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• Sedimentary facies and soil units are fingerprinted by their natural metal contents.
• Source-rock composition, grain size and soil weathering control metal distribution.
• Background concentrations of Cr and Ni commonly exceed the Italian guidelines.
• Predetermined background values are inadequate to depict local pollution.
• Geochemical maps based on soil/geological data allow assessing metal contamination.
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One of the major issues when assessing soil contamination by inorganic substances is reliable determination of
natural metal concentrations. Through integrated sedimentological, pedological and geochemical analyses of
1414 (topsoil/subsoil) samples from 707 sampling stations in the southern Po Plain (Italy), we document that
the natural distribution of five potentially toxic metals (Cr, Ni, Cu, Zn and Pb) can be spatially predicted as a func-
tion of threemajor factors: source-rock composition, grain size variability and degree of soil weathering. Thirteen
genetic and functional soil units (GFUs), each reflecting a unique combination of these three variables, are
fingerprinted by distinctive geochemical signatures. Where sediment is supplied by ultramafic (ophiolite-rich)
sources, the natural contents of Cr and Ni in soils almost invariably exceed the Italian threshold limits designated
for contaminated lands (150 mg/kg and 120 mg/kg, respectively), with median values around twice the
maximum permissible levels (345 mg/kg for Cr and 207 mg/kg for Ni in GFU B5). The original provenance signal
is commonly confounded by soil texture, with general tendency toward higher metal concentrations in the
finest-grained fractions. Once reliable natural metal concentrations in soils are established, the anthropogenic
contribution can be promptly assessed by calculatingmetal enrichments in topsoil samples. The use of combined
sedimentological and pedological criteria tofingerprint GFU geochemical composition is presented here as a new
approach to enhance predictability of natural metal contents, with obvious positive feedbacks for legislative
purposes and environmental protection. Particularly, natural metal concentrations inferred directly from a new
type of pedogeochemical map, built according to the international guideline ISO 19258, are proposed as an
efficient alternative to the pre-determined threshold values for soil contamination commonly established by
the national regulations.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The assessment of soil contamination by risk elements and the esti-
mate of anthropogenic disturbance are increasingly important issues
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when dealing with environmental problems. In this regard, establishing
the natural concentrations of potentially toxic metals with respect to the
anthropogenic contribution is essential for defining the pollution status
of soils, and thus developing adequate policies of environmental protec-
tion (Salminen and Tarvainen, 1997). Total element concentrations in
the natural environments may vary by several orders of magnitude
(Blaser et al., 2000; Tarvainen and Kallio, 2002). This is especially true
for certainmetals, such as Cr andNi,whose naturally elevated concentra-
tions in ultramafic rocks can be orders of magnitude higher than values
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from continental crust rocks (Hiscott, 1984). As a consequence, natural
metal concentrations in soilsmay varymarkedly from area to area, with-
in a region and between regions, making definition of global background
values impossible (Reimann and Garrett, 2005).

The Po Plain, one of the widest alluvial plains in Europe, is a heavily
urbanized area that hosts about one third of the Italian population. This
region is characterized by intense agricultural and industrial activities,
and for this reason it is seriously at risk of metal pollution. Recent
studies carried out south of Po River (Emilia-Romagna plain), have
documented that Cr and Ni, among all potentially toxic metals, may
serve as powerful tracers of sediment provenance, and that they play
a major role for the reconstruction of sediment dispersal patterns
throughout the system (Amorosi et al., 2002, 2008; Curzi et al., 2006;
Amorosi, 2012; Bianchini et al., 2013, 2014). Particularly, relatively
high Cr and Ni values in alluvial and coastal plain sediment have been
inferred to reflect the abundance of ultramafic detritus supplied by the
Po River via its tributaries that drain the ophiolitic complexes of the
Western Alps and NW Apennines (Fig. 1). Such “anomalous” high con-
centrations may exceed the national standards for potentially toxic
metals (Bianchini et al., 2002; Amorosi and Sammartino, 2007), and
for this reason they are a matter of concern and a serious problem for
the environmental agencies.

A huge amount of data produced in the Emilia-Romagna plain in the
framework of soil (Regione Emilia-Romagna, 2010) and geological
(Regione Emilia-Romagna, 1999) mapping projects allows today to
examine the natural distribution of selected elements within a mixed
pedological and geological framework, through integration of geochem-
ical data with detailed soil and facies characterization.

A general framework for standardizing methods for geochemical
mapping at the global–regional scale has been developed during the
1990s (Darnley, 1997; Plant et al., 1997; Salminen and Tarvainen,
1997). However, there is still no established technique formapping geo-
chemical data, and an integrated system of geochemical mapping with
detailed geological and soil data is far from being achieved. The vastma-
jority of the existing geochemical maps is built on either single point
representations or computer-assisted, geostatistical interpolation
methods (see Reimann and Filzmoser, 2000; Reimann et al., 2002;
Cheng, 2007; Micó et al., 2008, for a review of the statistical
approaches). A pure statistical approach, however, in general fails to
Fig. 1. Simplified geological map of the Emilia-Romagna plain (mod
consider soil and geological properties and, as such, cannot provide
adequate representation of spatial metal distribution away from the
sites where data are available. In these types of geochemical maps,
delineation of class boundaries may represent a highly subjective and
interpretive exercise, and the resulting maps can hardly meet the
needs of land-use planning.

Themajor objectives of thiswork,which focuses on awide spectrum
of alluvial, deltaic and coastal deposits, are: (i) to assess the controlling
factors of natural metal distribution in the southern Po Plain, (ii) to
document the possibility of fingerprinting sedimentary and soil units
by their natural metal contents, and (iii) to show to what extent a
new type of pedogeochemical map (Regione Emilia-Romagna, 2012),
largely based on sedimentological and soil properties, may impact the
determination of natural metal concentrations and the reliable esti-
mates of anthropogenic pollution.

We use here the term “pedogeochemical content” (or “natural back-
ground value”, according to the international guideline ISO, 19258,
2005) to refer to metal contents resulting from natural geological and
pedological processes, excluding any addition of human origin (Micó
et al., 2008). This term is commonly referred to by the geochemists as
“background value” (Lepeltier, 1969; Rose et al., 1979; Reimann and
Garrett, 2005), and varies according to the nature of the parentmaterial
for any particular element. The “pedogeochemical content” is conceptu-
ally separated from the term “baseline” (or “usual background value” of
ISO, 19258, 2005), which is commonly meant to define a concentration
of a substance that includes a diffuse anthropogenic contribution due to
atmospheric deposition and agricultural practice (Tarvainen and Kallio,
2002; Cicchella et al., 2005; Albanese et al., 2007).

2. Geological setting

The Po Plain is the superficial expression of a subsiding foreland
basin (Po River Basin) of Pliocene to Quaternary age. It is made up of
the longest Italian river (the Po), 652 km long, which flows in W-E di-
rection from the Western Alps to the Adriatic Sea, and by a series of
transverse tributaries. The Po Plain is bounded by twomountain chains:
theAlps to the north, and theApennines to the south (Fig. 1). The Alpine
catchments show contrasting compositional signatures, which reveal
the complex geological history of this orogen. Two major structural
ified from Regione Emilia-Romagna, 1999) and adjoining areas.
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units are recognized in the Apenninic catchments: the Ligurian nappe
(Fig. 1), cropping out approximately between Trebbia and Santerno
Rivers (Emilia Apennines), includes different fault-bounded structural
units and is made up of ophiolites and weakly- or non-metamorphosed
sedimentary rocks of Cretaceous to Miocene age (Pini, 1999). Between
the Santerno River and the Adriatic Sea (Romagna Apennines in Fig. 1),
the Apenninic river catchments are made up, instead, of a homogeneous
turbiditic unit of Miocene age (“Marnoso-arenacea Formation” – Ricci
Lucchi, 1986).

The Emilia-Romagna plain, south of Po River, has a surface area of
11,600 km2. From a sedimentological perspective, it includes three
depositional systems, corresponding to alluvial, deltaic, and coastal
plain deposits, respectively (Fig. 1). These depositional systems, in
turn, include a variety of facies associations, formed in distinct deposi-
tional environments.

Undifferentiated alluvial deposits of pre-Holocene age crop out
at the basin margin, where the Apenninic rivers enter the alluvial
plain (Ori, 1993; Picotti and Pazzaglia, 2008; Amorosi et al., 2014;
Gunderson et al., 2014). The bulk of theplain consists of alluvial deposits
supplied by about 25 river systems. These deposits are subdivided into
coarser, near-channel (crevasse and levee) sands and silts, with lateral
transition to overbank fines (silts and clays). Thick, amalgamated sand
bodies attributable to the Po River are present at the northern margin
of the study area, where they form a W-E trending channel belt that
roughly coincides with the axis of the present Po River course. The allu-
vial deposits show downstream transition to deltaic and coastal facies
associations (Fig. 1). An abandoned Po Delta lobe, which was active up
to the XII century A.D. (Bondesan et al., 1995; Correggiari et al., 2005),
is clearly identifiable S-W of the modern delta (Fig. 1). Deltaic deposits
include distributary-channel sands and interdistributary (swamp, bay
and lagoonal) clays. Coastal deposits consist almost entirely of sand
beach-ridge deposits (nearshore to aeolian facies associations) of post-
Roman age, elongated parallel to the present shoreline (Fig. 1). These
beach-ridges which, at least in part, correspond to delta front deposits,
show contrasting (Po River versus Apenninic) source-rock composi-
tions (Marchesini et al., 2000; Amorosi et al., 2007). Changes in
sediment provenance reflect the abandonment of previously active Po
Delta distributary channels and their subsequent incorporation into
the Apenninic fluvial network (Veggiani, 1974).

3. Genetic and functional soil units

The SoilMap of the Emilia-Romagna plain at 1:50,000 scale (Regione
Emilia-Romagna, 2012) consists of 295 soil typological units. Based
upon integrated pedological and geological criteria, these units were
grouped into a set of thirteen homogeneous, higher-rank soil units,
Fig. 2. Genetic and functional soil units (GFUs) and their spatial distribution in the Emilia-Rom
Table 1. Black dots indicate sampling sites. (For interpretation of the references to color in this
namely Genetic and functional soil units (GFUs in Fig. 2). The following
distinctive characteristics were used to assemble individual GFUs
(Table 1): soil texture, degree of soil weathering, sediment provenance
and depositional environment (facies association). Each GFU is
fingerprinted by a unique combination of the above features (Table 1).

On the basis of grain size variability, four types of GFUs were differ-
entiated: (i) fine-grained soil units (GFUs “A” in Table 1), including a
mixture of clay and silt in different proportions; (ii) moderately fine
to moderately coarse-grained soil units (GFUs “B” in Table 1), made
up predominantly of sandy silt and silty sand, with subordinate very
fine and fine sand; (iii) coarse-grained soil units (GFUs “C” in Table 1),
consisting of fine to very coarse sand; (iv) GFU D1, characterized by
an abundance of organic-rich clay. In general, the soils of the Emilia-
Romagna plain have poorly weathered profiles. Superficial deposits
date back primarily to the post-Roman period, which accounts for
their commonly low to moderate degree of weathering (Table 1). A
very low degree of weathering is recorded uniquely in GFUs C1, C2
and D1, where soils developed on surfaces exposed for a few centuries
only. In contrast, soils with relatively high degree of weathering (e.g.
Luvisols of WRB IUSS Working Group, 2006) crop out exclusively at
the basin margin (UGF A1 in Table 1), where deposits are commonly
of pre-Holocene age.

GFUswere further differentiated on the basis of their parent materi-
al, i.e., sediment provenance (Table 1). Of particular interest for the geo-
chemical characterization of the Emilia-Romagna plain is the presence
in selected river catchments of ultramafic (ophiolitic) complexes that
supply Cr-rich and Ni-rich detritus to the alluvial and coastal system
(Amorosi and Sammartino, 2007). Ophiolitic rocks crop out extensively
in the Western Alps and in the NW portion of the Apennines, between
Trebbia and Taro rivers (Fig. 1). As a consequence, abundant ophiolitic
detritus is recorded in alluvial (GFU B4 in Table 1), deltaic (A4, B6, D1)
and coastal (C2) deposits fed by Po river, and in the NW part of the
Emilia-Romagna plain (A4, B5).

Finally, soil units were also classified based on their sedimentologi-
cal characteristics (Table 1) into three depositional systems (fluvial, del-
taic and coastal – see previous section) which, in turn, were subdivided
into six facies associations (fluvial channel, floodplain, distributary
channel, interdistributary area, interdistributary bay, and beach ridge
deposits – Fig. 1).

4. Materials and methods

For this study, we followed ISO 19258 (2005) standards, from sam-
ple collection to the statistical treatment of data. Soil and lithofacies
assignments were based on field descriptions, implemented by a large
amount of pedological, geomorphological and sedimentological data,
agna plain (based upon Regione Emilia-Romagna, 1999, 2010). For GFUs description, see
figure legend, the reader is referred to the web version of this article.)

image of Fig.�2


Table 1
GFU classification as a function of soil type (IUSSWorking GroupWRB, 2006), sediment provenance (Po River catchment encompasses both Alpine and Apenninic river catchments) and
depositional environment/facies association.

GFU

A1

A2

A3

A4

B1

B2

B3

B4

B5

B6

C1

C2

D1

A

B

C

D

Soil type Sediment provenance Facies association

Medium-to fine textured, high degree of soil weathering

Stagnic Luvisols, Vertic Cambisols

Fine textured, low to moderate degree of soil weathering

Vertic Cambisols, Hyposalic Vertisols, Calcic Vertisols

Fine textured, low to moderate degree of soil weathering

Vertic Cambisols, Calcic Vertisols, Eutric Vertisols

Fine textured, low to moderate degree of soil weathering

Vertic Cambisols, Calcic Vertisols, HyposaJic Vertisols

Moderately fine-textured to moderately coarse-textured, with

rare gravels, low to moderate degree of soil weathering

Haplic Cambisols, Haplic Calcisols

Moderately fine-textured to moderately coarse-textured, with

rare gravels, low to moderate degree of soil weathering

Haplic Cambisols, Haplic Calcisols

Moderately fine-textured to moderately coarse-textured, with

rare gravels, low to moderate degree of soil weathering

Haplic Cambisols, Haplic Calcisols

Medium- to moderately coarse textured, low to moderate

degree of soil weathering Haplic Cambisols, Haplic Calcisols

Moderately fine-textured to moderately coarse-textured, with

abundant gravels, low to moderate degree of soil weathering

Haplic Cambisols, Haplic Calcisols

Medium- to moderately coarse textured, low to moderate

degree of soil weathering HapJic Cambisols, HapJic Calcisols

Coarse textured, low degree of soil weathering

Endogleyic Arenosols

Coarse textured, low degree of soil weathering

Endogleyic Arenosols

Organic material, Thionic Histosols, Thionic Fluvisols

Apenninic catchment. Variable

ophiolitic supply

Apenninic catchment. No

ophiolitic supply

Mixed Po/apenninic. Moderate

to high ophiolitic supply

Po River catchment

Apenninic catchment. No
ophiolitic supply

Apenninic catchment. Moderate
ophiolitic supply

Apenninic catchment. Moderate
to high ophiolitic supply

Po River catchment

Po River catchment

Apenninic catchment. High

ophiolitic supply

Apenninic catchment. No
ophiolitic supply

Po River catchment

Po River catchment

Undifferentiated alluvial

Floodplain

Floodplain

Interdistributary area (upper

delta plain)

Channel-levee, crevasse

Channel-levee, crevasse

Channel-levee, crevasse

Channel-levee, crevasse

Channel-levee, crevasse

Distributary channel-levee,

crevasse

Beach ridge (coastal plain)

Beach ridge (delta front)

Interdistributary bay (lower
delta plain)
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summarized by the Soil Map at 1:50,000 scale (Regione Emilia-
Romagna, 2010) and the Geological Map of the Po Plain at 1:250,000
scale (Regione Emilia-Romagna, 1999), respectively. In addition, we
used the Geological Map of the Emilia-Romagna region at 1:10,000
scale in its Apenninic foothills portion, along with the Map of the
Drainage Basins, the Soil UseMap (1976–2008) and several sets of aerial
photographs (1954–2008), which were used to establish precise
relationships between sampling sites and modern/past soil use.

4.1. Sampling

A homogeneous geochemical dataset was obtained from 707 sam-
pling stations, with overall density of about 1 sample per 16 km2. Sam-
plingdid not follow regular grids, butwas set up to provide a geographic
coverage of sedimentary and soil units defined by the thirteen GFUs
(Fig. 2). The number of samples for individual GFU varies between 17
(B2 in Table 2) and 198 (B1 in Table 2).

Two soil samples were collected at each study site by hand drilling,
at depths of 20–30 cm and 90–140 cm, respectively, using Eijkelkamp
Agrisearch equipment (01.11.SO hand auger set for heterogeneous
soils). Samples from the deeper soil horizon (e.g., the C horizon) were
used for the determination of the pedogeochemical content (Blaser
et al., 2000), whereas samples collected in the depth of 20–30 cm
were used for the detection of geochemical anomalies. ISO 19258
(2005) indicates depths below 40 cm in agricultural soils and for
inorganic compounds to be representative of natural contents. Since
agricultural practices (vineyards) in the study area may have impact
on soil down to 80 cm in depth, we assumed that samples collected
below 80 cm depth had no significant anthropogenic influence
(Huisman et al., 1997; ISO, 19258, 2005). In addition, we performed de-
tailed comparison with existing geochemical data from 30 to 150 m
deep boreholes from the same area (Amorosi et al., 2002, 2007),
which helped establish a representative natural background dataset.

At each sampling site the following general information was anno-
tated: location, elevation, soil slope, soil use, stratigraphic unit. Core
descriptions also included: grain size, color, reaction to hydrochloric
acid, pH (in soils with high organic content), accessory components
(plant fragments, wood, fossils, carbonate nodules, etc). All field data
were stored in a GIS database.

4.2. Geochemical analyses

To determine total metal concentrations, following ISO 19258 (2005)
1414 samples were analyzed by X-ray fluorescence (XRF). XRF analyses
were conducted at Bologna University laboratories. Samples, pressed
into tablets, were analyzed for 10 major and 16 trace elements in a
Philips PW1480 spectrometry with a Rh tube, using matrix correction
methods of Franzini et al. (1972) and Leoni et al. (1982). Reference sam-
ples, including samples BR, BCR-1, W1, TB, NIM-P, DR-N, KH and AGV-1
(Govindarajiu, 1989) were also analyzed. The estimated precision and
accuracy for trace element determinations, based on the reference stan-
dards, are better than 5%, except for those elements at 10 ppm and lower
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(10–15%). Loss on ignition (LOI)was evaluated after overnight heating at
950 °C.

In order to compare XRF datawith another technique ofmetal deter-
mination commonly used for geochemical mapping purposes, the
whole set of topsoil analyses (707 samples) was replicated by aqua
regia inductively coupled plasma mass spectrometry (ICP-MS). Several
studies have documented that concentrations of certain trace metals
(such as Cr and Ni) determined using aqua regia extractions can be
significantly lower than total concentrations based upon XRF spectrom-
etry. In particular, lower Cr extractability using aqua regia has been
shown by Tarvainen et al. (2009), and similar results have also been re-
ported by Sterckemann et al. (1996) and Amorosi and Sammartino
(2011), who demonstrated remarkably lower levels (30–60% relative
to XRF) of aqua regia extractions for Cr and Ni.

Aqua regia extractions were performedmostly (607 samples) at the
Regional Environmental Agency (ARPA) laboratories in Ravenna (Italy),
followingUNIEN13346 standardmethod,whereas 100 ICP-MS analyses
were carried out at Als Chemex laboratories in Vancouver (Canada),
following ME-MS41 procedure (for the latter, see Amorosi and
Sammartino, 2011).

Detailed comparison between XRF and aqua regia extraction tech-
niques is beyond the scope of our paper, and for this reason the results
of ICP-MS analyses are not shown here. However, we report the follow-
ing mean percentages (relative to XRF determinations) of metals
extracted from the 707 study samples following aqua regia digestion:
Cr 69%, Ni 72%, Zn 82%, Cu 83%, and Pb 108%. Given the specific environ-
mental interest for Cr andNi, whose concentrations in Po Plain soilsmay
commonly exceed the threshold values (see Section 1), determination
of metals using aqua regia extractions appeared very arguable. For this
reason, we selected XRF spectrometry as more suitable analytical
technique for estimating natural background values of potentially
toxic metals.

4.3. Statistical analysis

A combination of different graphics, including frequency histograms,
cumulative frequency curves and box-plotswas used to get the data dis-
tribution for eachGFU (Reimann and Filzmoser, 2000; ISO, 19258, 2005;
APAT, 2006; ARPAV, 2011). However, in order to test the hypothesis
that cumulative distributions could be modeled as standard normal or
log-normal distributions, we applied to the GFU datasets the more for-
mal Kolmogorov–Smirnov (K–S) test. The null hypothesis of normal dis-
tribution, calculated for all 13 GFUs and 5 metals, was accepted by 59
out of 65 combinations, with P-values N 0.05. To the other six datasets,
the Box–Cox transformation was tested to approach a normal distribu-
tion. The identification of potential outliers was then performed
through box-and-whiskers plots, where values exceeded 1.5 times the
interquartile range (difference between the 75th and 25th percentiles).
On the six datasets subject to the Box–Cox transformation, two groups
of outliers were calculated, on both transformed and unmodified data.
The outliers were then identified and excluded from the calculation of
the pedogeochemical contents.

Following outlier removal, descriptive statistics was carried out for
each metal, leading to UGFs characterization in terms of: number of de-
tects, minimum detected concentration, maximum detected concentra-
tion, sum, mean, standard error, variance, standard deviation, median,
skewness, kurtosis and geometric mean (Table 2). In order to ascertain
the pedogeochemical content of Cr, Ni, Zn, Cu and Pb in the 13 GFUs, we
calculated the 90th percentile (following recommendations from ISO,
19258, 2005) and the 95th percentile (Ander et al., 2013). The latter
was used to develop regional estimates of natural background values
in the study area, as carried out by Italian environmental agencies
(APAT, 2006; ARPAV, 2011) and outlined in Section 6.

Given the potential impact of background determinations on environ-
mental legislative measures, we applied the mechanical removal of cer-
tain outliers from the dataset as precautionary approach (recommended
by ISO, 19258, 2005). For the same prudential reason, though we are
inclined to think that the whole population of a given GFU represents
the background population, following the Italian guidelines we used the
95th percentiles as natural background values.

5. Factors controlling spatial metal distribution

The combined sedimentological, pedological and geochemical char-
acterization of the 13 GFUs shows that natural metal concentrations are
not randomly distributed, but vary spatially in a consistent manner as a
function of several parameters. Three variables (source-rock composi-
tion, grain size and the degree of soil weathering) appear as the major
controlling factors of spatial metal distribution in the study area. The
following sections explore selected geochemical features through a
selection of binary plots that summarize to what extent elemental
data can be used to develop a chemical fingerprint for each GFU.

5.1. Source-rock composition

As documented from distinct sectors of the Po Plain (Amorosi et al.,
2002; Bianchini et al., 2002; Amorosi and Sammartino, 2007), Cr and Ni
may act as powerful source discriminants across the sediment routing
system.However, since variability in sediment texture canhave a severe
impact on provenance reconstructions, in order to compensate for grain
size variations we normalized geochemical data using one element
as grain size proxy (Loring, 1991; Daskalakis and O'Connor, 1995). Alu-
minum is commonly used as an efficient normalization factor (Covelli
and Fontolan, 1997; Menon et al., 1998; Liaghati et al., 2003), and the
Cr/Al2O3 ratio has been tested successfully for the discrimination of ul-
tramafic versus non-ultramafic source-rock composition in Po Plain
sediments (Dinelli et al., 2007; Amorosi, 2012). In this study, however,
we used the Cr/V ratio (Amorosi and Sammartino, 2007), which proved
considerably more efficient than any other parameter.

Application of the Cr/V diagram to subsoil samples, 90–140 cmdeep,
reveals that GFUs with highly contrasting ultramafic signature are
aligned along two distinct regression straight lines (Fig. 3, left). These
lines display a marked shift in Cr concentrations, reflecting sediment
composition from two separate source areas.

The high Cr concentrations recorded within the Po River and Po
Delta sediments (GFUs C2, B4, B6 and A4 in Fig. 3, left) are inferred to re-
flect erosion of Cr-rich ultramafic rocks exposed in the Po River catch-
ment (Fig. 1). In contrast, relatively lower Cr values (GFUs C1, B1 and
A2 in Fig. 3, left) are invariably recorded where sediment is supplied
by ophiolite-free, Apenninic sources (see beach-ridge, channel-levee
and floodplain facies associations in Fig. 1). The significant Cr enrich-
ment at the northwestern tip of the Apennines (see scattered samples
from GFU B5 in Fig. 3, left) is likely to reflect close proximity of alluvial
plain deposits to the Apenninic sources of ultramafic detritus (Trebbia
River catchment in Fig. 1). Short fluvial transport is also suggested by
the abundance of serpentinite rock fragments reported from core
descriptions.

Nickel confirms its expected geochemical behavior, showing posi-
tive covariance with Cr and similar patterns of spatial distribution
throughout the study area (Fig. 4). Ni is a common substitution in
Cr-spinel, potentially accounting for its high concentrations in
ophiolite-fed detritus, and may also be resident in chlorite, another
indicator of ultramafic provenance (Ratcliffe et al., 2007).

5.2. Soil texture

Hydraulic processes are one of the most influential features in sedi-
ment composition, because they fractionate the relative abundance of
minerals with different hydraulic behavior (Morton and Hallsworth,
1999). This implies that the distribution of selected elements (and
metals) can be markedly grain size dependent (Garcia et al., 2004;
Garzanti et al., 2009). Several studies have documented the general



Table 2
Calculated descriptive summary statistics for the 13 GFUs and the five metals considered in this study. N is the number of subsoil samples (90–140 cm deep) analyzed for each GFU.
Minimum value (Min), maximum value (Max), sum, mean, standard error, variance, standard deviation, median and geometric mean (Geom. mean) are expressed as mg/kg.

Chromium A1 A2 A3 A4 B1 B2 B3 B4 B5 B6 C1 C2 D1

N 71 138 25 21 197 17 29 33 23 41 18 55 19
Min 113 99 152 173 66 130 145 159 196 156 50 96 130
Max 184 169 272 273 151 192 244 250 646 256 82 167 273
Sum 10,525 18,636 5118 4854 21,411 2637 5363 6841 8352 8179 1101 7242 3769
Mean 148.24 135.04 204.72 231.14 108.69 155.12 184.93 207.30 363.13 199.49 61.17 131.67 198.37
Std. error 1.80 1.28 6.91 5.54 1.29 4.20 5.45 3.77 26.97 3.40 2.22 2.16 7.84
Variance 231.10 225.95 1194.29 644.63 326.08 299.99 860.71 469.72 16,732.80 473.81 89.09 257.34 1168.13
Stand. dev 15.20 15.03 34.56 25.39 18.06 17.32 29.34 21.67 129.36 21.77 9.44 16.04 34.18
Median 148 137 197 237 108 153 180 209 345 203 60 132 199
Skewness 0.06 −0.44 0.49 −0.37 0.03 0.37 0.54 −0.11 0.40 0.16 0.70 0.02 0.19
Kurtosis −0.03 −0.42 −0.94 −0.59 −0.23 −0.86 −1.07 −0.37 −0.86 −0.23 −0.52 −0.37 −0.13
Geom. mean 147.46 134.17 202.02 229.76 107.15 154.23 182.78 206.18 341.22 198.33 60.52 130.70 195.54

Nickel
N 70 137 23 19 197 17 29 33 23 41 19 60 19
Min 37 59 108 131 37 82 101 111 145 95 22 52 100
Max 111 107 194 187 101 110 151 179 387 191 41 113 152
Sum 5266 11,424 3257 3064 13,489 1652 3622 4736 5196 5667 628 4506 2368
Mean 75.23 83.39 141.61 161.26 68.47 97.18 124.90 143.52 225.91 138.22 33.05 75.10 124.63
Std. error 1.88 0.81 4.64 3.62 0.87 2.13 2.53 2.89 13.89 3.53 1.23 1.93 3.18
Variance 248.64 90.27 495.89 249.21 150.16 77.40 185.45 275.82 4439.81 509.58 28.83 224.16 192.14
Stand. dev 15.77 9.50 22.27 15.79 12.25 8.80 13.62 16.61 66.63 22.57 5.37 14.97 13.86
Median 75 83 134 164 68 95 121 144 207 142 34 75 125
Skewness 0.05 0.20 0.57 −0.31 0.08 0.09 0.22 −0.04 0.89 0.00 −0.36 0.54 0.19
Kurtosis 0.03 −0.15 −0.56 −0.73 0.19 −1.50 −1.11 −0.64 −0.20 −0.77 −0.96 −0.02 −0.66
Geom. mean 73.51 82.85 140.00 160.51 67.34 96.80 124.19 142.57 217.53 136.38 32.61 73.68 123.90

Zinc
N 75 132 23 19 198 18 29 34 23 41 19 58 20
Min 52 75 64 112 43 52 60 39 74 63 30 34 62
Max 111 126 128 167 111 106 108 124 108 166 46 59 156
Sum 6018 13,040 2241 2652 15,281 1489 2395 2946 2094 4213 711 2610 2298
Mean 80.24 98.79 97.43 139.58 77.18 82.72 82.59 86.65 91.04 102.76 37.42 45.00 114.90
Std. error 1.40 0.92 3.48 3.46 0.95 3.44 2.29 3.55 2.05 3.57 1.08 0.80 5.44
Variance 146.78 111.10 279.08 228.04 179.12 212.92 152.47 427.87 96.41 523.34 22.15 36.70 592.41
Stand. dev 12.12 10.54 16.71 15.10 13.38 14.59 12.35 20.69 9.82 22.88 4.71 6.06 24.34
Median 79 99 98 138 77 82 82 82.5 92 104 38 44.5 121.5
Skewness 0.19 −0.09 −0.13 0.06 −0.24 −0.16 0.19 −0.13 0.07 0.27 0.02 0.30 −0.66
Kurtosis −0.28 −0.30 −0.63 −0.66 −0.15 −0.88 −0.86 −0.60 −1.24 0.00 −1.08 −0.42 −0.18
Geom. mean 79.33 98.22 96.00 138.80 75.94 81.44 81.70 84.02 90.54 100.23 37.14 44.60 112.02

Copper
N 71 135 23 21 191 18 27 36 22 35 18 51 18
Min 13 24 26 32 14 28 26 9 27 26 9 3 20
Max 42 55 54 61 52 52 56 52 44 51 25 15 58
Sum 1822 5239 915 991 6384 673 1051 1178 816 1322 281 442 648
Mean 25.66 38.81 39.78 47.19 33.42 37.39 38.93 32.72 37.09 37.77 15.61 8.67 36.00
Std. error 0.80 0.49 1.67 1.44 0.55 1.68 1.35 1.68 1.05 1.06 0.99 0.41 2.10
Variance 45.91 32.20 63.91 43.26 57.72 50.60 49.38 101.24 24.47 39.59 17.55 8.51 79.41
Stand. dev 6.78 5.67 7.99 6.58 7.60 7.11 7.03 10.06 4.95 6.29 4.19 2.92 8.91
Median 24 38 39 47 34 36.5 38 32 37.5 38 14.5 9 37.5
Skewness 0.46 0.25 0.14 −0.02 −0.02 0.52 0.29 −0.28 −0.44 0.04 0.40 0.30 0.39
Kurtosis −0.15 −0.37 −0.86 −0.11 −0.13 −0.87 −0.28 −0.59 −0.98 −0.43 −0.70 −0.63 0.02
Geom. mean 24.78 38.40 39.00 46.74 32.50 36.78 38.32 30.89 36.76 37.25 15.09 8.16 34.95

Lead
N 70 139 12 18 191 18 29 34 19 38 11 60 20
Min 11 9 20 14 9 10 8 9 13 7 15 5 6
Max 31 27 23 24 28 30 27 32 25 20 18 23 24
Sum 1451 2352 258 334 3296 374 499 624 379 509 183 742 327
Mean 20.73 16.92 21.50 18.56 17.26 20.78 17.21 18.35 19.95 13.39 16.64 12.37 16.35
Std. error 0.60 0.34 0.26 0.62 0.31 1.30 0.85 0.95 0.81 0.51 0.24 0.51 0.99
Variance 25.13 16.39 0.82 6.97 18.52 30.65 20.88 30.48 12.39 9.98 0.65 15.86 19.71
Stand. dev 5.01 4.05 0.90 2.64 4.30 5.54 4.57 5.52 3.52 3.16 0.81 3.98 4.44
Median 21 17 22 19 17 19 17 17.5 19 13 17 12 16
Skewness −0.31 0.15 −0.34 0.06 0.55 0.22 0.46 0.66 −0.04 0.21 −0.40 0.45 −0.35
Kurtosis −0.67 −0.69 −1.04 −0.84 −0.43 −0.87 −0.22 −0.26 −1.11 −0.52 −0.62 0.11 −0.31
Geom. mean 20.06 16.43 21.48 18.38 16.74 20.06 16.62 17.59 19.64 13.02 16.62 11.72 15.66
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positive correlation between trace metal concentration and the pro-
portion of fine-grained material in alluvial sediment (Förstner and
Wittmann, 1979; Förstner, 1982; Rubio et al., 2000; Dypvik and
Harris, 2001; Singh and Rajamani, 2001; Whitmore et al., 2004;
Wyżga and Ciszewski, 2010). This trend is due to textural modifications
that occur while fluvial sediment undergoes hydraulic selection and
sorting with increasing distance from the channel.

In the study area, natural metal contents are clearly affected by
grain size variations, and several observed compositional changes can
be related to changes from low-energy to high-energy depositional
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environments. For example, clay delta plain deposits (GFU A4 in Fig. 3,
left) display systematically higher Cr contents than silt–sand distribu-
tary channel–levee facies associations (B4 and B6). The latter, in turn,
are enriched in metals compared to the sandier delta front sediments
(GFU C2). The same holds for sediment supplied by non-ophiolitic
sources. Metal concentrations are highest in the finest-grained fraction
(GFU A2 in Fig. 3, left), whereas beach sands fed by Apenninic rivers
exhibit comparatively lower Cr values (GFU C1).

The influence of grain size onmetal distribution is evenmore obvious
for those metals that are not much sensitive to changes in parent-rock
composition, such as Zn (Fig. 3, right) and Cu (Fig. 4). Unlike for Cr,
almost all samples in the Zn/V diagram plot along a single, well defined
regression line, irrespective of the ophiolitic versus non-ophiolitic
source-rock contribution (Fig. 3, right). If grouped according to the
dominant sedimentary process, with no distinction between fluvial and
deltaic deposits, overbank fines (GFUs A2–A4), channel-related sands
and silts (B1–B6) and nearshore sands (C1–C2) plot into distinct fields
of the Zn/V diagram, with poor overlap. This distribution highlights the
influence of selective transport on metal distribution.
5.3. Degree of soil weathering

Owing to much reduced time of subaerial exposure, the degree of
soil weathering of post-Roman age (b2 ky BP) alluvial, deltaic and
coastal deposits is generally low (Arenosols of WRB IUSS Working
Group, 2006) or moderate (Cambisols, Calcisols and Vertisols of WRB
IUSS Working Group, 2006). An exception are pre-Holocene soil units
(GFU A1), cropping out at the basin margin (Fig. 2), which were
exposed from their time of formation for a period of several tens of
thousands of years. The longer time of subaerial exposure, which
implies higher degree of weathering, is reflected by a diagnostic
pedological (argillic horizon) and geochemical signature, including
characteristic losses of Zn and Cu with respect to the younger, and less
weathered soils (Fig. 3, right and Fig. 4). This is due to a reduction in
mineral diversity through progressive dissolution of unstable mineral
species. Conversely, Cr is slightly enriched in residual mineral phases
(see A1 in Fig. 4).
Fig. 3. Left: Scatterplots of V versus Cr from 526 samples at 90–140 cm depth, showing natura
non-ophiolitic sources (lower regression line) exhibit systematically lower Cr contents than sam
tents generally increase with increasing clay proportion, along both regression lines (C1 to A2
depth. As for Cr, higher Zn values are invariably recorded in finer-grained (floodplain and swam
and beach facies – GFUs B1–B6 and UGFs C1–C2). Also note Zn depletion as a function of incr
description, see Table 1.
6. Mapping the natural background content

The pedogeochemical map of the Emilia-Romagna plain (Fig. 5)
depicts the subsoil (90–140 cm) natural spatial distribution of five po-
tentially toxic metals (Cr, Ni, Zn, Cu and Pb) in soils for agricultural
use. In these maps, the GFUs were grouped into four classes of metal
concentration, centred on the threshold limit values (x) for each metal
(red lines in Fig. 4). The lower two classes in each map are separated
by ametal content equal to x/2, while the upper two classes are separat-
ed by a metal content equal to 3/2x. Darker shades on map denote
natural concentrations exceeding the Italian threshold values, whereas
lighter shades indicate natural metal contents below these limits
(Fig. 5). The 95th percentile metal concentration for the 90–140 cm
population of each GFU (see Fig. 4) represents an upper threshold
value to that specific geological/pedological domain, and was selected
as default natural background value (Ander et al., 2013).

Source-rock composition appears to be the primary control on the
natural spatial distribution of Cr and Ni within the soils of the Emilia-
Romagna plain (Fig. 5). In particular, the highest Cr and Ni concentra-
tions are recorded in sediment supplied by erosion of Alpine and
Apenninic ultramafic complexes (compare with Fig. 1). Cr- and Ni-rich
areas include the Po River, the abandoned Po Delta lobe and several
river systems from the western (Emilia) Apennines (between Trebbia
and Taro rivers in Fig. 1).

It is remarkable that in all areas supplied by ophiolite-rich sources,
natural Cr and Ni concentrations lie by a good margin above the thresh-
old values (150 mg/kg for Cr, 120 mg/kg for Ni— see Fig. 4). Where the
ophiolitic detritus makes up a substantial part of sediment composition,
such as in the case of GFU B5, Cr concentrations can even be up to 4–5
times higher than those limits (maximum value: 646 mg/kg; median
value: 345 mg/kg in Table 2), whereas Ni concentrations can be three
times higher (maximum value: 387 mg/kg; median value: 207 mg/kg
in Table 2). According to the Italian regulations, this part of the Po Plain
is regarded as a polluted area. By contrast, Cr and Ni contents well
below the maximum permissible concentrations are recorded where
the drainage basins are ophiolite-free (e.g., Romagna Apennines).

Within each distinct provenance domain, Cr (and Ni) distribution is
markedly size dependent (Figs. 3, 4 and 5). In particular, sediment
l metal concentrations as a function of sediment provenance and grain size. Samples from
ples from highly-ophiolitic catchments (upper regression line+GFU B5). Natural Cr con-
and C2 to A4). Right: Positive covariance of V/Zn based upon 668 samples at 90–140 cm
p) deposits (GFUs A2–A4) relative to their coarser-grained counterparts (channel-related
easing degree of soil weathering (GFU A1 = pre-Holocene deposits). For GFU codes and

image of Fig.�3


Fig. 4. Box-and-whiskers plots, showing natural metal distribution (Cr, Ni, Zn, Cu and Pb) in the 13 genetic and functional soil units (for GFU description, see Table 1). The red dashed lines
indicate the threshold values for uncontaminated lands, according to the Italian regulations. The lower boundary of each box is the 25th percentile, the upper boundary is the 75th per-
centile, the bold linewithin the box corresponds to themedian, the “whiskers” define theminimumandmaximumvalues. Numbers in the lower right corner correspond to 95th percentile
metal concentrations (mg/kg), calculated for eachGFU following statistical analysis. These numbers,which represent upper thresholdmetal values for eachGFU,were used for building the
pedogeochemical maps of Fig. 5. (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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undergoes hydraulic selection and sorting during transport, and signif-
icant changes in metal concentrations are observed as a function of
the different sedimentary facies. Metals supplied to the alluvial and
coastal plain are generally concentrated in the finest sediment fraction
(floodplain, bay and swamp clays and silts), whereas near-channel
(crevasse and overbank) deposits exhibit invariably lower metal
contents. Beach-ridge sands display the lowest metal concentrations
(compare Fig. 5 with Fig. 2).

Metals other than Cr and Ni behave differently. In these instances,
spatial metal distribution does not reflectmajor differences in sediment
provenance, but is instead primarily a function of grain size variability
and/or degree of soil weathering. In particular, Zn is notably enriched
within the fine-grained (floodplain, interdistributary) GFUs (A2, A3,
and especially A4 in Fig. 4), whereas it exhibits comparatively lower
values within the coarser, channel-related facies (GFUs “B”). Distribu-
tary channel (i.e., deltaic) samples (GFU B6) exhibit relatively higher
Zn concentrations than their proximal fluvial-channel counterpart
(GFU B4). The lowest Zn values are recorded within coarse-grained
littoral sands (GFUs “C”).

As for Cr, Ni and Zn, Cu is strongly depleted within coastal sandy
soils (GFUs “C” in Fig. 4), but also reveals deficiency in highly altered
soils (GFU A1), in response to leaching processes. Finally, the spatial

image of Fig.�4
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distribution of Pb appears rather homogeneous across the study area
(Fig. 4) and possible changes as a function of grain size are below the
instrument resolution. Both Cu and Pb contents are invariably well
below the threshold values (Fig. 5).

Through geochemical fingerprinting of distinct sedimentary and
soil units (Fig. 4) and the construction of a new type of (soil- and
geologically-oriented) geochemical map (Fig. 5), we document that
reliable prediction of superficial natural metal distribution is possible
(also see Spadoni et al., 2007). The pedogeochemical map of the
Emilia-Romagna plain uses a combination of geological and pedological
concepts to define separate natural metal concentrations representative
of each soil unit (=GFU), instead of a unique, pre-determined threshold
value. A key differencewith the geochemical maps built on geostatistical
interpolation methods alone relies on the delineation of boundaries
between concentration classes: in our map, these boundaries largely co-
incide with observed (soil/geological unit), rather than inferred map
boundaries (compare Fig. 5 with Fig. 2). Sharp concentration changes
are systematically observed across the major geological and soil bound-
aries, but a high degree of spatial continuity and consistency is expected
Fig. 5. Pedogeochemical maps of Cr, Ni, Zn, Cu and Pb, depicting natural metal concentrations in
ural background concentrations). The red numbers define the Italian threshold values. Boundar
The geographical boundary is the Emilia-Romagna region border. (For interpretation of the refer
within those boundaries (Cohen et al., 2012). The pedogeochemical map
can thus be used as a powerful tool to estimate geochemical patterns
where analytical data are missing.

7. Natural metal background and anthropogenic pollution

Thepollution status of a soil can efficiently be evaluated through com-
parison between topsoil metal concentrations and natural background
values, i.e., current and pre-industrial concentrations, respectively. To
this purpose, the most commonly calculated parameter is the Index
of geoaccumulation, Igeo (Müller, 1979; Förstner and Müller, 1981),
defined as

Igeo ¼ log2Cn= 1:5 � Bnð Þ

where Cn is the measured metal content and Bn is the mean concentra-
tion of the Earth's crust. On the basis of distinct Igeo values, the pollution
status of a soil can be differentiated into seven classes (Förstner and
Müller, 1981; Rubio et al., 2000; Banat et al., 2005; Sainz and Ruiz,
the Emilia-Romagna plain (the 95th percentile values of Fig. 4 are selected as default nat-
ies onmap coincide with physical (soil/geological unit) boundaries (compare with Fig. 2).
ences to color in this figure legend, the reader is referred to theweb version of this article.)
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2006), from unpolluted (≤0) to extremely polluted (N5). In this study,
we used the metal concentrations in topsoil samples (at 20–30 cm
depth) as Cn, while the natural background value of the same metal at
90–140 cm depth was taken as Bn.

As clearly documented by the invariably negative Igeo values record-
ed throughout the southern Po Plain (greendots in Fig. 6A), despite very
high local concentrations, commonly exceeding the threshold limit
values for contaminated lands, we did not observe any remarkable en-
richment in Cr (or Ni) within topsoil samples. Such negative Igeo values
lead us to conclude that the study area is not polluted for any of these
metals. An opposite behavior is shown by Cu (Fig. 6B). For this metal,
despite generally low concentrations a moderate, but diffuse contami-
nation across a significant part of the southern Po Plain is suggested
by higher Igeo values, commonly in the range of 0–2 (Fig. 6B).

The maps of the geochemical anomalies shown in Fig. 6 are dot
density maps, built on point information obtained from individual
study sites. For this reason, they cannot be extrapolated outside such
small areas. In order to detect precisely the sources of anthropogenic
Fig. 6. Geochemical anomalies of Cr (A) and Cu (B) in the Emilia-Romagna plain. Igeo cla
contamination specific, local studies should be undertaken. However,
these maps provide an overview of the pollution state of soils.

For Cr and Ni, N98% of the samples in the study area exhibit no pol-
lution (Fig. 7), and it is apparent from field data that the remaining 2% is
naturally enriched due to vertical (textural or provenance) change from
topsoil to subsoil samples (see Grygar et al., 2013). Nor the studied soils
display important contamination for Zn (93% neutral values of Igeo). Pb
and Cu offer, instead, a different picture: unpolluted soils decrease to
72% for Pb, and to less than 60% for Cu (Fig. 7). It is conceivable that con-
tributors to this superficial enrichment in Cu are pesticides for vineyards
and vast quantities of pig slurries.

In general terms, as shown from different regions (Steinnes, 2001),
this study demonstrates that high Cr and Ni concentrations in the
topsoils of the Emilia-Romagna plain do not necessarily imply anthro-
pogenic influence. Conversely, even where the measured topsoil metal
concentrations are well below the threshold limit values, such as in
the case of Cu, many areas are impacted and show a state of diffuse
contamination.
sses after Müller (1979). The geographical boundary is the Emilia-Romagna border.
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Fig. 7. Percentage distribution of unpolluted soils and geochemical anomalies, as revealed by the Geoaccumulation Index calculated from 707 sampling sites.
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8. Conclusions

The pedogeochemical map of the Emilia-Romagna plain represents
the first step toward a new type of geochemical map that can be used
pragmatically by the regulatory bodies to deal with environmental
protection issues.

Sedimentological, pedological and geochemical analyses of 1414 soil
samples enable precise identification of the natural contents of selected
potentially harmful heavymetals (Cr, Ni, Cu, Zn, Pb) as a function of sed-
iment provenance, soil texture and degree of soil weathering. Thirteen
Genetic and functional soil units (GFUs), each bearing a distinctive
connotation in terms of soil profile, weathering, grain size and sediment
source,were defined onmap andused as reference units for geochemical
characterization. Accurate facies analysis allowed precise attribution of
each GFU to specific depositional processes and sub-environments.
Statistical analysis was performed through cluster analysis, frequency
histograms, cumulative frequency curves, and box-and-whiskers plots.
The Kolmogorov–Smirnov test was used to determine the type of data
distribution. For dataset that did not follow a normal distribution, Box–
Cox transformations were used.

Source-rock composition proves to be the primary control on the
natural spatial distribution of Cr and Ni: sediment deriving from erosion
of Alpine and Apenninic ultramafic complexes invariably contains high
concentrations of these environmentally important trace elements. In
contrast, significantly lower Cr and Ni contents are recorded where
the drainage basins are ophiolite-free (e.g., Romagna Apennines). The
spatial distribution of other potentially toxic metals in the Emilia-
Romagna plain does not reflect major differences in sediment prove-
nance, but is instead primarily a function of changes in grain size and
degree of soil weathering. In particular, Zn and Cu are notably enriched
within fine-grained fluvial and deltaic deposits, whereas they exhibit
generally lower values within their coarse-grained (fluvial- and distrib-
utary channel) counterparts, and display the lowest values within
coarse sandy littoral sands. Concentrations of Cu and Zn also show
deficiencies in highly altered soils, in response to leaching processes.
The spatial distribution of Pb is rather homogeneous across the study
area.

A realistic view of the pollution status of soils was obtained by
matching the pedogeochemical contents estimated from subsoil sam-
ples against the metal contents recorded in the corresponding topsoil
samples. Cr andNi concentrations above the threshold values designated
for contaminated areas mostly reflect catchment geology, and are not
the product of anthropogenic pollution. In contrast, diffuse (albeit mod-
erate) topsoil contamination was demonstrated for Cu, even though
measured metal concentrations lie below the admissible levels. The
inadequacy of regulations based on pre-determined threshold values
is thus documented.

In this paper, we show that natural metal concentrations in alluvial
and coastal plain deposits are narrowly related to soil properties and
that, for this reason, integrated sedimentological and soil studies consti-
tute a priority for geochemical mapping. Delineating a geochemical
signature for specific soil typological units and sedimentary facies is im-
perative to obtain realistic information about the natural distribution of
potentially toxic metals. An appropriate sampling strategy, including
detailed soil characterization is recommended to adequately represent
the remarkable variability in terms of source-rock composition, grain
size and degree of soil weathering. Soil-oriented geochemical maps rep-
resent an efficient alternative approach to conventional geochemical
mapping based upon geostatistical methods alone. Specifically, through
the geochemical characterization of genetic-functional soil units, the
pedogeochemical map of the Emilia-Romagna plain constitutes a pow-
erful tool to assess the anthropogenic impact on soils, which can be of
use for legislative purposes and planning strategies for environmental
protection.
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