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Abstract: Most cases involving soil in criminal investigations in Brazil have focused on the chemical
and mineralogical analyses of soil fractions without including the organic matter. The organic
fraction contains plant-wax markers which may be useful to “fingerprint” forensic soils due to their
chemical diversity, relative longevity and resistant nature. The aim of this study was to test the
long- (kilometre), medium- (metre) and short- (centimetre) scale variability of plant-wax biomarkers
in a forensic context in anthropised urban soils and soils developed under subtropical conditions.
Two areas from the Curitiba municipality and two areas from the Colombo municipality, Parana
State, South Brazil, were selected. Soil colour analysis was carried out to obtain reflectance data
over the 360-740 nm wavelength range. Furthermore, plant-wax marker compounds (1-alkanes and
fatty-alcohols) were assessed by extraction and separation into different classes and an analysis of the
compounds by gas chromatography (GC/MS). The compositions of the wax-marker profiles were
different in samples collected side-by-side, showing sensitivity to local variations under subtropical
conditions and in areas under intense human urban disturbance. Under these conditions, biomarkers
may be used in real crime scenes, even on a micrometric scale of variation.
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1. Introduction

In forensic science, soil is an important form of trace evidence and can be used to
test for potential links between soil on a questioned item and a potential source location.
Since traces of soil can readily become trapped on the underside of footwear and on vehicle
tires, soil has long been considered to be a potential source of forensic information [1-6].
Provided that a well-tested and robust method (with chemical, physical, mineralogical and
organic data) for the characterisation of the samples is available and used appropriately, a
potential link can be tested and established between a suspect and a crime scene [3,4].

Inorganic soil analyses have been successfully used in forensic investigations [3,4,7-11],
and organic approaches have less frequently been employed. Many soils have less than
5% (w/w) of organic matter content, particularly tropical and subtropical soils, and this has
expressive effects on the biological, chemical and physical characteristics of the soil, even
if it is present at reduced contents. Furthermore, this material can be used successfully in
forensic studies, as organic matter is an inherent part of the soil, that is, for a given material
to be considered as soil, it must have a minimum level of organic material, in addition
to containing the inorganic mineral fractions (sand, silt and clay) in different proportions.
As the concentration of organic matter varies with the soil concentration, dilutions of the

Forensic Sci. 2022, 2, 57-71. https:/ /doi.org/10.3390/ forensicsci2010005

https:/ /www.mdpi.com/journal/forensicsci


https://doi.org/10.3390/forensicsci2010005
https://doi.org/10.3390/forensicsci2010005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forensicsci
https://www.mdpi.com
https://orcid.org/0000-0003-2049-037X
https://orcid.org/0000-0001-5912-6140
https://doi.org/10.3390/forensicsci2010005
https://www.mdpi.com/journal/forensicsci
https://www.mdpi.com/article/10.3390/forensicsci2010005?type=check_update&version=1

Forensic Sci. 2022, 2

58

organic matter content depend on the amount of soil sampled at the crime scene, such as
the amount found on the sole of shoes and on the vehicle tires [3,4,12,13].

Traditional forensic approaches in Brazil have focused on the determination of the
total elemental content and the physical fractionation of the soil [14]. In an alternative
forensic approach, the composition of soil organic matter is determined by pyrolysis—gas
chromatography/mass spectrometry (Py—-GC/MS) [15]. Py-GC/MS analyses allow a
qualitative investigation of the nature of organic materials and are efficient in identifying
different compounds at the molecular level [16]. Soil organic biomarkers have received
limited attention in forensic soil science, with only a few studies worldwide [17-20]. The
relative abundance of organic compounds can vary considerably between soil samples only
a short distance apart [13,21]. In most soils, especially in the topsoil, the organic compounds
which have originated from the surface wax of plants are abundant. These compounds enter
into the soil as fallen plant leaves and plant litter such as seeds, flowers and stems. Since
plant roots have low concentrations of plant-wax compounds, they generally make a small
contribution to the total content of these compounds in soils [4,18]. The most common and
widely studied wax-marker compound class is the hydrocarbons, including n-alkanes, and
the free and esterified long-chain fatty alcohols (high molecular-weight, straight-chain
primary alcohols, derived from natural fats and oils) and fatty acids (carboxylic acids
with a long aliphatic chain, containing a hydrocarbon chain and a terminal carboxyl
group) [17,22-24] can also be used. These methods have been well-tested [12,25-28] and
have been accepted in UK courts, including courts in England, Wales and Scotland over the
last 15 years.

Whilst the highest-order plants contain these compounds, the relative proportions
of individual compounds can differ greatly between plant species, and in some instances,
between different parts of the same plant [2,4,18,25-29]. Although they can amount to
only around 1% of the organic matter, they are very useful markers to “fingerprint” soils
for forensic investigations due to their chemical diversity, relative longevity and resistant
nature [30-32].

Forensic studies using plant-wax compounds have been tested mainly under temper-
ate conditions, over a wide range of both rural and urban areas [17,20]. Under tropical
and subtropical conditions, the potential of the use of plant-wax biomarkers in a forensic
context is still unknown. Urban soils are frequently disturbed due land-clearing practices
which change the dominant vegetation cover, and this study involved samples which were
collected from land at the front of buildings facing the street and with residential buildings
on both sides, presenting a high potential for having experienced a considerable amount of
anthropic management. Another important factor is the greater degree of decomposition
of the wax biomarkers under the warm and humid climate conditions experienced in
this region of Brazil [33]. The soil has a unique and ubiquitous nature given its physical,
chemical, biological and mineralogical characteristics, which allow it to be differentiated
between the most varied environments. The uniqueness of the soil in regard to its charac-
teristics makes it a powerful source of information in forensic investigations, because, due
to its variability, it is possible to discriminate and associate it with a specific individual or
object related to a crime scene. In tropical and subtropical conditions, it is observed that
inorganic mineral fractions are more frequently used to investigate traces of soil sampled
at crime scenes, possibly due to several factors, such as the heterogeneous nature of soils
under different climatic conditions which leads, for example, to the wide variations of
the organic matter decomposition rates in relation to soils from temperate regions. In this
way, this work presents itself as innovative, aiming to evaluate a new technique which is
still untested in soils of tropical and subtropical regions and diversifying the analytical
techniques beyond those commonly applied in forensic soils, such as X-ray diffraction,
sequential chemical extraction by the use of ICP, microwave digestion with concentrated
acids to obtain chemical semitotal contents and thermogravimetric analysis [8,9].

The aim of the present study was to test the long- (kilometre), medium- (metre) and
short- (centimetre) scale variability of wax biomarkers in a forensic context in urban soils
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developed under subtropical conditions in Brazil. The scale of variation in the composition
of the markers used as a function of the sampling distance was an important tool.

2. Materials and Methods
2.1. Soil Sites and Sampling

Two areas from the Curitiba municipality and two areas from the Colombo munici-
pality, Parana State, in the South of Brazil, were selected: the Santa Candida and Boa Vista
neighbourhoods of Curitiba and the Guarani and Guaraituba neighbourhoods of Colombo,
located in the Metropolitan Region of Curitiba (Figures 1 and 2). All soils were classified as
inceptisol according to U.S. Soil Taxonomy [34] and as cambissolo hdplico according to the
Brazilian Soil Classification System [35].

=

Boa Vista 1

2020 A

Figure 1. (a) Schematic figure of Brazil highlighting the Parana State (PR) and the Curitiba Metropoli-
tan Region (CMR); (b) two selected municipalities within the CMR; and (c) linear distance between
the sampled sites (site 1—Santa Candida neighbourhood; site 2—Boa Vista neighbourhood, Guarani
neighbourhood, Guaraituba neighbourhood).

The climate of the Curitiba and Colombo regions has been classified as Cfb type,

according to the Koppen-Geiger classification, defined as mesothermic humid and super
humid. The mean annual temperature is 16.5 °C, with mean temperature of 20.4 °C in the
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hottest months and 12.7 °C in the coldest months. The mean annual precipitation ranges
from 1400 to 1500 mm and is regularly distributed across all months, and the relative air
humidity is around 81%.

Figure 2. Sampling locations within Curitiba and Colombo municipalities, State of Parana, Brazil.
Photographs located in four separate urban areas: Santa Candida—Curitiba (a); Boa Vista—Curitiba
(b); Guarani—Colombo (c); Guaraituba—Colombo (d). Source: modified from (Testoni et al., 2019).

Locations which were not currently built over were selected across each urban area,
and at each site four surface soils were sampled from the corners of a 1.5 m square (0-0.5
cm) quadrant in two replicates (Table 1). The replicates in each corner were sampled at a
short distance from each other (10 cm). Soil samples were also adhered to the sole of a boot
through a simulated experiment of a suspect walking over a crime scene (at the central
position of Figure 2 in each location) [36]. The same average-height and average-build
adult male walked across each scene. Soil trace samples on the sole of the boot were
collected in 4 to 6 replicates (Table 1), according to the site of transfer and adherence
(toe and heel positions on the sole of the boot, using the field sampling methodology
previously reported in [10]. A total of 52 samples were collected (Table 1) and stored in
secure individual sterile pots.
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Table 1. Soil sample characteristics.

UTM (22))
Sample Position ! Place E-W N-S Parent Material
Site 1
1 Bottom right Santa Candida 678,203 7,192,226 Claystone
2 Bottom left Santa Candida 678,203 7,192,226 Claystone
3 Top right Santa Candida 678,203 7,192,226 Claystone
4 Top left Santa Candida 678,203 7,192,226 Claystone
5 Bottom right Santa Candida 678,203 7,192,226 Claystone
6 Bottom left Santa Candida 678,203 7,192,226 Claystone
7 Top right Santa Candida 678,203 7,192,226 Claystone
8 Top left Santa Candida 678,203 7,192,226 Claystone
9 Footprint/toes Santa Candida 678,203 7,192,226 Claystone
10 Footprint/heel Santa Candida 678,203 7,192,226 Claystone
11 Footprint/heel Santa Candida 678,203 7,192,226 Claystone
12 Footprint/toes Santa Candida 678,203 7,192,226 Claystone
13 Footprint/heel Santa Candida 678,203 7,192,226 Claystone
Site 2
14 Bottom right Guarani 682,747 7,192,633 Limestone
15 Bottom left Guarani 682,747 7,192,633 Limestone
16 Top right Guarani 682,747 7,192,633 Limestone
17 Top left Guarani 682,747 7,192,633 Limestone
18 Bottom right Guarani 682,747 7,192,633 Limestone
19 Bottom left Guarani 682,747 7,192,633 Limestone
20 Top right Guarani 682,747 7,192,633 Limestone
21 Top left Guarani 682,747 7,192,633 Limestone
22 Footprint/toes Guarani 682,747 7,192,633 Limestone
23 Footprint/heel Guarani 682,747 7,192,633 Limestone
24 Footprint/heel Guarani 682,747 7,192,633 Limestone
25 Footprint/toes Guarani 682,747 7,192,633 Limestone
Site 3
26 Bottom right Guaraituba 683,189 7,195,492 Limestone
27 Bottom left Guaraituba 683,189 7,195,492 Limestone
28 Top right Guaraituba 683,189 7,195,492 Limestone
29 Top left Guaraituba 683,189 7,195,492 Limestone
30 Bottom right Guaraituba 683,189 7,195,492 Limestone
31 Bottom left Guaraituba 683,189 7,195,492 Limestone
32 Top right Guaraituba 683,189 7,195,492 Limestone
33 Top left Guaraituba 683,189 7,195,492 Limestone
34 Footprint/toes Guaraituba 683,189 7,195,492 Limestone
35 Footprint/heel Guaraituba 683,189 7,195,492 Limestone
36 Footprint/heel Guaraituba 683,189 7,195,492 Limestone
37 Footprint/toes Guaraituba 683,189 7,195,492 Limestone
38 Footprint/heel Guaraituba 683,189 7,195,492 Limestone
39 Footprint/heel Guaraituba 683,189 7,195,492 Limestone
Site 4
40 Bottom right Boa Vista 676,186 7,190,193 Claystone
41 Bottom left Boa Vista 676,186 7,190,193 Claystone
42 Top right Boa Vista 676,186 7,190,193 Claystone
43 Top left Boa Vista 676,186 7,190,193 Claystone
44 Bottom right Boa Vista 676,186 7,190,193 Claystone
45 Bottom left Boa Vista 676,186 7,190,193 Claystone
46 Top right Boa Vista 676,186 7,190,193 Claystone
47 Top left Boa Vista 676,186 7,190,193 Claystone
48 Footprint/toes Boa Vista 676,186 7,190,193 Claystone
49 Footprint/heel Boa Vista 676,186 7,190,193 Claystone
50 Footprint/heel Boa Vista 676,186 7,190,193 Claystone
51 Footprint/toes Boa Vista 676,186 7,190,193 Claystone
52 Footprint/heel Boa Vista 676,186 7,190,193 Claystone

! Footprint heel and toes are simulated trace samples, collected at the centre of the sampling quadrant. Santa
Candida and Boa Vista are neighbourhoods of the Curitiba municipality (State of Parana), Guarani and Guaraituba

are neighbourhoods of the Colombo municipality (Curitiba Metropolitan Region).

Only the top few centimetres of soil (or less) is usually transferred to questioned items

(such tools, tyres, shoes and clothes), mainly under conditions of high rainfall and silty
clay soils which favour the transfer and persistence of such material [17,37,38]. Therefore,
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the surface contact layer was sampled according to the normal procedure in a forensic
investigation [33]. Soil samples were air-dried (40 °C for 24 h), sieved (2 mm mesh size)
and then the fine fraction was subdivided into portions using an eight-channel cone and
quarter system to provide a set of homogenous subsamples for the subsequent suite of both
organic and inorganic analyses.

The vegetation currently growing at each site was not collected for analysis. Only a
general description of the current growing vegetation was recorded (Figure 2). As it was
an urban area, over the years there had been an intense turnover of the soils as a result
of land-clearing practices and the introduction of new species of plants which may have
covered the ground surface. For this reason, the establishment of direct relations between
the composition of the soil wax biomarkers to the current vegetation of the areas was not
considered relevant and the focus was on testing the variability over long, medium and
short distances. Boa Vista was the site with most human disturbance and activity.

2.2. Colour Spectroscopy

Soil colour was determined from a milled and dried soil sample using a spectropho-
tometer CM2600d (Konica Minolta, Sensing Americas, Ramsey, NJ, USA) to obtain re-
flectance data over the 360-740 nm wavelength range. For each sample, data were averaged
over triplicate measurements and converted to the CIELAB notation using SpectraMagic
V3.61R2 software (Konica Minolta). E4/E6 ratios were calculated by the absorbance at 465
and 665 nm [38,39]. The RGB (red, green and blue) data were obtained from the reflectance
values of the ultraviolet spectra, where R, G and B are related to the 720, 570 and 500 nm
wavelengths, respectively [39].

2.3. Plant-Wax Compound Determination by Gas Chromatography (GC/MS)

Plant-wax compound (n-alkane and fatty alcohol) analysis was carried out according
to the method detailed in [26]. All solvents were redistilled prior to use and all aliquots
were transferred with glass-tipped, calibrated autopipettes. All glassware was washed and
rinsed in n-heptane before use. Samples were milled, weighed (0.20 g), dried in an oven at
50 °C for two hours, cooled in a desiccator, and then their moisture content was calculated.

Internal standards of docosane (C22) and tetratriacontane (C34) were added to each
dry sample in decane at a concentration of 0.03 mg g1, then n-heptacosanol (1-C27-ol) was
added at a concentration of 0.12 mg g~! to oven-dried milled samples prior to extraction.
Samples were heated in 1 mol L~! ethanolic KOH at 90 °C for 16 h (in triplicate), then the
hydrocarbons were extracted in n-heptane, and this extract was evaporated to dryness,
redissolved in heptane, purified and fractioned by loading through silica gel columns
(Sigma Aldrich Ltd., St. Louis, MO, USA) that had been prepared with n-heptane.

The hydrocarbons were eluted with n-heptane, ketones were removed from the column
with 97:3 n-heptane:ethyl acetate, and the crude alcohol fraction was collected by washing
with 80:20 n-heptane:ethyl acetate. The hydrocarbon and crude alcohol extracts were
then evaporated to dryness. The hydrocarbon fraction was redissolved in n-heptane,
transferred to a GC/MS vial, evaporated to dryness, then dissolved in 20 pL dodecane
prior to injection onto the GC/MS. Each of the crude alcohol fractions were redissolved
in 100 puL n-heptane and 30 pL was loaded onto a capped 1 mL glass SPE (solid phase
extraction) column, to which 60 pL saturated urea in ethanol was added. The columns were
heated at 70 °C for 20 min and allowed to dry overnight, then the sterol/stanol fraction was
recovered by elution with n-heptane, the urea removed by washing with water, and the
fatty alcohols then eluted with n-heptane. Both fractions were then evaporated to dryness
before derivatisation.

Acetate derivatives of the fatty alcohols were prepared by heating overnight with
pyridine:acetic anhydride (5:1) at 50 °C. The acetate derivative was subsequently repeatedly
redissolved in n-heptane, evaporated to dryness, then dissolved in 25 uL dodecane prior to
injection onto the GC/MS (PU4500, Phillips, Amsterdam, The Netherlands) with a flame
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ionisation detector, a nonpolar silica capillary column (30 m x 0.52 pm internal diameter,
0.25 pm film thickness and He carrier gas at 5 cm3 min~1) and a direct injector.

The concentrations of the compounds were determined according to the methodology
of Dove and Mayes [25], based on the addition of adequate internal standards (internal
standard C34). It was assumed that, after extraction and other processing, the degree to
which the analytes were recovered was the same as that of the internal standards.

2.4. Statistical Analysis

Multivariate analysis was applied to verify the variability of organic compounds in
highly anthropised urban soils separated by short (replicates sampled at the same corner
(10 cm apart) and replicates sampled on the sole of the boot (1 to 2 cm apart)), medium
(repetitions sampled at different corners belonging to the same quadrant (1.5 m apart))
and long distances (samples collected in different neighbourhoods (3.7 to 9.8 km apart))
under subtropical conditions. In order to ensure the traceability of the sample collected
from the suspect in forensic cases, the variations must allow for testing of positioning
at the crime scene. As a simpler methodological alternative (spectroscopy) in relation
to the determination of wax compounds (chromatography), the clustering pattern of the
samples was verified by only the soil-colour data (E4/E6 ratio and reflectance at 720, 570
and 500 nm wavelengths).

Data were exported and comparisons between samples were visualised by the Bray—
Curtis method for clustering of similarity, carried out in PAST [40] (Paleontological Statistics,
3.20 version), and by Principal Component Analysis (PCA) based on Statistica software [41].

3. Results

The samples collected in the Guarani neighbourhood (Table 1) presented the lowest
values for the E4/E6 ratio (Figure 3a). The E4/E6 ratio is related to the condensation degree
of the aromaticity or aliphaticity and the molecular weight of organic compounds [39,42,43].
Higher E4/E6 ratios (Boa Vista neighbourhood) are generally associated with more aliphatic
and low-molecular-weight structures [44], with branched and straight-chain carbons [45,46].
The greater presence of vegetation with aliphatic groups (less humified) in Boa Vista
could also be observed in the greater reflectance at 725-720 nm (red region) (Figure 3b),
typical of long aliphatic chains with C-C and C-H bonds [45]. The RGB reflectance of the
visible spectrum (500 to 720 nm) may be attributed to less aromatic chemical structures.
These relationships obtained through colour spectroscopy and the qualitative aspects
of the organic matter may be related to the nature of the residue of plants present in
the soil [44,47].

At all the sites there was a predominance of odd long-chain alkanes (C29, C31 and
C33); on the other hand, the values of C35 were low (Figure 4a). The hydrocarbons,
including n-alkanes, are the most common and widely studied wax compounds [22,26,48].
The provenance of these compounds is mainly from the wax of the vegetation that enters
into the soil as fallen leaves and other plant litter such as seeds, flowers and stems [12].
The n-alkanes, with odd-numbered carbon chains, are the predominant markers found in
cuticular wax, especially the C27, C29, C31 and C33 alkanes [24,27,47], with C29 and C31
being the dominant compounds (Figure 4a).

C27, C29 and C31 alkane content is commonly found in the same corresponding
plants, which explains the greater presence of these long-chain waxes in all the soils from
the sites studied (Figure 4a). However, the compound concentrations in the plant may
vary according to the photosynthetic pathways [49]. In some studies, it has been postu-
lated that C31 represents grass input, while C27 and C29 represent input from trees and
shrubs [17,22-24]. The input of different plant species at various stages of decomposition as
a result of more intensive human influence is reflected in the higher concentrations of these
long-chain alkanes at the Boa Vista site (Figure 4a). The lower concentrations of n-alkanes
at the Guarani site (Figure 4a) may be associated with the low E4/E6 ratios (Figure 3a),
which indicate the small input of more condensed chemical structures.



Forensic Sci. 2022, 2

64

(a) E4/E6
Boa Vista _—
Guaraituba
Guarani

Santa Candida

240 245 250 255 2.60 2.65 2.70 2.75 2.80

N
(%)

(b)

= [ N
o (%] o

Reflectance (%)

v

o

Red (720 nm) Green (570 nm) Blue (500 nm)

M Santa Candida ® Guarani ® Guaraituba Boa Vista

Figure 3. Average of soil-colour parameters for the four sites: (a) E4/E6 ratio (absorbance at 465/ab-
sorbance at 665 nm) and (b) RGB (red, green, blue) data obtained from the reflectance values of the
visible spectra at 720, 570 and 500 nm wavelengths, respectively (Santa Candida—n = 13 samples
(Table 1) x 3 replicates = 39; Guarani—n = 12 samples x 3 replicates = 36; Guaraituba—n = 14 samples

x 3 replicates = 42; Boa Vista—n = 13 samples x 3 replicates = 39).

(@ 16 1 M Santa Candida
14 + m Guarani

@ 12 Guaraituba I
g Boa Vista

=

L

s

€

g

c

o

=

c21 €23 c24 Cc25 c26 c27 Cc28 c29 Cc30 Cc31 €32 Cc33 C35
Alkane chain length

(b)

® Santa Candida

W Guarani
Guaraituba
Boa Vista

a 1 | n |
- I III “I I|I |
N [T all all

1-C20-ol 1-C21-ol 1-C22-ol 1-C23-ol 1-C24-ol 1-C25-ol 1-C26-ol 1-C28-ol 1-C30-ol

Concentration (mg kg!)

Alcohol chain length

Figure 4. Mean (+ standard deviation) n-alkane (a) and alcohol (b) concentrations for the four sites
(Santa Candida—n = 13 samples (Table 1) x 3 replicates = 39; Guarani—n = 12 samples x 3 replicates
= 36; Guaraituba—n = 14 samples x 3 replicates = 42; Boa Vista—n = 13 samples x 3 replicates = 39).



Forensic Sci. 2022, 2

65

The consequent soil wax concentrations were also a result of the climatic conditions,
reflecting the faster biosynthesis of these compounds under tropical and subtropical condi-
tions [50] than under temperate conditions. The biodegradation of #n-alkanes, for example,
occurs at mesophilic temperatures [34]. Higher temperatures and increased rainfall were
commonly found in Brazil, compared to the studies carried out in a temperate climate such
as in the UK [28,33].

Another important constituent of plant-wax markers are the alcohols (Figure 4b).
Higher C22, C24, C26, C28 and C30 compound contents were observed. The chain lengths
of C26, C28 and C30 are generally found in cuticular wax, while the midchains C22 and
C24 are constituents of suberin [50]. Compounds of n-alcohols with hydroxyl groups (-OH)
are one of the main components of plant wax and, just like n-alkanes, can be biodegraded
more quickly under warm and humid climate conditions. Concentrations of C26 were
found in all sites, with the highest concentration in Boa Vista (Figure 4b). This compound
is predominant in grass species [50]. Likewise, the concentration of n-alkanes and the
E4/E6 ratios at this site reflected the impact of anthropisation on the original composition
of these biomarkers in the soil, since this site was identified as having expereienced heavy
urban modification in relation to the other sites.

All the variables obtained in the study (spectral colour, alkanes and alcohols) were
explored using principal component analysis (PCA) (Figure 5). The cumulative variance
of the principal components one and two (PC1 and PC2) was high. The samples from the
Guaraituba neighbourhoods were grouped well in the PCA (Figure 5a), with a related Bray-
Curtis clustering of similarity (6a) based on n-alkanes and fatty alcohols. The use of plant-
wax markers in discriminating between soils/sediments from different plant communities
has been clearly demonstrated on UK soils under temperate conditions [4,27,28].

Results of mineralogical analyses of the same samples used in this study were obtained
by [10]. These authors worked with the silt and clay fraction in a sequential chemical
procedure (extraction with ammonium oxalate, sodium dithionite-citrate-bicarbonate and
NaOH 0.5 mol L™1). This comparison is proposed here with the aim of showing the
variability of the data referring to the same samples; however, the analyses were carried
out on different fractions to those presented in this work. Therefore, in the comparisons
below, to verify the efficiency of the variations in the composition of the plant-wax markers
in relation to the minerals, the values of the intragroup similarities were used:

(@) Samples collected over long and medium distances (kilometres and metres)—in
this comparison, samples from the same neighbourhood (corners and centre of the
quadrant) must be placed in the same homogeneous group if the sample comes from
the same place on the ground. Santa Candida (intragroup similarities): [10]—95%; the
present study (Figure 6a)—42%. Guarani (intragroup similarities): [10]—97%; present
study (Figure 6a)—42%. Guaraituba (intragroup similarities): [10]—97%; present
study (Figure 6a)—42%. Boa Vista (intragroup similarities): [10]—93%; present study
(Figure 6a)—42%.

(b) Samples collected over a short distance from the sole of a boot (centimetres)—in this
comparison, samples collected from the same boot sole should be placed in the same
homogeneous group if the sample comes from the same place on the ground. Santa
Candida (intragroup similarities): [10]—97%; present study (Figure 6a)—42%. Guarani
(intragroup similarities): [10]—98%; present study (Figure 6a)—42%. Guaraituba
(intragroup similarities): [10]—98%; present study (Figure 6a)—42%. Boa Vista (intra-
group similarities): [10]—94%; present study (Figure 6a)—73%.

Thus, the compositions of wax markers can be distinguished in samples collected
side-by-side: metres apart—corners and centre of the same quadrant; centimetres apart—
same boot sole. The analysis of the biomarkers was extremely sensitive under subtropical
conditions and under intense urban occupation. This greater sensitivity in relation to the
chemical analyses of the mineral fraction of soils can be used in specific forensic studies to
trace samples on a microscale.
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Figure 5. Principal Component Analysis (PCA) of the soil samples analysed based on n-alkanes and
fatty alcohols (a) and spectral colour data (b).

When the average contents of the alkanes of the four samples collected in the corners
of the quadrants and the average contents of the alkanes in the sole of the boot were used,
there was a better grouping of the quadrant with its respective sample from the centre of the
quadrant (Figure 7a). This behaviour indicates that a regular soil-sampling grid should be
carried out at short distances at the crime scene. In this case, a comparison should be made
between the vestige sample collected from the suspect and the average composition of all
the samples collected in the grid at the crime scene. The use of the average composition of
alcohols had less power for grouping (Figure 7b). For the alkanes, the two areas of the city
of Colombo were adequately separated in the Bray—Curtis analysis (Figure 7a).
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The variation of the samples in the absorption of visible light (400 to 800 nm) was also
intense in the samples collected at medium (quadrant) and short distances (two repetitions
of the same corner and repetitions of the same boot sole) (Figure 6b). The similarity of
samples from the same neighbourhood was low: Santa Candida, Guarani, Guaraituba,
Boa Vista—79%, a low value of similarity to infer a common source [4,12]. The colour
parameters of the samples collected on the same boot sole were much less variable than
the composition of the wax markers (the similarity of the repetitions of the trace sample)
for Santa Candida (96%) and Guarani (92%). For Guaraituba and Boa Vista, the similarity
values for the boot repetitions remained the same (79%). As the soil surface layer (0-5 cm)
was sampled, organic matter was likely the main component that defined the colour of
the samples.
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Figure 6. Index of similarity of the soil samples using Bray-Curtis method based on n-alkanes and
fatty alcohols (a) and spectral colour data (b).

Here, we discuss the spectral colour data and the contents of plant-wax marker alkanes
and alcohols, mainly based on an individual match, which can be useful and suitable for the
spatial and geographical identification of areas. Nevertheless, it is important to point out
that this data assessment can have its limitations, as it does not consider a comprehensive
analysis of the dataset and its possible interrelationships.
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Figure 7. Index of similarity of the soil samples using the Bray-Curtis method based on n-alkanes
and fatty alcohols (a) and spectral colour data (b).

4. Conclusions

Both the soil colour and the composition of the plant-wax markers were highly variable
at medium (metres) and short distances (centimetres). Under the environmental conditions
of the present study (urban area with a subtropical climate), the composition of the wax
markers was different in samples collected side-by-side (for example, the sole of a suspect’s
boot). The composition of the biomarkers was very sensitive to local variations under
subtropical conditions and in areas under intense urban use. Under these conditions,
biomarkers may be used in real crime scenes on a centimetre scale of variation or when
using average values from a large number of soil samples. The analysis of alkanes was
more discriminating compared with alcohols. Consideration should be given to the spatial
scale of the variability of the methods used in any investigation, as it is important in the
evaluation of potential linkages with a particular location, such as at a crime scene. This is
why two or more analytical methods are often adopted in a case to avoid potential false
exclusions or false associations.
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