural input
and industrial processes

At the profile scale, a contribution of higher plants was evidenced by an accumulation of fresh
OM in the surface layer as well as a limited incorporation in the underlying layers. In deeper
layers, EOM fingerprints exhibited an important variability along the profile and revealed the
presence of various anthropogenic constituents including oil, combustion by-products and
other compounds in relation to iron and steel-making processes.

Blast furnaces release PAHs with an emission factor depending essentially on the raw

materials, especially the fuel type and the heating processes (Yang et al., 1998). At the top of

blast furnace, PAHs are mainly in the gaseous phase with a predominance of LMW PAHSs (2-

3 ring PAHs) while HMW PAHSs (5-6-ring PAHS) are rather sorbed on the particles (Yang et

al., 2002), which could explain the predominance of HMW PAHSs in sludge resulting from

wet cleaning of blast furnace gas. BghiP, which can be considered as an indicator for steel and
iron plants using coal as fuel, in contrast to plants using heaving oil as fuel or heated by
electric arc (Yang et al., 2002), was present in high proportion in some layers of the

Technosol. The fact that coke was the main fuel used in the iron and steel complex in Pompey

IS consistent with our observations since coke is produced from coal pyrolysis.

Despite the variability of EOM fingerprints along the profile, two groups of layers can be

outlined:

1) Layers 4, 11 and 12 were characterized by higher EOM content along the profile and
higher n-alkane and PAH concentrations. These features were also observed but to a lesser
extent in layers 2 and 9. Petrogenic biomarkers were identified, including high UCM
intensity (Figure 4 and Table 1) and elevated proportion of tri-, tetra-, pentacyclic
triterpanes (Figure 5). This petroleum by-product fingerprint suggested that dumping of
waste oil, grease or lubricants may have occurred in the settling pond. These products are
used in some operations of steel production, such as rolling mill (Raguin, 1992). BghiP
was also detected in high abundance in all these layers (Table 1).

2) Layers 7, 8 and 10 were characterized by the occurrence of particular compounds including
octadecenamide (oleamide). Infrared spectroscopy confirmed the specific occurrence of
nitrogenated organic compounds (vN-H band). The molecular mass distribution of the
EOM in these layers displayed the contribution of HMW compounds (1100-1200 Da). This
feature was also detected for layers 3 and 5 and, to a lesser extent, for layer 6. In all these
layers, EOM, n-alkane and PAH contents were low, except in layer 8 displaying elevated
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PAH content. Molecular analyses showed also a strong contribution of Cig. alcohol. The

presence of petrogenic biomarkers was less pronounced in EOM of layers 6, 7, 8 and 10

than in the previous layer group with a smaller relative intensity of UCM and a low

triterpane diversity (absence of tri- and tetracyclic triterpanes, Figure 5). In these layers,

anthropogenic OM composition was probably related to industrial operations. For instance,

amides can be used as flocculating agents, lubricants in metallurgy or ore floating agents.
Finally, the molecular and spectroscopic EOM characterizations enabled us to divide deeper
layers into two groups. These two groups corresponded to groups determined from structure
and mineralogy analyses (Huot et al., 2014). Group 1 (layers 2, 4, 9, 11 and 12) was
composed of Fe-, carbonate-, and aluminosilicate-rich layers with a compact laminar structure
while group 2 (layers 3, 5, 7, 8 and 10) was constituted of Mn oxide-rich layers with a
crumblier structure, probably related to the production of ferromanganese, a Mn-rich
ferroalloy (Huot et al., 2014). Thus, analyses of inorganic and organic constituents were
consistent and gave evidence of deposition cycles in the pond, resulting from the variability of
blast furnace sludge according to the nature of the used raw materials, the operations in the
blast furnace and the potential effluent discharge from other operations of steel production
(e.g. rolling mill). It also highlighted the formation of a 20 cm-thick organo-mineral horizon
at the surface, by mixing of fresh OM and blast furnace sludge.

4.3. Preservation of OM in the Technosol

Industrial deposits and OM they contained have been subjected to environmental factors
(climate, organisms) since the pond was progressively colonized by vegetation,
microorganims and fauna several decades ago, leading to the establishment of a forest
ecosystem. At the profile scale, the layer succession of the two contrasted groups, evidenced
by OM geochemical fingerprints, suggested a particularly well preserved system with limited
and/or slow OM degradation and transfer. This OM preservation was confirmed by the
presence of compounds easily degradable by biotic and abiotic oxidation, such as LMW n-
alkanes. Predominance of n-alkanes and especially n-C,;; and n-Cig compared to two
refractory isoprenoids (Pr and Ph) facing biodegradation revealed a low degradation along all
the profile (Peters et al., 2005; Galperin and Kaplan, 2011). Thus, the Technosol seemed to
have a preserving role of anthropogenic OM despite the biological activity in the soil and the
processes of weathering and solute transfer evidenced by mineralogy and soil structure
analyses (Huot et al., 2014).

Main mechanisms contributing to OM stabilization in temperate soils are i) selective
preservation due to OM recalcitrance in initial phases of decomposition, ii) spatial
inaccessibility of OM against decomposer organisms due to occlusion, intercalation,
hydrophobicity and encapsulation and iii) stabilization by interaction with mineral surfaces
(Fe-, Al-, Mn-oxides, phyllosilicates) and metal ions (Lutzow et al., 2006).

Physical and hydraulic properties (high porosity, high water retention capacity and semi-
permeable behavior at saturation) of these finely divided materials (Huot et al., 2013) could
explain the low OM degradation rate and limited and/or slow vertical transfers. Porosity was
dominated by capillary pores, with a significant part potentially occupied by pores of diameter
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lower than 0.2 um, which is considered to be the limiting size for access by bacteria (Lutzow
et al., 2006). Moreover, the Technosol displays andic properties (IUSS Working Group WRB,
2006) as in allophanic soils, in which high stabilization of organic C results partly from its
poor accessibility into the fractal mesopore structure (Chevallier et al., 2010). It is also likely
that OM stabilization in allophanic soils results from the incorporation of secondary OM by
mesofaunal activity into fine and stable aggregates, formed by allophanes, saturated with
water (Buurman et al., 2007). The degree to which the soil pore space is filled with water is an
important parameter affecting the gas exchange and hence the oxygen required for
hydrocarbon mineralization. Aerobic degradation is generally considered to be more rapid and
efficient than anaerobic degradation (Galperin and Kaplan, 2011). In the Technosol, water
retention rate can reach high proportion (more than 70% of total porosity in deeper layers at
sampling time) compared to optimal values (30-70 % according to the soil texture, Galperin
and Kaplan 2011). Moreover, during the infilling of settling pond, sludge layers were
gradually buried, which could have limited gas diffusion from atmosphere and hence oxygen
supply. The characterization of microstructure and mineralogy revealed changes of redox
potential during the deposition (Huot et al., 2014).

Mineralogy of the Technosol is dominated by poorly crystalline phases, such as allophane-
like phases and Mn and Fe (hydr)oxides, which have developed high specific surface area
(Huot et al., 2013; 2014). These reactive phases could constitute sorption surfaces for OM.
Materials are also carbonated with a complex saturated by Ca®* ions, which have a stabilizing
effect on soil OM (Oades, 1988). Finally, these technogenic materials contain high
concentrations of heavy metals, especially Pb and Zn, which might have direct or indirect
influence on OM stabilization, by OM complexation, toxic effect on soil microorganisms or
inhibitory effects on extracellular enzymes (Lutzow et al., 2006).

5. Conclusions

OM was characterized in a former settling pond of iron and steel industry, which evolved
under the influence of environmental factors (climate and living organisms) since ca. 50
years. Investigations, using spectroscopic and molecular characterization on EOM enabled us
to infer OM sources, their distribution along the soil profile and their state of preservation.
OM has little changed over time, except through input and incorporation of fresh OM from
vegetation in the surface layer. In deeper layers, OM was mainly of anthropogenic origin
displaying geochemical signatures of oil products and combustion processes. These organic
compounds related to iron and steel production processes were well preserved in deeper layers
despite the existence of weathering and transfer processes. Thus, the former settling pond can
be considered as archives of past industrial activities through the preservation of sedimentary
records of organic effluent dumping. OM stabilization was probably due to the nature of
mineral constituents as well as chemical and physical properties of these technogenic
materials. However, these archives evolve under the influence of environmental factors and
will probably disappear progressively.
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