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ABSTRACT: Plant residues are the main source of organic
matter in soil; this process takes place naturally in forests and
with organic amendments in farmlands. Terrestrial plants also
synthesize hydrocarbons. Typically, angiosperms contain
hundreds to thousands of milligrams of long chain n-alkanes
per kilogram in leaf waxes. However, petroleum pollution is a
worldwide issue, and different national regulations set the
guideline limit for petroleum hydrocarbons in green areas at 50
mg kg−1. Focusing on the Italian legislation as a case study, we
hypothesized that direct or indirect high inputs of plant
residues could lead the level in the soil to exceed this limit,
resulting in a false positive petroleum contamination. There-
fore, we investigated the occurrence of hydrocarbons in soils
with different inputs of natural or farming biomasses. The
highest total petroleum hydrocarbon (TPH) concentrations were found in background soils from protected woodlands,
remarkably with most samples resulting in levels above the guideline limit. Similarly, the TPH concentrations in agricultural soils
amended with compost and digestate were higher than those in samples of soil in which only chemical fertilizers were used. n-
Alkane carbon preference indices underlined the role of plant residues as a source of hydrocarbons in these samples, clearly
distinguishing spiked petrogenic contamination. Possible revisions of the regulatory and analytical methods are then discussed.

■ INTRODUCTION

Terrestrial plants produce hydrocarbons as components of their
epicuticular waxes to protect plant tissues from the external
environment.1 When plant residues are incorporated into soil,
these contribute to the soil organic matter,2 both naturally in
woodlands and forests and artificially from crop residues or
manure in agricultural lands. The addition of biomasses and
fertilization with amendments, such as compost and digestate,
have positive effects on the biological, physical, and chemical
properties of soil, reducing the volume of waste dumped in
landfill sites.3−5 Moreover, the organic matter in agricultural
soils is considered one potential sink for the sequestration of
atmospheric carbon dioxide.2,6

On the other hand, petroleum hydrocarbons are some of the
most widespread soil pollutants worldwide, and hydrocarbon
contamination of soil is an issue that has been widely studied in
the scientific literature. However, one of the main analytical and
legal issues is how to distinguish actual petrogenic contami-
nation from naturally occurring hydrocarbons and biogenic
interference, because these could potentially lead to unneces-
sary remediation costs.7 However, although many parameters

(reported in the Supporting Information) have been proposed
and used to identify environmental contamination caused by
petroleum hydrocarbons,8−11 none of them is unique or
effective for the different petroleum-derived products, probably
except total petroleum hydrocarbons (TPH). This parameter,
despite its selectivity drawbacks,7 is generally adopted to assess
the contamination of soil by different petroleum products. The
analytical determination of TPH includes a large family of
different hydrocarbons, regardless of their toxicity, origin, or
composition (linear, branched, cyclic, and aromatic com-
pounds).12,13 Italian legislation (Legislative Decree 152/2006,
Part IV, Title V, Annex 5) sets the limit for heavy hydrocarbons
(with >12 carbon atoms) in public land, private land, residential
green areas, and agricultural land at 50 mg (kg of dry weight)−1;
those sites found to exceed these limits should be remediated,
or a site-specific risk analysis should prove the absence of
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human health risks. The parameter C > 12 substantially
corresponds to TPH, defining a slight modification of the
normal analytical method ISO 16703:2004 changing the
application range from C10−C40 to C12−C40.

13

The limit of 50 mg (kg of dry weight)−1 is not based on
hydrocarbon toxicity, which is highly dependent on the
speciation and the availability of the hydrocarbons, but was
selected because it was considered to be high enough to avoid
false positives.14 Consequently, this value was chosen as the
target value for soil quality standards in different European
countries.12,14 However, the various national regulations result
in very different procedures and intervention guidelines for
remediation of contamination episodes of agricultural soil. For
example, there is a wide discrepancy of 2 orders of magnitude
between the Italian and Dutch intervention values for
remediation of hydrocarbons in soil, the limits being set at 50
and 5000 mg kg−1 (VROM 2012), respectively.12 This clearly
shows the need for the harmonization of national procedures
for contaminated sites in the European Union.14 Outside
Europe, a similar situation exists in the United States, with
significant variability of methods, action, and cleanup levels for
hydrocarbons in contaminated soils among the different states,
in a framework of increasing complexity.15 Canadian legislation
specifies different carbon ranges to analyze the total hydro-
carbons in soil.7 Notably, the method does not include a
purification step; therefore, polar biogenic compounds such as
plant waxes, fatty acids, and sterols are also considered as
petroleum hydrocarbon contaminants, even when their levels
naturally exceed the regulatory levels.16

■ PLANT-DERIVED N-ALKANES

Terrestrial plants typically synthesize long chain n-alkanes as
part of the epicuticular leaf wax, contributing to their
hydrophobic properties and protecting the leaf from the
external environment. Leaf n-alkanes are commonly produced
with a strong odd-over-even predominance (OEP) and, lacking
functional groups, are especially long-lived molecules.1 For
these reasons, n-alkanes are widely used as biomarkers to

reconstruct environmental changes in modern and paleoeco-
logical studies.1,17 The abundance and distribution of the n-
alkanes in leaves depend on the plant species, the growing
season, and the environmental conditions (e.g., temperature,
moisture, nutrient availability, and soil properties), varying even
within an individual tree.1,18 Typically, angiosperms produce
hundreds to thousands of milligrams of n-alkanes per kilogram
of dry leaf matter, while yields of gymnosperms are orders of
magnitude lower. n-C27, n-C29, and n-C31 are the dominant n-
alkanes in graminoids and woody angiosperms in variable
relative abundances.1 The carbon preference index (CPI) is a
definitive measure of biologically synthesized compounds,
defining the degree to which odd-carbon number n-alkanes
dominate over even-carbon number compounds, the ratio of
the sums of concentrations of odd and even n-alkane
homologues being in a given carbon number range.19 Mean
CPI values in leaves of a large majority of modern plants are
around 10, although with very large variations; in a few cases,
the values are ≲1, which is the typical CPI value of petrogenic
inputs.1,20 Another parameter is the weighted average of the
various carbon chain lengths of the n-alkanes, usually defined as
the average chain length [ACL = ∑(Cnn)/∑Cn], where Cn is
the concentration of each n-alkane with n carbon atoms.1 Leaf
surface waxes can be sources of n-alkanes in soil in woodland
and grassland,21,22 as well as directly from crop residues in
agricultural land.23 Other tissues of higher plants (e.g., beech
and spruce roots) are characterized by short chain (<C20) n-
alkanes with an even-over-odd predominance, constituting a
significant source of the n-alkanes in soil organic matter.22,24 In
soils, other similar contributions of short chain n-alkanes
without OEP might derive from bacterial, fungal, and algal
biomass.18,25 These latter sources of n-alkanes are therefore less
recognizable than inputs from epicuticular leaf waxes. Because
of their stability, n-alkanes are also transferred to the residues of
grazing animals and are used as biomarkers to reconstruct the
composition of their dietary intake.26

Figure 1. Locations of the sampling sites in the southern district of Padua, Italy. Agricultural soils were sampled in fields amended only with chemical
fertilizers (CH), compost (CO), or digestate (DI). Woodland (WO) was sampled in different areas of the Colli Euganei Regional Park. Adapted
from Google Earth, 2017.
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■ OBJECTIVES
The main aim of this work is to investigate the occurrence of
hydrocarbons in soil derived from plant residues of natural or
farming origin, in relation to the corresponding legislative limits
for green areas. This goal translates into a series of open
questions. Can the parameter TPH naturally exceed the legal
limits in cases of high organic matter inputs, as in background
woodlands? Can certain agricultural practices, such as soil
fertilization with plant residues and related products, such as
compost and digestate, lead to increased hydrocarbon values in
the soil? How can we distinguish the natural occurrence of
hydrocarbons in soil from cases of real contamination by
petroleum-derived products? To answer these questions, we
analyzed TPH and n-alkanes in samples of soils subject to very
different inputs of biomass, including protected woodlands and
agricultural fields with different fertilization management.

■ MATERIALS AND METHODS
The study area was set in the southern district of Padua, Italy.
To compare soils with different types of inputs of plant
residues, we collected the samples shown in Figure 1. The
sampling sites for agricultural soils were chosen because of their
fertilization treatments, where during at least the past 10 years
only chemical fertilizers (CH samples), only compost from
green and organic urban wastes (CO), or only digestate from
biogas reactors fed with cattle and pig manure and corn silage
as cosubstrates (DI) were used. Two fields were selected for
each of the three types of fertilizers, and five soil samples were
collected in each field. The top 40 cm of soil was excavated,
homogenized, and finally subsampled (April and May 2016). In
the more recent years, these fields were used mainly for corn
(Zea mays L.) production, occasionally in rotation with soybean
(Glycine max L.) and rapeseed (Brassica napus L.) crops.
The non-anthropogenic vegetal inputs of hydrocarbons in

soils were investigated in wooded areas of the nearby protected
Colli Euganei Regional Park. Twelve topsoil samples (WO)
were collected, avoiding surface litter of dry leaves and digging
down to the skeleton horizon (approximately 15 cm depth).
Details of samplings and of the tree species are listed in Table

S1. According to decree 152/2006, woodland and cultivated
soils belong to the same category. To simulate the petrogenic
contamination of farmland, e.g., leakages from agricultural
machinery, parts of the CH samples were pooled and
homogenized, and aliquots of ∼20 g of soil were spiked with
10 μL of diesel (DS; n = 5) or mineral oil (OI; n = 5). Also, one
of the CO samples (CO7) was blind spiked with diesel prior to
n-alkane analyses to evaluate the ability of the method to
distinguish different and mixed sources. Details of TPH and n-
alkane analytical determinations are reported in the Supporting
Information.

■ RESULTS AND DISCUSSION

The samples are characterized by very different concentrations
of TPH in soil (Figure 2a). The lowest mean levels [22 ± 8 mg
(kg of dry weight)−1] were found in the CH samples, ranging
from 16 to 41 mg kg−1. This probably accounts for the
relatively low inputs of biomasses in these agricultural soils
where only chemical fertilizers were used. On the contrary, the
highest levels were detected in the WO samples, where oak
woods [Quercus pubecensWild. (Table S1)] generally dominate,
with TPH concentrations of ≤213 mg (kg of dry weight)−1,
while the soils from areas in which locust trees (Robinia
pseudoacacia L.) dominate exhibited relatively lower levels
(Table S2). Remarkably, 11 of 12 samples collected in
woodland exceed the guideline limit for the concentration of
hydrocarbons in green areas (50 mg kg−1), and the twelfth was
very close (49 mg kg−1) to it. The other agricultural soils are at
a halfway point, the mean concentrations of TPH in DI and
CO samples being 51 ± 20 and 67 ± 27 mg (kg of dry
weight)−1, respectively. Examples of the GC-FID chromato-
grams are shown in Figure S1.
The concentration of TPH is in accordance with the content

of organic carbon (adjusted R2 = 0.660; N = 42; p = 0.0364)
(Figure S2), with the highest OC values being found in the WO
samples (average OCWO = 18%), at levels similar to those of
other forest soils.27 On the other hand, the lowest OC
concentrations were found in the CH samples (0.09−0.18%),
reflecting the low inputs of biomasses in these soils. The

Figure 2. Distribution of the values of TPH (2a) and distribution of the values of the carbon preference index [CPI = (∑oddC21−33 +
∑oddC23−35)/2∑evenC22−34] (2b) in the different soil types. Box plots show the median, upper and lower quartiles, and maximum and minimum
values, and crosses are at the arithmetic average, with outliers noted. The dashed line indicates the corresponding law limit for the concentration of
hydrocarbons in green and agricultural areas.
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relatively higher average OC levels in DI and CO samples (0.34
and 0.29%, respectively) indicate that, compared to that of
inorganic fertilizers, the application of digestate and compost is
effective in increasing the content of organic matter in soil. This
is well-known to enhance soil health, plant growth, and
production yields.2,6 The WO samples were coarser than plain
agricultural soil likely because of the stronger influence of the
shallow parent stone in the hill forest soils (Table S2).
The results for the n-alkanes are similar to those for TPH,

with the highest concentrations in the woodland soils and the
lowest in CH samples (Table S2), although with different
proportions. The sum of the main odd n-alkanes (C27 + C29 +
C31 + C33) represents 0.9−11% of the TPH values in
agricultural soils, while it constitutes ≤58% of the TPH in
WO samples. Notably, in two samples (WO6 and WO7) the
guideline limit is exceeded considering the sum of these four n-
alkanes only. The different soil types can be distinguished
considering the CPI [calculated as CPI = (∑oddC21−33 +
∑oddC23−35)/2∑evenC22−34]

1 (Figure 2b). The highest CPI
values were found in the WO soils (mean CPI = 11), reflecting
the relevant inputs of leaf waxes and resulting in a lower relative
level of dispersion in comparison to total n-alkanes and TPH
values (relative standard deviations of 16, 48, and 97%,
respectively). Lower CPIs, with an average of ∼5, were
detected in the agricultural samples, ranging from 3.8 to 6.9 in
DI soil and from 3.9 to 5.4 in nonspiked CO samples. The
lowest CPI values were found in the soils artificially
contaminated with diesel and mineral oil and reflect such
petrogenic sources, the CPI values being in the ranges of 1.6−
1.7 (DS) and 1.0−1.1 (OI). Despite large relative variations in
the total n-alkane concentrations (RSD values of 27 and 43%,
respectively), the corresponding CPIs in DS and OI are much
less dispersed, showing RSD values of 2 and 4%, respectively.
Moreover, blind spiked sample CO7 clearly falls in this
petrogenic CPI range, resulting as an outlier compared to the
other CO soils (Figure 2b) and confirming the ability of the
CPI approach to distinguish different sources.
Compared to WO soils, the lower CPI values in the

agricultural samples are mainly caused by degradation processes
of the original vegetal material and the contribution of bacteria,
fungi, and biomasses with low CPIs.1,18,23,28,29 Moreover, the
relative abundance of short chain n-alkanes (≤C20) with even-
over-odd predominance in the CH, DI, and CO samples (Table
S2) also confirms the role of grasses and other plant tissues
(roots and spruce needles) as sources of hydrocarbons in
cultivated soils.22 The same considerations are confirmed
considering, in the C10−C35 range, the parameter ACL,24 which
is higher in the WO samples (ACL = 29) than in CH, DI, and
CO soils, with ACLs of 22, 25, and 25, respectively, as a
consequence of relatively higher inputs of microbial biomass.28

With a focus on the heavier n-alkanes, the most common
carbon number maximum (Cmax) of the WO set is C29, which is
typical of the input from higher plants, while Cmax generally is
C31 in agricultural soils, accounting for the influence of
grasses.19,22 Similar concentrations and distribution patterns
of the n-alkanes were found in other cultivated soils.28,30

As expected, leaf waxes of trees predominate as the sources in
n-alkanes in woodland, while the contribution of grasses, also
containing hundreds to thousands of milligrams of n-alkanes
per kilogram of dry weight,31 becomes more relevant in the
agricultural soils. The sources of this latter “grasslike” pattern
are likely only the crop residues in the CH samples, while the
higher hydrocarbon concentrations in DI and CO soils deriving

from the additional inputs from the amendments. For example,
corn, which is the main crop cultivated in the sampled fields, is
a C4 grass, and its contribution of n-alkanes from shoots and
roots can be relevant in a cultivated soil;32 however, leaves can
be major sources.23 The digestate and compost can also contain
n-alkanes from grass sources. Biogas reactors receive n-alkanes
directly from the corn silage, where the whole plant is used,23,33

and indirectly from the livestock manure. In fact, the n-alkane
signal of the vegetal feed can be maintained through the
digestion of the grazing animals.26 Also, the soils fertilized with
the compost, produced with organic household wastes mixed
with 20−30% grass cuttings and the remains of pruning, reflect
these sources of leaf waxes. The concentrations of n-alkanes in
compost can be similar to those of the starting vegetal
materials, with the contribution of bacterial and fungal
biomasses.34 Moreover, under certain conditions, n-alkanes
can be preserved during the composting processes because of
their recalcitrant character,35 and compared to other plant
components, in the environment n-alkanes are more resistant to
degradation and are prone to accumulating in soils.27 Although
the compost of urban wastes can contain considerable amounts
of organic pollutants,36 TPH is biodegraded during the
composting process, and the application of compost enhances
the bioremediation of diesel-contaminated soils.37,38

From an analytical point of view, in addition to n-alkanes,
alkenes and a variety of other plant-derived hydrocarbons8 can
contribute to the TPH concentrations in soil as determined
according to ISO 16703:2004 and similar protocols. These
methods aim to analyze mineral oil and petrogenic products but
cannot distinguish similar hydrocarbons of a biological origin,
because only polar bioderived lipids, e.g., n-alkanols,17 are
adsorbed and not adsorbed during the purification step. This
issue underlines the importance of the polar biogenic
interference as potential false positive contamination in the
case of Canada, where also a biogenic interference calculation
(BIC) index was proposed to determine levels of organic
compounds in peat soils.39,40

These findings clearly show that the different soil types are
characterized by various TPH concentrations. However, using a
simple CPI approach, it is possible to distinguish actual
petrogenic contamination from natural hydrocarbon occurrence
and between the inputs of different biomasses. In other heavily
polluted Italian sites, TPH contamination can reach concen-
trations that are orders of magnitude higher than those of
samples presented above, constituting up to 1% of the soil.41

Similar levels were found in different contaminated environ-
ments.16,42,43 On the other hand, total concentrations at levels
comparable to those of WO samples were found at other Italian
sites in contaminated industrial areas,44 but in these cases, the
petrogenic sources were revealed by typical CPI values of ∼1.
With a focus on the concentrations in the WO soils and the
corresponding CPIs, the detected levels are comparable to
those found in other background and forest areas world-
wide,7,16,21,27,45,46 demonstrating that the input of hydrocarbons
from leaf waxes can naturally exceed the 50 mg kg−1 threshold
in soil. This answers one of our initial questions, and the results
of the DI and CO samples highlight that the fertilization of soils
with digestate and compost leads to an increase in the level of
hydrocarbons in comparison to those of the soils for which only
inorganic fertilizers were used. However, this increase, along
with the OC increase, is likely due to the inputs of plant
residues that constitute the amendments, as indicated by the
CPI values. These ratios can in turn be a useful tool for
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distinguishing the cases of real contamination by petroleum-
derived products, as shown by the DS and OI samples.

■ LEGISLATIVE REVISION
The results described above indicate that the Italian legislation
needs to be revised. We can likely suppose that large parts of
the woodland and protected areas of Italy are actually exceeding
the intervention limit at 50 mg (kg of dry weight)−1, leading to
the paradox that these soils should be remediated because of
the presence of leaf wax n-alkanes. These restrictive limits are
very conservative and protective for human health, but this
excessive caution leads to a number of false positives in those
cases in which the natural occurrence of n-alkanes in soil is
considered petrogenic pollution. A possible legislative mod-
ification should also be considered by other nations that have
adopted similar guidelines. Moreover, the Italian legislation
should specify the petrogenic origin in the soil contamination
limits. In our opinion, this regulatory revision of the forensic
and analytical methods can follow three different approaches,
each with specific advantages and disadvantages. (I) The first
and readily applicable approach is to increase the intervention
limit to newly defined background values, to exclude those soils
with high inputs of leaves and vegetal organic matter. This has
the drawback of also excluding possible false negative cases of
low levels of real petrogenic contamination, although the
change would make the Italian legislation more similar to other
national regulations.14 Lawmakers should also take into account
the effects of fertilization of fields with digestate and compost,
considering the importance of these farming practices for
organic waste management and carbon dioxide sequestration.3,6

(II) Another easily applicable approach is to include in the
analytical protocols the determination of n-alkanes, using the
resulting CPI values to discriminate between the petrogenic
and leaf wax hydrocarbons. The major drawback of this
approach is that it could not work in the likely very frequent
cases of mixed sources.7,47 Natural or intentional high inputs of
vegetal biomasses with strong OEP in soils de facto would allow
higher levels of petrogenic contamination to cover the relatively
low CPI signal. Nevertheless, this approach would be applicable
in those cases in which it is the mere presence of the heavy n-
alkanes typical of leaf waxes that exceeds the legal limits. (III)
The third and more complex approach is to determine and
compare a variety of source-specific biomarkers and ratios (see
a paragraph in the Supporting Information), each diagnostic of
distinct sources for fingerprinting different types of petrogenic
pollution.12,43,48 This integrated approach requires greater
analytical efforts but would be applicable in specific
contamination episodes to identify the sources of pollution.
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