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ARTICLE INFO ABSTRACT

Keywords: Cultural layers are deposits resulting from settlement and human activity on natural soil in the past. Materials
Cultural layers from past domestic activities that become buried into the soil can be used to reconstruct human impact in a
Dark Earth

specific area in the past. For instance, humans have used fire for millennia, and charcoal in soils and sediments is
applied as evidence of anthropic activity. In this context, assessing the abundance and degradation level of
charcoal fragments can clarify anthropic activities in cultural deposits. In European towns, cultural layers with
similar characteristics, have been defined as urban “Dark Earth” (UDE) but their age, formation and composition
often differ significantly across sites.

This study examined three archaeological sites in Verona, Italy, where UDE layers with similar characteristics
have been identified. The primary aim of this research is to understand the anthropogenic influence on the
development of UDE layers, by characterizing their geochemistry and the carbonaceous materials. To pursue this
goal, we provide a micromorphological description of the sites, evaluate UDE features and the abundance of
charred material and characterize the amorphous/crystalline degree through p-Raman spectroscopy. Bulk ma-
terial was described in terms of amounts of total organic carbon (TOC), recalcitrant organic carbon (ROC), total
inorganic carbon (TIC), and trace element concentration. Radiocarbon dating of charred and humin fractions was
performed to clarify the dynamics underlying UDE origin. We investigate the relationship between the different
variables analyzed in the UDE layers at each site. Results show that a diverse array of human activities including
metal tool and/or ceramic manufacturing were related to the formation of UDE layers. The investigation of
carbonaceous fractions highlight differences in soil organic carbon and charred material, both of which are
correlated with human influence.

Carbonaceous fraction
Raman Spectroscopy
Radiocarbon dating

1. Introduction at a site over time, providing an archive of past cultural activities. In
archaeological research, such deposits are typically referred to as ‘cul-

Ancient human land uses, including land clearance, cultivation and tural layers’ (Butzer, 2011, 2008, 1982 see also Alexandrovskaya and
urban activities and residence often result in specific anthropogenic soils Alexandrovskiy, 2000). Cultural layers are often thick (typically > 10
and sedimentary deposits. These soils and deposits offer clues into the cm), poorly to unstratified, contain large amounts of anthropogenic and
cultural activities and human-environment interactions that took place organic remains, and exhibit a dark color (i.e., low values and low
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chromas in the Munsell soil color chart). In many European towns, de-
posits with these characteristics have been referred to as urban ‘Dark
Earth’ (hereafter UDE) (see Cammas, 2004; David, 2004; Galinié, 2007;
Macphail and Linderholm, 2004; Macphail, 1994; Nicosia, 2018; Nicosia
et al., 2017; Nicosia and Devos, 2014) and have been interpreted as the
outcome of a range of (sometimes superimposed) anthropogenic activ-
ities. These include domestic occupation (Wouters et al., 2017), discard
of waste and backfilling (Nicosia 2018; Nicosia et al., 2019), and agri-
cultural activities (Devos et al., 2019, 2013), among others. The for-
mation of UDE in Europe typically results from a complex interplay of
human land use, settlement changes and natural events. This implies
that each UDE is the outcome of a unique sequence of events often
involving multiple drivers (Devos et al., 2019; Macphail, 1994; Nicosia,
2018; Nicosia et al., 2012; Wiedner et al., 2015). Deposits similar in
appearance have also been observed outside urban areas (see for
instance Wiedner et al., 2015). Furthermore, deposits similar to UDE
(thick, dark, dispersed archaeological materials), but very different in
terms of cultural, chronological, and geopedological milieu were found
in South America (Glaser et al. 2001; Glaser and Birk 2012; Woods and
McCann 1999, Arroyo-Kalin et al., 2009). These deposits are referred to
as ‘Amazonian Dark Earths’ (ADE). ADE have been associated to human
exploitation of the soil since the first studies were conducted (de Souza
et al., 2009; Glaser and Birk, 2012; Kern et al., 2017; Macedo et al.,
2017; Neves et al., 2003; Schmidt, 2013; Schmidt et al., 2014), but
recent research detail how exogenous processes may lead to the natural
origin of ADE indicating that pre-Columbian populations were possibly
not the sole responsible for their genesis (Silva et al., 2021). Because a
diverse array of human activities and environmental processes are
responsible for the formation of soils and soil layers, it is often difficult
to disentangle the original driver (human versus natural) of different soil
layers.

Beside their common features, the specific mechanism of UDE for-
mation is still hotly debated, and the need of a multidisciplinary
approach, when studying cultural layers, has been widely remarked
(Devos et al., 2017; Paetsch et al., 2017; Vrydaghs et al., 2016; Wiedner
et al., 2015 among others). The determination and characterization of
combustion residues become essential to clarify the circumstances that
lead to the formation of these layers (Alho et al., 2019; de Sousa et al.,
20205 Glaser et al., 2000; Theurer et al., 2021). Recent studies proposed
residues of biomass burning such as black carbon, char/charcoal and
soot/graphite are responsible for the dark color (Glaser et al., 2001;
Schmidt et al., 2002; Schmidt et al., 2000). Others report that the
presence of carbonaceous particles is related to the agricultural practice
of slash-and-burn and land clearance (Dubois and Jacob, 2016; Glikson,
2013). Many European DE layers are located in urban contexts sug-
gesting there may be sources and activities other than land clearance
that are related to their origin.

The high abundance of organic carbon in European DE and ADE is
often associated with the presence of biochar and charcoal (Dotterweich
and Schreg, 2019; Hardy et al., 2017; Hernandez-Soriano et al., 2016;
Liang et al., 2010). This could be due to the adsorption of organic carbon
onto the charcoal surface (Pignatello et al., 2006) as well as to a larger
presence of biomass in charcoal-rich soils (Jeffery et al., 2011). Soil
organic matter is defined as the non-living portion of the organic matter
used by the soil fauna that convert soil organic carbon to resistant
organic molecules (referred to as humic substances) (Baldock and
Skjemstad, 2000; Trumbore, 1997). The recalcitrant organic carbon
(ROQ), is a bio-resistant fraction constituting the organic carbon in soil
associated to the humin content (Valladares et al., 2007) or to biomass
burning residues (Baldock et al., 2013; Edmondson et al., 2015; Hobley
et al., 2016; Zethof et al., 2019). Zethof et al. (2019), for example, re-
ported that ROC detected through smart combustion represents the
graphitic fraction in soils. ROC would thus represent a proxy of past
burning events and, especially in such deposits, it is potentially linked to
the carbonaceous fraction (Baldock et al., 2013; Hobley et al., 2013;
Hobley et al., 2016). Despite being a useful clue into the origin of DE
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layers, the ROC fraction was never determined in DE layers or in
archaeological contexts so far (Natali et al., 2020).

Wilson et al., (2008) suggested that in ADE some elements such as
Ca, P, Sr, Zn and Cu could be also affected by enrichment processes
linked to the burned biomass residues. The same process has been re-
ported in rural European DE, where a correlation between the content of
essential elements (Ba, Zn, Mg, Fe, Na, K, Mn, Ca) and high concentra-
tions of charcoal fragments were observed (Wiedner et al., 2015). Some
researchers hypothesized that the high fertility of Dark Earth layers
could be associated to a specific charcoal nanostructure. Jorio et al.
(2012), for example, used Raman spectroscopy to investigate the
structural arrangements of carbon atoms in terms of level of order/dis-
order. In their study they demonstrated that the environmental action
induced a transformation in the crystallite size of charcoal, thus
enhancing soil fertility. While previous research demonstrated that
Raman spectroscopy is a valuable technique to investigate the nano-
graphitic structure of charred material for pre-Columbian ADE and other
anthropogenic soils (Cohen-Ofri et al., 2006; Inoue et al., 2017; Jorio
etal. 2012; Ribeiro-Soares et al., 2013;de Sousa et al., 2020), it has never
been applied to European DE, and is also a novel method for soil science
investigation. Raman spectroscopy as well as infrared spectroscopy
(Tinti et al., 2015) are suitable and powerful tools to examine the
components and features of soils and sediments. Raman spectroscopy is
considered a simple tool to investigate the carbon structure as it can
display typical spectral types for carbonaceous materials. These features
are related to the positions and the relative intensities of the so-called G
(1550-1650 cm 1) and D (1260-1360 cm™ 1) bands, associated to the
crystalline and amorphous structure of carbon, respectively (McDonald-
Wharry et al., 2013). The ratio between the intensities of the bands (Ip/
Ig) indicates the degree of crystalline/amorphous domains in charred
materials (Ferrari and Robertson, 2000; McDonald-Wharry et al., 2013;
Tuinstra and Koenig, 1970). The differences in Ip/Ig in different charred
materials have been proposed to be diagnostic of the precursor of the
carbon sample, as Ip/I is related to the in-plane crystallite size (L,) and/
or the average distance between the defects of the precursor material
(Cancado et al., 2006; Inoue et al., 2017; McDonald-Wharry et al.,
2013). Moreover, the ratio between the intensity corresponding to the
minimum value between D and G bands (Iy), and I (i.e., Iy/Ig), has been
proposed as diagnostic of the thermal burning conditions, where higher
Iy/Ig values correspond to lower carbonization temperatures (Inoue
et al., 2017; Lambrecht et al., 2021; McDonald-Wharry et al., 2013).

In this paper, our primary aim is to investigate the carbonaceous
fraction and the geochemical features in order to address the anthro-
pogenic influence in the cultural layers or ‘UDE’ exposed in three
archaeological sites in and nearby the city of Verona (NE Italy), by using
a suite of analytical approaches. Chemical data will be interpreted
together with soil micromorphological results to avoid inaccuracy in the
assessment of the anthropic activities that lead to the formation of UDE.
The abundance and distribution of organic carbon and ROC in relation
to the deposition depth as well as size distribution and the carbon
structure of charcoal fragments associated to biomass burning residues
were investigated in detail. It must be noted that, while charcoal counts
are widely used in lacustrine environments for palaeoecological re-
constructions (Whitlock et al., 2010 among others), this approach was
not commonly applied in European UDE research. In this perspective,
the aim of this study is to investigate the UDE main soil constituents:
organic carbon and charred particles. The characteristics of carbon and
coal that will be examined are correlated to delineate the possible re-
lationships between these two main parts. While not commonly used, we
propose to use spectroscopic techniques and approaches to describe
different constituents of soil and better understand their origin. More
specifically, we analyze carbon structures using. p-Raman spectroscopy,
allowing for a comparison of UDE layers with Amazonian analogues.
The primary goal of our research is to better understand human activ-
ities and natural processes that led to the development of UDE layers.
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2. Material and methods
2.1. Study sites

The samples analyzed were collected from three distinct cultural
layers or UDE. The sample base was specifically chosen so that it
featured similarities (i.e., thickness, color, lack of internal stratification,
scattered archaeological materials, a comparable geological back-
ground) and differences (chronology, duration, urban vs. rural context).
For this purpose, two neighboring urban archaeological excavations in
the central part of Roman Verona (Via San Pietro in Monastero 45° 26’
42.416" N, 10° 59’ 48.098" E — hereafter, SPM — and Via Pigna 45° 26’
43.241" N, 10° 59' 47.898" E - hereafter VP) were selected (Fig. 1).
These excavations featured thick UDE layers dated by material culture to
the interval between the 3rd-4th and the 6th-7th century CE (see
Nicosia, 2018 —see also 14¢ dates below), in a context of reuse of Roman-
age robbed structures. The third set of samples comes instead from a
cultural layer exposed at the recent-final Bronze Age (13th to 12th
century BCE based on pottery typology — see Salzani, 1983) site of
Castelar di Leppia (45° 24’ 29.312” N, 11° 8 20.891” E - hereafter CDL),
represented in Fig. 1. This site lies in an agricultural area east of the city
of Verona. It was abandoned after the Bronze Age, so that after the
formation of its cultural layer there was no more anthropic deposition.
Although the number of samples collected from CDL was limited, this

7.000°E 14.000°E
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site gives us the opportunity to account for aging processes in charcoal
transformations.

From a geomorphological point of view, the city of Verona lies on
three main units: the Adige river conoid which forms a fluvioglacial
plane, the digression plan of the Adige river, and the conoids formed by
the torrents coming from the Lessini Mountains. The soil is mainly
composed of clay and sandy, calcareous and dolomitic gravel, from the
fluvial deposition, formed in the Holocene (ARPAV, 2005).

2.2. Field description and sampling

Field description of the sites is reported in Table S1. Undisturbed
blocks for soil micromorphology were collected from the exposed
stratigraphic profiles to obtain thin sections. Aliquots for the analysis
were later obtained from the undisturbed blocks in the laboratory. Fig. 2
shows the location of the collected blocks and the points where the sub-
samples were obtained. The amount of material to subsample was
calibrated to ensure the maximum integration between all analytical
techniques. At VP, the sampled sequences VP I and VP II intercepted the
same portion of stratigraphy. A mortar floor was in fact the marker layer
allowing to correlate the two sequences. Above this floor a 20-25 cm
layer of very charcoal-rich UDE was sampled.

The SPM profile contains two parallel series of samples (SPM I and
1), and the UDE layer can be divided in two parts. The lower one

A
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42.000°N

Fig. 1. Location of the sampling sites. The Province of Verona is represented with black hashed lines in the first graph (A). (B) Red contour lines represent the border
of the cities of Verona and Lavagno (where the site CDL is located). (C) SPM and VP sites are in the Roman Verona. The figure was created using the Free and Open-
Source Geographic Information System (QGIS). Free vector and raster map data at naturalearthdata.com. Google Satellite basemaps were used for the satellite views.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Profiles of sampling of the blocks for the preparation of the thin sections. From the blocks top, bottom or bulk aliquots were collected to perform the analysis.

accumulated before the construction of a wall, and is incised by an infant
tomb containing an African amphora fragment dated between the 3rd-
4th and the 6th-7th century CE. The upper UDE formed after the de-
molition and the levelling of the wall and was truncated in its uppermost
part due to later constructions. At CDL a ca. 40 cm-thick very dark gray
cultural layer was sampled. This derives from the welding of two
anthropogenic layers, that are separated west of the sampled sequence
by the wide earthen rampart that surrounded the site during the Bronze
Age.

2.3. Soil micromorphology

Thin sections (60 x 80 mm) were prepared from air-dried undis-
turbed blocks following the laboratory procedures of Beckmann (1997)
and described using the terminology of Stoops (2003). Thin sections
were studied in plane polarized (PPL) and cross polarized (XPL) trans-
mitted light with magnifications ranging from 12.5x to 400x. From the
block samples, a total of 21 thin sections were produced and observed: 6
from the profile SPM I, 5 from the profile SPM II, 3 and 4 from the
profiles VP I and VP II respectively, and 3 from CDL sampling site.

2.4. Radiocarbon dating

Bulk samples and charred fragments were sent to Beta Analytics
Laboratories (Miami, FL, USA). They provided the humin fraction
extraction from the total soil carbon using acid-alkaline treatment from
5 top aliquots from SPM II soil samples. The procedure consists of first
sieving of the soil, then acid treatment is performed to remove carbon-
ates, the solution is thoroughly washed, and followed by an alkali
treatment aiming to solubilize humic fraction. The alkali-insoluble
fraction is the humin fraction ready to be dated. From the same pro-
file (i.e., SPM II), 3 charcoal fragments were hand-picked for radio-
carbon dating. Both humin fraction and charcoal fragments were

analyzed through Accelerated Mass Spectrometry at the Beta Analytics
Laboratories (Miami, FL, USA). Conventional Radiocarbon Ages (CRA)
were calibrated using BetaCal4.20: HPD method: INTCAL20.

2.5. Organic, inorganic and recalcitrant carbon

The total organic carbon (TOC), recalcitrant organic carbon (ROC)
and total inorganic carbon (TIC) were determined through a Soli TOC
Cube (Elementar, Langenselbold, Germany). The method employed
(DIN 19539:2016-12) consists of a temperature ramp from 150 °C to
900 °C, using oxygen and nitrogen as reactive and carrier gas, respec-
tively. The dry combustion of TOC occurs between 150 and 400 °C,
while ROC is combusted between 400 and 600 °C and TIC is later
released up to 900 °C.

2.6. Charcoal counts

The quantification of charcoal fragments was carried out in three
aliquots of each sample (~0.5 g). The soil was soaked in a deflocculant
solution (technical grade sodium hexametaphosphate 10% and sodium
hypochlorite, Merck, St. Louis, MO, USA) for 24 h and then gently
washed through a series of nested sieves (mesh opening sizes of 1 mm,
500, 250, 125 and 63 pm) (Whitlock and Larsen, 2002). Dimensional
classes are below referred to as CHARx, where x could be 1000, 500,
250, 125 or 63 corresponding to the mesh opening size in pm. Fractions
were stored in demineralized water at room temperature until obser-
vation. The counting of charcoal particles was performed with a ste-
reomicroscope Olympus SZ6lon gridded Petri dishes (Enache and
Cumming, 2006; Kirchgeorg et al., 2014; Mustaphi and Pisaric, 2014).
All samples were analyzed in triplicate. Larger carbon fragments were
isolated for p-Raman analysis.
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2.7. Raman spectroscopy

A total of 29 samples (16 from SPM, 10 from VP and 3 from CDL)
among the larger (>1 mm) charcoal fragments were selected for
p-Raman analysis. Samples were mechanically cleaned using scalpels
and brushes to expose a fresh surface. All Raman spectra were acquired
with an i-Raman 785 s by BWTek (Newark, DE, USA), with a dedicated
optical microscope BAC151B Raman Video Microsampling System
equipped with a 20X objective, connected by means of optical fibre (1.5
m length) ending in a BAC102 Raman Trigger Probe equipped with a
standard 304SS shaft mounting a flat quartz window. The Rayleigh ra-
diation was blocked by a notch filter and the backscattered Raman light
was dispersed by a holographic grating on a TE Cooled Linear 2048
pixels CCD Array (cooling temperature: 10 °C); the entrance slit width
was fixed at 25 pm. The laser excitation source consists of a 785 nm
diode whose power was modulated (1% steps) in a power range from 3
to 300 mW to avoid thermal effects on the analyzed sample. Precisely,
the spectra were collected at a power range between 7 and 15 mW, in the
175-3000 cm ! spectral range, with a nominal spectral resolution of 4.5
cm ! and with typical integration times of 60 s. In order to improve the
signal-to-noise ratio, five accumulation cycles were collected for each
spectrum. Flat and clean surface portions were accurately selected by
means of the microscope camera and each sample was characterized by
analyzing 2 to 4 surface points. All raw Raman spectra were then
deconvolved to identify the position and intensity of the bands accord-
ing to methodologies proposed by Inoue et al. (2017) and McDonald-
Wharry et al. (2013). Each spectrum was cut, selecting the range be-
tween 900 and 1800 cm ™!, where most of the typical carbon features are
located (Dennison and Holtz, 1996; Ferrari and Robertson, 2000;
McDonald-Wharry et al., 2013), linear baseline correction was
employed selecting the minimum between 900 and 1000 cm™! and
1600-1800 cm ! as anchor points (Inoue et al., 2017). All raw Raman
spectra were deconvolved, using Gaussian function, to identify the po-
sition and intensity of the most relevant bands (Figure S1): eight bands
(from lower to higher values of Raman shift: Sy, S, Ds, D, A1, Aa, Gg and
Gp) have been selected and identified (Inoue et al., 2017; McDonald-
Wharry et al., 2013).

2.8. Scanning electron microscopy (SEM)

This analysis was carried by isolating particles of interest and
sticking them manually to a carbon conductive tape. SEM and energy
dispersive spectroscopy (EDS) analysis were performed using a TM3000
tabletop scanning electron microscope (Hitachi, Tokyo, Japan) coupled
to an X-ray microanalysis system SwiftED3000 (Oxford Instruments Inc.,
Bognor Regis, UK). Conditions for recording the EDS spectra were as
follows: acquisition time 30.0 s, process time 5 s, accelerating voltage
15 kV.

2.9. Trace elements

The elemental analysis of Fe, Pb, Cu, Mn, Sr, Ba and P was carried out
in 4 samples from each SPM and VP, and in 1 sample from CDL.
Approximately 0.25 g of homogenized soil samples were microwave
digested in 3:1 v/v HCL:HNOs, adapting the method described in
Argiriadis et al. (2021). Trace elements were determined using an Agi-
lent (Palo Alto, CA, USA) MP-4210 MP-AES instrument fitted with a
double-pass cyclonic spray chamber and a OneNeb Series 2 nebulizer.
The selected wavelengths and MP-AES operating conditions are reported
in Table S3. Quantification was carried out by 8-points external cali-
bration standards prepared from a mixture of the multi-elemental ICM-
103 solution (Ultrascientific), and mono-elemental S and P mother so-
lution. Yttrium was used as internal standard. Results are reported as
enrichment factor (EF) calculated using the ratio proposed by Reimann
and De Caritat (2000):
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where [i] is the concentration in the sample of the element, the subscript
ref indicates the use of Earth’s crust concentrations (Rudnick and Gao,
2003) as a reference. Aluminium was used for normalization, because it
is assumed to exclusively derive from crustal sources in regional soil
contexts (Reimann and De Caritat, 2000).

2.10. Statistical analysis

The pool of data was analyzed using R-studio (version 1.1.463) base
packages (version 3.5.1) for statistical hypotheses testing. Pearson cor-
relation coefficients, Wilcoxon-Mann-Whitney and Student’s t-tests
were used to evaluate the relationship between charcoal and carbon
variables (TOC, ROC, TIC, CHAR1000, CHAR500, CHAR 250,
CHAR250, CHAR125, CHAR63, G Band and D Band position, Ip/Ig, and
Iy/Ig). The Shapiro and Wilk test was used to check the normality of
distributions. Variables were compared using the t-test or, when the
normality hypothesis was not satisfied, using the non-parametric Wil-
coxon-Mann-Whitney test.

3. Results and discussion
3.1. Soil micromorphology

Only the most relevant micromorphological traits are discussed here.
For the detailed description of thin sections see Table S2. In all se-
quences, specific focus is given to how UDE or cultural layers began to
form with respect to the underlying substrates, to identify the origin of
the groundmass making up these layers. Second, the degree of expres-
sion of syn- and post-depositional processes and transformations that are
normally considered as key in UDE formation (i.e., bioturbation,
decalcification, cultivation, etc.) is established. Third, the micromor-
phology of ‘black particles’ is analyzed. This generic term is used here to
describe the complex admixture of charcoal, coal, soot, partially charred
plant matter, organic punctuations (sensu Stoops 2003) or organic fine
substances (Babel, 1975), humified plant matter, etc. that occurs in the
fine mass of these deposits. These cannot be differentiated by trans-
mitted light microscopy alone (Canti, 2017), yet they are very promi-
nent in all cultural layers and DE.

3.1.1. Via Pigna (VP)

The base of the sampled sequences is given by a mortar floor
(Fig. 3a), a typical feature of early medieval dwellings that re-occupy the
remains of former Roman structures (see Nicosia, 2018). In profile VP I
(sample 3), above this floor there is a 1-cm thick remnant of ‘trample’
(sensu Banerjea et al. 2015). This is particularly important as it shows the
micromorphological characteristics of sediments that gradually accu-
mulated in situ during the ‘life’ on this type of floors. These are composed
of compacted loam-textured material, particularly rich in wood ash, and
contains feces (carnivore/omnivore and herbivore), bone fragments,
charcoal, and horizontally-lying articulated phytoliths. These in situ
sediments are markedly different from the UDE lying above, and the
boundary between the two is abrupt even at the microscale (Fig. 3a).
This suggests a rapid change in the sedimentation, from a trampled
domestic context (in VP II for example above the mortar floor there is a
clay-lined hearth) to a fast-growing UDE, derived from dumping or
backfilling. The UDE is composed of poorly sorted clay loam with
randomly distributed archaeological components (charcoal, abundant
metal slags and droplets, ceramic material, fecal material). The slags and
the droplets confirm the strong presence of metallurgical production
activities gathered from trace elements and from the detection of Fe
microspheres during sieving (Table 8). The latter are most likely
spherical hammerscales (reported in Figure S6) produced during
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Fig. 3. (a) VPL sample 1. Contact between mortar floor (M), trample layer (T) and Dark Earth (DE). Note the compositional difference and the abrupt limit (dotted
line) between trample accumulated in situ and DE resulting from dumping of waste. Note the horizontal alignment of coarser fabric units (bone, rock fragments,
charcoal) in layer T. PPL. (b, ¢) VP I; sample 3. Black particles viewed at 100x with substage condenser inserted. PPL and XPL. (d, e) SPM I, sample 6. Same as above.

(f, g) CDL, sample 1. Same as above.

ironworking (Angelini et al., 2017). The slags exhibit a variety of com-
positions: fayalite in larger (i.e., skeletal) or smaller crystals, portions of
amorphous glass with vesicular porosity, amorphous Fe-oxides or den-
dritic wuestite. Bioturbation in this DE layer is weakly attested and there
are no traces of human reworking (i.e., no traces of slaking derived from
agricultural practices).

3.1.2. San Pietro in Monastero (SPM)

The UDE lies directly above a layer of levelled construction rubble
with a clay-loam matrix, containing Roman-age ceramic. It is interesting
to note that this UDE has the same fine-earth matrix (i.e., < 2 mm
fraction) in terms of lithology, texture, and quantity of fine ‘black par-
ticles’ of the layer on which it rests. The reworking of older sediments
seems therefore to be a key UDE forming factor at SPM and can possibly
explain the fact that 1*C dating of sediments (i.e., humin fraction) pro-
vided older dates than the inclusions they contained (i.e., large charcoal
fragments). The UDE collected at SPM contains a randomly distributed
admixture of waste from domestic activities (ash, ceramic and bone
fragments, carnivore-omnivore excrements, eggshell) with lower quan-
tities of metal slags and droplets from metalworking compared to VP. It
is therefore a ‘distal facies’ of the VP UDE, which instead formed in close
proximity to metallurgical activities. The accretion of this DE appears to
be fast, as bioturbation is not very expressed. Biogenic channels and
earthworm granules are indeed present. Yet, the total biogenic fabric of
calcareous Mull-like UDE horizons, observed even in the nearby site of
Verona-Via Mazzini 41 (Nicosia 2018) and considered to be one of the
key forming factors of UDE (Macphail, 1994, 1981; Sukopp, 1979) are
here absent. In SPM profiles there is no evidence of hiatuses in

sedimentation, cultivation, or to post-depositional processes such as
decalcification. The dumping of heterogeneous material where older
sedimentary matrices and older components are mixed with inclusions
dating closer to the time of formation seems the most probable expla-
nation for the UDE formation at SPM. This also explains the fact that **C
dates indicate the mixing of sediments (see Table 1 and Figure S2).

3.1.3. Castelar di Leppia (CDL)

Soil bioturbation is the main process observable in the Bronze Age
cultural layer of CDL. This is evidenced by the strongly expressed
channel microstructure, by the presence of crescent-shaped complete
infillings (‘bow-like features’ sensu Bullock et al. 1985), loose

Table 1
Conventional Radiocarbon Ages and calibrates ages obtained from the humin
fraction and charcoal fragments in SPM II.

Profile  Aliquot  Material Lab. CRA (y Calibrated date
code BP) (CE)
SPM II 1 top humin 580606 1890 + 30 76-232 (95.4%)
2 top humin 580607 1830+ 30  126-253 (84.4%)
290-320 (11.0%)
3 top humin 580608 1760 =30  234-380 (95.4%)
4 top humin 580609 1890 + 30 76-232 (95.4%)
5 top humin 580610 1840 + 30  124-250 (91.6%)
294-310 (3.8%)
1 top charcoal 586538 1820 + 30 152-256 (69.3%)
284-326 (22.2%)
3 top charcoal 586539 1600 = 30  416-545 (65.4%)
5 top charcoal 586540 1740 £ 30  245-402 (95.4%)
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discontinuous infillings of mineral fecal pellets, larger coalescing
earthworm droppings, and by scattered earthworm granules. The fine
matrix of the cultural layer results enriched in silt-sized calcareous
material, giving rise to a crystallitic b-fabric, and in black particles. This
contrasts with the local substrate, which is a partially decalcified Cam-
bisol (ARPAV, 2005) formed on the Adige river sediments. The enrich-
ment in calcareous fine material is probably the outcome of mixing
processes with sediments derived from lower horizons of this Cambisol,
which are still very calcareous. Such mixing derives from the fact that
deeper calcareous sediments were dug up (i.e., pits, wells, quarrying of
earth material, etc.). The occurrence of black particles probably derives
instead from the admixture to the cultural layer of combustion by-
products (ash, charcoal, soot, etc.) which have been strongly reworked
by bioturbation.

3.1.4. Overall arrangement of ‘black particles’

The arrangement and size of black particles in the three sets of
samples was determined by observing the groundmass at 100x — 200x
magnification and with the use of the sub-stage condenser. Fig. 3 shows:
(1) Intimately commixed black particles and mineral material in UDE
composed of waste from proximal metallurgical activities (VP I; sample
3, Fig. 3b, ¢) (2) finely (<25 um) comminuted and distanced black
particles, some of which still retain the structure of vegetal tissues in
UDE derived from ash-rich domestic waste disposal (SPM, sample 12,
Fig. 3d, e); (3) very finely comminuted black particles in a cultural layer
that underwent longer bioturbation (CDL, sample 1, Fig. 3f, g). For each
site the size distributions of black particles observed in thin sections
follow trends in the microcharcoal fragments series.

3.2. Radiocarbon dating

The VP I, VP II, SPM I and SPM II profiles result very close together in
terms of location (Fig. 1) and as such they belong to a correlated DE
deposit. Stratigraphic correlations, material culture, and '*C dates allow
to assume that they encompass the same period. Among them, SPM II
provided a larger number of sub-samples, and was selected for radio-
carbon dating. Following the indication proposed in Pessenda et al.,
(2001), the humin fraction of the soil was initially dated as it is,
differently from charcoal fragments, potentially less affected by post-
depositional processes. Conventional Radiocarbon Ages (CRA) and
calibrated ages are reported in Table 1 and Figure S2.

As reported in Table 1 and shown in Figure S1, the radiocarbon
calibrated ages obtained from the humin fraction span a period between
75 and 380 CE (significance corresponding to 2c). These radiocarbon
ages were not chronological, suggesting that the matrix has been mixed
and reworked, as also evidenced by the thin section observation. Indeed,
the radiocarbon ages do not increase with the increase of the depth, and
that is independent of the typology of the fraction of carbon used (i.e.,
charcoal or humin). A similar sequence of mixed-aged materials was
observed in UDE from Brussels (Devos et al., 2017) and Firenze (Nicosia
2018).

Some of the charred fragments hand-picked from the SPM II profile
were radiocarbon dated to test the hypothesis of post-depositional
events. Calibrated ages obtained from charcoal fragments are reported
in Table 1 (see also Figure S2). As shown, charcoal calibrated dates
ranged from 150 to 545 CE. Looking at the results it is possible to find
out slight differences between the radiocarbon dating of charred mate-
rial versus humin fraction. This difference in the dating between humin
and charcoal fractions suggests a possible initial anthropization period
resulting in an enrichment of organic matter (during 1st and 2nd cen-
tury) before the cultural layer (during the 4th — early 6th) was deposited.
Humic carbon represents a part of the matrix originally deposited (van
der Plicht et al., 2019; van Mourik et al., 2012) and then enriched in
coarser fragments and charcoal during the subsequent centuries. Indeed,
the humin fraction is also defined as “allochthonous organic carbon”,
that is the carbon fraction deposited in the matrix prior to the formation
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of the autochthonous carbon, more easily oxidable, in soil (van der
Plicht et al., 2019). The period of formation of UDE in VP and SPM is
nearly in line with the DE exposed in the nearby urban excavation of Via
Mazzini 41, dating to the late 4th — early 6th century CE (Bruno and
Fresco, 2014). The dates obtained at SPM show that in UDE studies it is
crucial to define the context of the material being dated. Dated material
from an in situ UDE or cultural layer dates — roughly- its moment of
formation (with all limitations from old wood effect, stocked wood, re-
use, heirlooms, etc). Dated material from dumped or remobilized UDE or
cultural layers provides us with a terminus post quem with respect to the
moment in which those sediments were dumped. Hence, from our dating
results it is possible to consider radiocarbon dating not only a base
technique to date the soil horizons, but also to help evaluate the
sequence of human and natural processes responsible for soil layer
development and deposition.

3.3. Carbon

The TOC and TIC were determined together with the ROC. The
concentration profiles along all sites did not exhibit a particular trend
(see Table S4). Therefore, the mean concentrations of TOC, ROC and
TIC for each profile were considered as reported in Table 2. The highest
ROC and TOC mean values were detected in the VP for both the profiles
VP I and VP II, while SPM showed a higher TIC.

The means were compared using the t-test or, when the normality
hypotheses was not fulfilled, using the non-parametric Wilcoxon-Mann-
Whitney test. The resulting p-value of the tests are reported in Table 3.
As shown, TOC, ROC and TIC are not significantly different between
parallel profiles from the same sites. Nevertheless, VP has significantly
higher values of TOC and ROC in comparison with both SPM and CDL, as
well as a depletion in TIC. However, CDL shows significantly lower TOC
and ROC than SPM.

Values ranges between 0.9 and 3.3% and are consistent with the
concentrations found in other DE horizons all over Europe. Devos et al.
(2013, 2017), reported a TOC content between 0.5 and 3.7% in Brussels,
while slightly lower organic carbon concentrations were observed in
Padua (0.7-1.9%) and in Florence (0.25-1.25%) (Nicosia et al., 2012,
2019). These values were ascribed to the result of handling processes
(domestic waste or byre) and manure addition to the soil (Devos et al.,
2017, 2013; Wiedner et al., 2015).

Although the three sites are significantly different when compared
for TOC, most variability is due to the ROC concentrations, ranging
between 0.5 and 1.6% (Table 3). A comparison of ROC between the sites
returns the lowest p-values, following the same relationship observed for
TOC as ROC concentration resulted VP > SPM > CDL (Table 3).

It must be noted that TOC and ROC values are significantly higher in
VP than in SPM despite the vicinity of the two sites. This suggests that
the horizontal variability in DE, likely related to different practices such
as agriculture or waste management, is significant even for short-range
distances.

Table 2

Mean values organic (TOC), recalcitrant (ROC) and inorganic carbon (TIC) from
two sections at Vicolo San Pietro in Monastero (SPM I and SPM II) via Pigna (VP I
and VP II), and from Castelar di Leppia (CDL).

Profile/site n TOC (%) ROC (%) TIC (%)

SPM I 9 1.3+0.1 0.8 +£0.1 4.3 +0.2
SPM II 10 1.3+0.2 0.7 £ 0.1 4.2+ 0.2
SPM 19 1.3+0.1 0.7 £ 0.1 43+0.1
VPI 6 3.3+3.0 1.6 £0.7 3.2+1.2
VP II 6 25+ 1.7 1.5+0.7 3.0+1.5
VP 12 29+1.4 1.5+ 0.4 3.1+0.8
CDL 3 0.9 + 0.4 0.5+ 0.1 3.6 +0.1
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Table 3

Comparison between mean values of organic (TOC), recalcitrant (ROC) and
inorganic carbon (TIC). p-values obtained using the Student’s t or the Wilcoxon-
Mann-Whitney. p-values < 0.05 (in bold) indicate a significant difference be-
tween the means.
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Table 5

P-values for the comparison between mean values of charcoal counts in samples
sieved at 1000, 500, 250, 125 and 63 pm. p-values obtained using the Student’s t
or the Wilcoxon-Mann-Whitney test. p-values < 0.05 (in bold) indicates a sig-
nificant difference between the means.

TOC ROC TIC CHAR1000 CHAR500 CHAR250 CHAR125 CHAR63

SPM I vs SPM II 0.91 0.27 0.65 SPMIvsSPM  NA NA 0.97 0.41 0.38

VP Ivs VP II 0.55 0.78 0.74 i

SPM vs VP 0.033 0.001 0.008 VPIvs VPII  0.053 0.89 0.71 0.22 0.80

VP vs CDL 0.009 9¢10° 0.18 SPM vs VP 107 101! 10! 10° 108

SPM vs CDL 0.008 0.0003 4010 VP vs CDL 0.039 103 10° 103 0.059
SPMys CDL  NA NA 0.050 0.25 10°

3.4. Charcoal

The charcoal content was determined following the procedure pro-
posed by Whitlock and Larsen (2002). After separation into five
dimensional classes (1 mm, 500, 250, 125 and 63 um) the concentration
profiles along all the sites did not show any trend (see Figures S3-S5).
The results of this analysis are reported in Table 4 as means and corre-
sponding confidence intervals (95%) for each profile and site. As shown
in Table 4 the number of charcoal fragments increases with the decrease
of the dimensional class, for all profiles and sites.

A non-parametric Wilcoxon-Mann-Whitney test was conducted to
compare charcoal fingerprint distribution between sites and profiles.
The p-values reported in Table 5 support the hypothesis that, similarly
for TOC, ROC and TIC concentrations, significant inter-site rather than
intra-site differences are noted. VP shows the highest abundance of
charcoal fragments in all dimensional classes, except for the smallest
(63 um). In addition, VP is the only site where coarser charcoal particles
(>500 um) were detected. CDL exceeds only in CHAR63 with respect to
SPM, but this dimensional class is not significantly different from the
corresponding class in VP. Results from the thin sections show similar
results, suggesting there were different processes involved in UDE for-
mation. The charcoal fingerprint distribution is similar within the pro-
files from the same site, confirming that in the UDE horizons from
Verona, neither trends nor internal differentiations can be highlighted,
further supporting the idea that different activities (backfilling and
dumping of material mixed with the matrix and sometimes reworked),
were responsible for UDE formation.

In particular, VP and SPM show a different fingerprint for TOC, ROC
and charcoal distributions, although these two sites belong to UDE de-
posits that can be correlated. The different charcoal distribution may be
associated to distinct dynamics of production and/or transport of the
biomass burning residues. This might in turn be related to independent
anthropogenic activities that occurred in the specific site (Davidson
et al., 2006), such as the metallurgical activities described previously in
the section 3.1. A relatively higher concentration of the largest charcoal
fraction in VP and absence in SPM could be indicative of a very local
source of charcoal and a massive biomass burning input in VP.

Further information about the charcoal inner structure were ob-
tained by p-Raman spectroscopy performed on the surface of the larger
charcoal fragments.

Fig. 4 shows typical Raman spectra obtained from the larger charcoal

Table 4

Mean values of the charcoal counts g’1 in samples sieved at 1000, 500, 250, 125
and 63 um from two sections at Vicolo San Pietro in Monastero (SPM I and SPM
1) via Pigna (VP I and VP II), and from Castelar di Leppia (CDL).

Site n CHAR1000 CHARS500 CHAR250 CHAR125 CHAR63
SPM I 27 0x0 0+0 2+1 11+£4 17+ 4
SPMII 30 0#+0 0+0 3+2 943 15+3
SPM 57 0x0 0+0 3+1 102 16 £2
VPI 18 2+£1 3+1 20+8 50 £ 20 60 + 30
VP II 18 05+0.5 2+1 16 +7 25+6 45 + 20
VP 36 1.1+ 0.6 2.4+09 18 +5 40 +£10 50 + 20
CDL 9 0+0 0+0 0.4 +£0.4 13+6 80 £ 45

VP

100 +
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Fig. 4. Typical Raman spectra of the sites analyzed in this study. The spectral
features used for interpretation and fitting procedures are highlighted.
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fragments collected in the three sites. After deconvolution, all spectra
show the typical features of carbon, with D and G bands located at ~
1350 and ~ 1600 cm™ !, respectively (Cohen-Ofri et al., 2006; De de
Sousa et al., 2020; Dennison and Holtz, 1996; Dresselhaus et al., 2005;
Ishimaru et al., 2007; Jawhari et al., 1995; Kawakami et al., 2005;
Tuinstra and Koenig, 1970). In all spectra, the D band shows higher
intensity with respect to the G band, suggesting that low level of crys-
tallinity in the inner lattice of the material is present (Ferrari and Rob-
ertson, 2004). The Raman spectra of the crystalline graphite show just
the G band at ~ 1580 cm™}, but if the symmetry is perturbated (i.e. sp>
bonding, edges, impurities, etc.) the D band appears and there can be a
shift in the G band position (Cancado et al., 2007; Ferrari and Robertson,
2004, 2000; Wang et al., 1990). Indeed, the D band is the evidence of the
breathing modes of the sp? carbon in rings (Ferrari and Robertson,
2004), this is associated to the presence of some breakdown in the
symmetry of the graphite lattice (Wang et al., 1990). The G band is
linked to the vibration modes of the sp2 carbon atoms (Ferrari and
Robertson, 2004, 2000).

The main diagnostic parameters obtained from Raman spectra are
summarized in Table 6 and are: the positions (em Y of Dand G bands,
the ratios between the intensities of the two bands (Ip / Ig), and the
ratios between the intensity of the valley of the two bands and the G
band intensity (Iy / Ig), and the in-plane crystallite size (L,) of charred
particles was calculated using the equation proposed by Cancado et al.
(2006). L, is inversely proportional to the ratio between the intensities
of D and G bands (Cancado et al., 2007, 2006; Cuesta et al., 1998; Ferrari
and Robertson, 2000; Jorio et al., 2012; Tuinstra and Koenig, 1970). Our
L, results are around 50 nm, slightly higher then the Amazonian anal-
ogous (Jorio et al., 2012; Ribeiro-Soares et al., 2013) and are much more
similar to the graphitic materials studied by Cuesta et al. (1998). A
statistical comparison between these parameters was carried out using
the Student’s t-test (or Wilcoxon-Mann-Whitney test). The p-values of
the test performed within and between the sites are reported in Table 7.

Charcoal fragments structures within the profiles, as well as between
the sites of the urban context of Roman Verona (i.e., VP and SPM), do not
show significant differences. Conversely, the older site CDL exhibited
markedly higher Iy/Ig and lower G-band position values. The G-band
feature indicates a higher level of disorder in the charcoal structure in
CDL with respect to those in SPM and VP. This finding could be
explained by the difference in age, as CDL is likely older than the others.
Being older and likely more degraded, charcoal had more disordered
structures with a lower fraction of graphitized carbon (Smidt et al.,
2020, Smidt et al., 2017). This aging process may be ascribed to envi-
ronmental factors, such as pH and humidity of the soil, microbial ac-
tivities or water erosion (Inoue et al., 2017; Rumpel et al., 2015).
Interactions of charred residues in soils due to chemical and physical

Table 6

Mean values of the parameters from Raman spectra obtained in charcoal samples
from two sections at Vicolo San Pietro in Monastero (SPM I and SPM II) via Pigna
(VP I and VP II), and from Castelar di Leppia (CDL).

Site n Band G Band D Ip/Ig Iy /1g L,
(em™) (em™) (nm)
SPM I 4 1557 + 6 1314+ 9 1.7 + 0.89 + 52+ 8
0.3 0.07
SPM 12 1554 + 2 1314 + 4 1.7 + 0.94 + 54 +3
11 0.1 0.04
SPM 16 1555 + 2 1314 + 3 1.7 £ 0.93 + 53+3
0.1 0.03
VP1I 6 1549 + 6 1318 + 3 19 + 0.94 + 52 +
0.5 0.11 10
VPII 4 1553 + 4 1316 + 18 1.9+ 0.89 + 47 +
0.4 0.28 10
VP 10 1551 + 4 1317 £ 5 19+ 091 + 50+ 8
0.3 0.10
CDL 3 1542 + 5 1316 + 9 1.7 + 1.16 + 53 +

0.4 0.18 10

Catena 217 (2022) 106453

Table 7

Comparison between mean values of Raman Parameters. p-values obtained
using the t-Student or the Mann-Whitney test depending on the normality of the
distribution previously checked with the Shapiro-Wilk test. p-values < 0.05 (in
bold) indicates a significant difference between the means.

Band G Band D In/Is L/Ig L,
(em™) (em™) (nm)
SPM I vs SPM 0.13 0.68 0.66 0.10 0.67
i
VPIvs VPII 0.31 0.82 0.78 0.58 0.55
SPM vs VP 0.08 0.077 0.19 0.76 0.34
VP vs CDL 0.012 0.46 0.24 0.005  0.42
SPM vs CDL 0.006 0.48 0.96 0.019  0.98

changes have been investigated (Cheng et al., 2008; Inoue et al., 2017).
Cheng et al. (2006) suggested that the main changing of charcoal fea-
tures could be due to physical and biological weathering in soils.
Moreover, higher values of Iy/Ig in CDL may be indicative of lower
burning temperatures. This evidence suggests that the more ancient
charcoal of CDL was produced at lower carbonization temperatures,
providing a limited removal of amorphous structures and a scarce for-
mation of graphene-like networks (McDonald-Wharry et al., 2013). On
the other hand, the similarity between SPM and VP supports the
assumption that SPM and VP are coeval, while higher carbonization
temperatures may be related to high-energy demand processes, such as
smelting (as previously observed) or ceramic manufacturing.

3.5. Metallic droplets and anthropogenic soil

During the microscopy observation of the samples for charcoal
analysis, a large number of magnetic spheres were detected in both VP
profiles. A deeper investigation of the distribution of these droplets
showed that they were most abundant in the > 63 um fraction (see
Table 8).

A representative selection of them were handpicked and analyzed by
SEM-EDS to study their morphology and elemental composition. A
typical SEM micrograph is shown in Figure S6. Such magnetic droplets
exhibit a regular spherical shape with a diameter in the 80 to 280 um
range. The elemental analysis of these spheres evidenced that they are
mainly composed of iron, aluminum and oxygen (coherently the phases
identified during the thin section observation). Ferrous spheres in
modern soils have been usually associated to fly ash from metallurgical
activities and road dust pollution (Bourliva et al., 2016; Fisher et al.,
1978; Howard and Orlicki, 2016; Ngu et al., 2007). To the best of our
knowledge, these kinds of structures were never reported before in UDE.
The presence of less abundant metallic droplets and of the smallest
dimensional class in SPM compared to VP, suggests that the latter might
be the source site of the metallic particles, then transported by the wind
to the neighboring site SPM. Therefore, VP may have been a localized
site for metal smoldering. This interpretation is supported by the
abundance of larger charcoal particles that likely derive from the met-
allurgic activities as well.

The presence of metallic droplets prompted to investigate in detail
the elemental composition of the soils for metals and other elements
typically associated to anthropogenic soils, such as P. Two samples from
each profile (VP I, VP II, SPM I and SPM II) were analyzed together with
one sample from CDL. The concentrations are reported in Table 9,

Table 8
Distribution of the ferrous microspheres of different size from the three sites Via
Pigna (VP) Vicolo San Pietro in Monastero (SPM) and Castelar di Leppia (CDL).

Site 500 ym > d > 250 pm 250 ym > d > 125 pym >63 pm

VP 2+ 1 counts g~ ! 15 + 9 counts g ! 30 + 10 counts g~
SPM  NA NA 7 +1 counts g
CDL NA NA NA
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Table 9

Mean values of the Enrichment Factors from two sections at Vicolo San Pietro in
Monastero (SPM I and SPM II) via Pigna (VP I and VP II), and from Castelar di
Leppia (CDL).

—0.14(0.48)
—0.13(0.50)
0.30 (0.11)
0.18 (0.34)
—0.22(0.26)
0.11 (0.57)
0.07 (0.72)
0.26 (0.18)
0.17 (0.37)
0.11 (0.56)
—0.13(0.50)

L, (nm)

Site

=

EF Fe EF P EF Ca EF Mg

SPM I
SPM II
SPM
VPI
VP II
VP
CDL

2.6 £0.1 3.6 £0.3 30+1 4.1+0.2
2.6 £0.1 3.8+0.0 25+ 3 42+0.4
2.6 +£0.1 3.7+0.1 28 +2 4.2 +0.2
10£5 7+1 23+1 5+1
20+ 13 9+3 40 + 17 5.9+ 0.2
14t6 8+1 308 5+0.5
2 3 18 5

~ANNDARNN
Iv/1g
—0.16 (0.40)
—0.02 (0.88)
—0.08 (0.67)
—0.10 (0.61)
—0.10 (0.58)
—0.15 (0.41)
—0.44 (0.82)
0.34 (0.07)
—0.52
(<0.01)
0.30 (0.10)
0.11 (0.56)

0.20 (0.30)
0.17 (0.37)
—0.30(0.10)
—0.04 (0.81)
0.34 (0.07)
—0.01 (0.96)
0.03 (0.89)
—0.23(0.23)
—0.24(0.21)
—0.11 (0.57)

Ip /I

expressed as enrichment factors (EF) as proposed by Reimann and De
Caritat, (2000) (concentration values are reported in Table S5).

Sutherland (2000) proposed that an elemental concentration should
be considered anomalous when its EF exceeds a value of ~ 20. Ac-
cording to this threshold level, all examined UDE profiles were highly
enriched in P and Ca, while VP was significantly enriched in Fe. The high
value of iron EF in VP is indicative of human forcing processes, as pre-
viously suggested by the presence of metallic droplets mostly found in
VP soil samples. Although the EF evidenced marked differentiation be-
tween the three sites, they show similar values within the profiles of the
same site. This feature further supports the occurrence of a horizontal
rather than vertical variability in DE deposits. The concentration of P
found in UDE is in agreement with the results obtained in similar ancient
anthropogenic soils in northern Italy (Migliavacca et al., 2013; Vittori
Antisari et al., 2013). Higher P content in all the sites agrees with the
presence of anthropogenic soil (Patten et al., 2012), as the presence of P
has already be linked to human activities, being associated to excrement
and byre addition and/or to the dumping of biomass burning residues
(Devos, 2018). In this case, the excess of P in VP might be related to this
latter activity. This is in agreement with the charcoal and ROC abun-
dance previously observed. Calcium EF shows a particular increase in VP
and SPM, with respect to CDL. Calcium and Manganese can derive from
different sources in anthropogenic soils, in the sites of our interest the
calcium and magnesium can firstly derive from calcareous-calcarenitic
minerals, present in the soil matrix. These could then undergo
different processes into the soil thanks to the continuous input of organic
material from domestic waste. Humification processes of organic carbon
can affect the soil pH, and in acidic conditions dissolution of carbonates
can occur (Zamanian et al., 2016). The presence of metallic ions, such as
Ca", in organic carbon rich soils leads to a series of mechanisms that
contribute to the organic matter sorption and stabilization (Barreto
etal., 2021; Rowley et al., 2018; Shi et al., 2017). The main mechanisms
involve the aggregation and occlusion of soil organic matter with cal-
cium, and parallelly the inclusion of organic matter within CaCOs3
minerals (Clough and Skjemstad, 2000; Rowley et al., 2018). The sig-
nificant presence of P detected in cultural layer samples can also arise
from phosphatic minerals, suggesting the significant presence of calcium
and manganese. Therefore, the increasing of nutrient in soil where
availability of biochar and charcoal have been suggested by Atkinson
et al. (2010) Lehmann and Stahr (2007) and Steiner et al. (2007).

0.24 (0.20)
0.39 (0.03)
0.35 (0.06)
0.25 (0.18)
0.22 (0.25)
0.19 (0.32)
0.26 (0.16)
0.28 (0.14)
—0.09 (0.62)

Band D
(em™)

Band G (cm™ 1)
—0.32 (0.09)
—0.24 (0.20)
—0.17 (0.36)
—0.31 (0.10)
—0.35 (0.06)
—0.29 (0.13)
—0.37 (0.04)
—0.42 (0.02)

0.21 (0.22)
0.38 (0.02)
—0.20 (0.25)
0.55 (<0.01)
0.41 (0.01)
0.62 (<0.01)
0.72 (<0.01)

CHAR63

CHAR125

0.52 (<0.01)
0.61 (<0.01)
—0.29 (0.08)
0.84 (<0.01)
0.78 (<0.01)
0.92 (<0.01)

CHAR250

0.50 (<0.01)
0.55 (<0.01)
—0.25 (0.14)
0.78 (<0.01)
0.81 (<0.01)

CHAR500
0.53 (<0.01)
0.57 (<0.01)
—0.39 (0.017)
0.80 (<0.01)

—0.04 (0.79)

CHAR1000
0.28 (0.09)
0.36 (0.03)

TIC
—0.72
(<0.01)
—0.65
(<0.01)

3.6. Pairwise correlation

Pearson correlation coefficients between pairs of variables are re-
ported in Table 10. TOC and ROC were significantly and positively
correlated (r = 0.60, p-value < 0.01). Qi et al. (2017) found positive
correlation between TOC and ROC in agricultural and parkland soils, in
agreement with our results. From their observations, ROC fraction
included condensed pyrogenic carbon, condensed aromatic humic car-
bon and other non-reactive organic carbon fractions. The ROC can be
related to the pyrogenic products that can, in turn, contribute to an in-
crease of the more labile TOC in burial conditions. Therefore, in the
context of DE, TOC input may partially derive from the significant

0.60 (<0.01)

ROC

TOC

CHAR (1000)
CHAR (500)
CHAR (250)
CHAR (125)
CHAR (63)
Band G (cm™ 1Y)
Band D (cm™})
In/Ig

Iy/Ig

TOC
ROC
TIC

Pearson correlation coefficient (p-value) between organic (TOC), recalcitrant (ROC) and inorganic carbon (TIC), dimensional charcoal counts (1000,500,250,125 and 63 um) and Raman parameters (Band G, Band D, Ip/Ig

Table 10
and Iy/Ig).

10
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contribution of charcoal and biomass burning-derived particles, as dis-
played by the significant positive correlation coefficients between TOC
and CHARS500 (r = 0.53, p-value < 0.01), CHAR250 (r = 0.50, p-value <
0.01) and CHAR125 (r = 0.52, p-value < 0.01). The pyrogenic source if
ROC can be also supported by the correlation coefficient of ROC vs
CHARS500 (r = 0.57, p-value < 0.01), CHAR250 (r = 0.55, p-value <
0.01), CHAR125 (r = 0.61, p-value < 0.01) and CHAR63 (r = 0.38, p-
value < 0.05). This evidence is in agreement with the researches of
Zethof et al., (2019) that reported ROC as a valuable tool to measure the
content of graphitic carbon originated from biomass burning products.

When TOC and ROC are compared to TIC, they display a significant
negative correlation (r =-0.72, p-value < 0.01; r = -0.65, p-value < 0.01,
respectively). The behavior of organic and inorganic fractions in soils
and sediments is often hardly comprehensible: positive and negative
correlations were detected also in similar environmental conditions
(Leogrande et al., 2021). Indeed, when the investigated site is a closed
system (e.g. a pond or a lake without inflows/outflows), the endogenic
input of both TIC and TOC are positively and significantly correlated (Ju
et al.,, 2010). Conversely, in an open system, such as DE deposits,
different inputs of TIC and TOC that derive from human activities may
have affected the soil conditions. Leogrande et al. (2021) found nega-
tive, although not always significant, correlation between TOC and TIC
in farms and orchard’s soils in the Mediterranean area. The different
oxidizing conditions induced by a relatively high concentration of car-
bonates could have promoted the increase of TIC at the expense of TOC.
Other studies proposed that the negative correlation between TOC and
TIC can be related to the degradation of organic matter by water
dissolution or availability of microorganism able to mineralize the
organic matter (Lu et al., 2020). In UDE, the significant negative cor-
relation could be influenced also by the effect of the Ca aggregates, able
to stabilize TOC, while CO, production can cause a pH decrease, and in
turn increase the dissolution of carbonate (Sartori et al., 2007; Shi et al.,
2017). The observed negative correlation between TIC and TOC could
result from the continuous input of biomass and organic material to the
soil, which dilutes the original matrix. The presence of centuries of
human activities on the sites of interest could have promoted a process
of input of external material and mixing with the original matrix.

The distribution of charcoal particles in the different range sizes are
all significant and positively correlated, indicating that such fragments
might have the same source. Their exact source is difficult to interpret
because of the many processes that could alter charcoal characteristics
(e.g., bioturbation, erosion and freezing) (Conedera et al., 2009). A very
local source of the signal is suggested by the presence of > 125 ym
charcoal (Conedera et al., 2009;Whitlock and Larsen, 2002). However, it
cannot be excluded that the significant positive correlation found be-
tween charcoal counts per size classes could be ascribed to the frag-
mentation of larger charcoal particles due to handling processes of soil.

The significant negative correlation between Iy/Ig and the G band
position (r = —0.52, p-value < 0.01) can be likely associated to graph-
itization processes as the wavenumber of the G band shift to higher
values while I increase in intensity (Iy/Ig decreases) when graphitic
structures prevails over amorphous ones (Inoue et al., 2017; McDonald-
Wharry et al., 2013).

4. Conclusions

From the study of the thin sections, we observed common features
and different syn- and post-depositional phenomena responsible for the
formation of UDE layers. Our analyses highlight several mechanisms
linked to the formation of the base layers of the UDE in the Verona area,
primarily the dumping of heterogeneous anthropogenic material com-
bined with the reworking of older sediments. This was further supported
by the different radiocarbon dates of the different fractions: the humin
fraction gave older dates than the inclusions observed within the UDE (i.
e., charcoal). Moreover, one of the aspects resulting from the radio-
carbon data is the different information that can be achieved by
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choosing different organic fractions in cultural layers. In fact the humin
fraction suggest the first dwelling of the site, while charcoal dating re-
veals the period of soil exploitation.

Organic material and charred biomass particles related to backfill
(dumping) layers are directly related to human activities, including
manufacturing of metal tools and ceramics although these layers are
different at different sites. In particular, charcoal and carbon finger-
prints of the three sites are different, even when there is proximity in
terms of age and location. This proves the occurrence of a horizontal
rather than vertical variability of the cultural layers/UDE. This aspect
suggests a strong and diversified human influence on these cultural
layers. The human influence in terms of massive use of the soil for do-
mestic purposes is further marked by the presence of metallic droplets
and trace element concentration (i.e., P, Fe) as well as black burned
particles. This points to a process whereby humans affected the natural
soil both in VP and SPM. The VP site seems to be situated in the im-
mediate vicinity of artisanal activities (e.g., metal, or ceramic
manufacturing), while SPM seems to be more likely affected by the
gathering of remains from the close by VP site.

The employment of Raman spectroscopy on charred particles
allowed us to account for the various energy-demanding fire uses, these
were in agreement with the different ages of the cultural layers.
Consistently with predictions based on the samples’ dating, the oldest
set of samples (collected in the Bronze Age site of Castelar di Leppia)
displayed the typical features of more amorphous structures, that ex-
press lower carbonization temperatures. In addition, the presence in
CDL samples of finer biomass burning residues is explained by the
prolonged time of bioturbation (CDL deposit is ca 1500-1800 years
older with respect to VP and SPM) highlighted from the observation of
the thin sections.

The correlation between the results obtained from different tech-
niques revealed the relation between the most recalcitrant fraction of
carbon (ROC) measured in the soil samples and the biomass burning
residues collected into the UDE samples. Hence, ROC could be directly
associated to past burning activities.

In conclusion, the information inferred from the UDE/cultural layers
is extremely local and associated with a sequence of human activities
and soil processes specific to particular succession of events, even when
the sites are close together. In this scenario, it is necessary to use a
statistical approach to connect the aspects of a multi-analytical and
multidisciplinary research methodology, necessary to assess the human
impact on the surrounding environment in the past.
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