Chapter 6
Forensic Comparison of Soil Samples

Jisook Min, Kiwook Kim, Sangcheol Heo, and Yurim Jang

Abstract As a preliminary experiment to test the discriminating ability of forensic
soil analysis techniques and obtain area-specific information, soil samples were
collected from eight areas near the eastern branch of the National Forensic Service
(NFS) located in Gangwondo, an eastern province of South Korea. The soil samples
were collected from five spots within each sample area using a small-scale (1 m?)
soil sampling technique; for each of these five spots, two samples were collected
from two places in each spot, (i) one from the surface and (ii) another from 30 cm
below the surface. For each sample, the color of the sample with particle size in the
range 53-500 pm and the major constituents were determined using a spectropho-
tometer and X-ray fluorescence spectrometer (XRF), respectively. The carbon con-
tent and carbon isotope ratio of the part of the sample of particle size below 53 pm
were measured using an element analyzer-isotope ratio mass spectrometer
(EA-IRMS). The canonical discriminant and XRF analyses showed an excellent
color discriminating ability of 87.5 % and 88.8 %, respectively, with respect to the
major constituents. The EA-IRMS results showed that the soils obtained from a
30-cm depth below the surface were generally more enriched in 8'3C (0/00) than the
surface soils, and that the surface soils contained a higher carbon amount (%).
The canonical discriminant analysis confirmed 100 % discriminating ability when
all three soil characteristics (i.e., color, composition, and content) were used in the
analysis. Out of the two functions obtained from the analysis, Function 1 exhibited
greater potential for explaining the SiO,, Fe,0s, and TiO,; thus, Area 6 and 7 could
be more easily differentiated than the other areas using this function. Function 2
exhibited greater potential for explaining color factor b* (6'*C and C content), and
could more efficiently differentiate Area 2 and 5. However, different results were
obtained within the same area based on the soil depth. Therefore, when performing
a comparative sampling analysis in forensic science, due care should be taken to
prevent the mixing of adjacent soils from various depths. Better results can be
achieved by collecting soil samples from different spots within the same area.
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6.1 Introduction

Soil samples are most frequently used in forensic investigations associated with a
wide variety of criminal acts and incidences such as abandonment of corpse, rape,
robbery, and traffic accidents. The most frequently encountered difficulties in soil
analyses are the extreme complexity of soil composition and minuscule sample
volume. Moreover, apart from the identification of comparing samples, it is often
required to obtain the area-specific soil information of a given type of soil. However,
because of the lack of systematically developed techniques, such area-specific
information data obtained from existing techniques do not meet the actual informa-
tion needs. To improve this situation, there is an urgent need for establishing mea-
surement techniques that are capable of analyzing minuscule samples and studying
area-specific features using the state-of-the-art equipment (Junger 1996). In this
study, the discriminating abilities of various soil-analysis methods were tested using
various techniques, and the results of area-specific information obtained was
reviewed.

Some of the forensic soil analysis methods are as follows: mineral morphology
and particle state analysis (Graves 1979), hydrometer-assisted mineral morphologi-
cal analysis (Chaperlin and Howarth 1983), color inspection (Guedes et al. 2011),
size and classification inspection, and pollen analysis. The comparative analysis of
biotic components found in soil can be performed, among others, using chromatog-
raphy, Fourier transform infrared (FT-IR) spectroscopy, and Raman spectroscopy
(Wheals and Noble 1972; Reuland and Trinler 1981; Cox et al. 2000: Thanasoulias
et al. 2002). The investigation methods for comparative analyses of the ratio of rare-
earth elements to major mineral constituents, using XRF (Fitton 1997) and X-ray
diffraction (XRD), inductively-coupled plasma (ICP), and laser ablation inductively-
coupled plasma mass spectrometry (LA-ICP-MS), have also been reported (Petraco
et al. 2000; Bull et al. 2006; Pye et al. 2007; Petraco et al. 2008; Pye and Blott 2009;
Murray 2012). Furthermore, the most recent addition to this list of techniques is the
determination of carbon and nitrogen contents and isotope ratios (Meyers 1994; Pye
et al. 2006).

When different soils are compared, one of the most important discriminating
factors is color. Color differences are the results of different compositions of biotic
and abiotic materials in soil. They provide cumulative information such as the origi-
nal place of the soils, decomposition residues of native plants and animals in that
place, and other organic matters such as excrementitious matters. In many cases, the
surface of a soil particle consists of iron, aluminum, organic matter, clay, and other
substances, and gives important information on the history of the soil sample.
Brown, yellow, or red color of the soil indicates a high concentration of iron oxides
in the soil. Brown color soils predominate in warm and humid weather conditions,
yellow color soils predominate in water environment, and soils turn grey when their
iron content migrates to groundwater or other water sources.
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Red color soils indicate high temperature or oxidizing conditions existing in soil,
and the red color of soil becomes stronger not only as the iron content increases, but
also as the oxidation advances. The iron components in soils exist in the forms of
hematite, limonite, goethite, lepidocrocite, etc. The black mineral tone of soil is
generally associated with the presence of manganese or iron-manganese compos-
ites. The color of soils is also influenced by biotic matters irrespective of the pres-
ence of abiotic matters. The organic materials on soil surface usually appear black.
The humus infiltrated into mineral soil layers is dark in color, and the soil with iron
and humic acid has a dark blackish red-brown color. Although such information
based on the color of soil can be used as a primary discriminating factor in forensic
soil comparison, given the fact that the data would be presented in a criminal court,
it is important to perform scientifically the color investigation using a spectropho-
tometer instead of a rough visual examination.

In particular, when the soil evidences have similar colors, more sophisticated
forensic analysis techniques are required. In such cases, besides morphological
investigation using a spectrophotometer and stereo microscope, high-precision
analyses should be performed, such as elemental analysis using a XRF, comparison
of carbon contents and carbon isotope ratios using an EA-IRMS, and mineral iden-
tification using a XRD.

Therefore, the soil samples were collected from eight areas in Wonju,
(Gangwondo, South Korea) and the following analyses were performed: color
inspection using a spectrophotometer, elemental analysis using a XRF, and mea-
surement of carbon content and carbon isotope ratio using an EA-IRMS. With the
help of these quantitative analyses, the discriminating abilities of various techniques
used for soil identification were evaluated, and their abilities to obtain area-specific
information were ascertained. Furthermore, statistical analyses of the abovemen-
tioned samples were conducted using SPSS 18.0 and soft independent modeling of
class analogy (SIMCA).

6.2 Materials and Methods

6.2.1 Area Description and Sample Collection

The soil samples were collected from eight areas (Fig. 6.1 and Table 6.1) in Wonju
(Gangwondo, South Korea) for this study. The soil sampling was carried out on five
spots in each of the areas as follows: a center point (c) and four corner points
(a, b, d, and e) of a square (Fig. 6.2).

From each spot, the soil samples were collected from the surface (S) and 30-cm
depth (D) below the surface, and then dried for at least 5 days in a well-ventilated
shady place. To ensure the homogeneity of the dried samples, they were separated
using 500 and 53-pm-mesh sieves.
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Fig. 6.1 Locations of the eight soil sampling areas

Table 6.1 Soil sampling Area | Location
plots and their locations

larea | Empty lot in the NFS eastern branch

2area | Near Moonmak Industrial Complex

3area | Under a river bridge

4area | Residential area near streets

Sarea | Fishing zone near a dam

6area | Roadside pasturage near factories

Tarea | River beach sands

8area | Soil near the river

6.2.2 Color Determination of Soils Using Spectrophotometer

The particles in soils are classified into coarse sand, medium sand, fine sand, silt,
and clay in decreasing order of size. As the size decreases, red or red-brown color
becomes increasingly apparent, while as the size increases, grey and yellow colors
become more and more dominant. Therefore, sieves were used to separate the soils
in specific sizes (53-500 pm) prior to determining their color using a
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Fig. 6.2 Soil sampling - z : :
areas i A t B

1m

spectrophotometer (Spectrophotometer CM-5, Konika Minolta, Japan), which can
measure the wavelength range between 360 and 740 nm. Before using the spectro-
photometer, a black-and-white color calibration was carried out, and each sample
was measured for five times. The results of color measurement were expressed
according to the CIE L", a*, b" (CIELAB) color space.

6.2.3 Elemental Analysis of Soils Using X-ray Fluorescence
Spectrometer

Beads were made from the soils ranging from 53 to 500 pm and subjected to an
XRF analysis for determining the contents of major elements. Using K2 Prime
(Katanax, Canada), beads of 30-mm diameter were fabricated from the soil dough
mixed at the ratio of soil:flux (lithium tetraborate):remover (lithium bromide)=0.5
g:4.5 2:0.03 g. The Si0,, Al,O3, Fe,03, K,0, CaO, and TiO, contents were analyzed
using an XRF spectrometer (M4 Tornado, Bruker, Germany). Each sample was
measured for five times.

6.2.4 Carbon Isotope Ratio and Carbon Content
of Soils Using EA-IRMS

In this measurement, samples smaller than 53 pm were used. They were wrapped in
tin capsules after the weight check, and their §'*C (0/00) and carbon contents (%)
were measured using CH-6 and urea as the reference standards. Each sample was
measured in triplicates. Our attempt to perform measurements for nitrogen isotope
ratio and carbon content was aborted because 8'°N could not be measured even with
as much as 20 mg sample. Given the usual forensic settings in which the sample
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analyses should be often performed with relatively small amounts of sample, the
nitrogen-related measurements are considered inadequate. The elemental analyses
were performed using an elemental analyzer (Euro EA 3000, Euro Vector, Italy),
and Isoprime (GV instrument, UK) was used as the mass spectrometer. The degree
of analytical precision checked against the reference standard material (CH-6) by a
multiple analysis was within a 0.1%o range.

6.2.5 Statistical Analysis

At least five measurements were carried out on the ten sub-samples collected within
a 1-m? range for each of the eight sampling areas, and their average values were
used in all the statistical analyses. The analysis of variance (ANOVA) and canonical
discriminant analysis were performed using SPSS 18.0, and other analyses such as
partial least square (PLS) data analysis were performed using SIMCA. The level of
reliability was kept at 95 % for all the analyses.

6.3 Results and Discussion

The average values resulting from the three experiments performed five times each
on a total of 80 sub-samples (S and D of five spots [a, b, ¢, d, and e] of each of the
eight areas) are listed in Tables 6.2 and 6.3.

6.3.1 Color Determination

A spectrophotometer furnishes the required data by quantifying the color tones with
an accuracy better than that of human eye. The spectrophotometer used in this study
can measure the wavelengths between 400 and 700 nm, measures the color attri-
butes as Munsell’s hue, value, and chroma in L*, a*, and b* (CIELAB index), respec-
tively, and provide spectra along with reflectance data. The CIELAB color space,
which was specified by the Commission Internationale de 1’eclairage (CIE), has
been internationally used as the standard color scale. It shows the color difference
in delta E (AE) unit. In the CIELAB color space, L" represents luminance (bright-
ness), and hue and intensity are expressed as a* and b* values. With a" and b", the
direction of a color is indicated: +a* indicates the direction toward red,—a* toward
green, +b" toward yellow, and—b* toward blue (Fig. 6.3). The color intensity
increases as the given value increases. While the human eye can usually detect color
difference from 3 (AE) onwards, the spectrophotometer was calibrated to detect the
color difference smaller than or equal to 1 (AE). The calibration was performed
again for every analysis.
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CIE L+asb+

1: L+ =100 (White)

2: +a+(Red), -a+*(Green)
*| 3: +b+(Yellow), -b+(Blue)
4:+=0(Black)

L+a+ b+ graph

Fig. 6.3 CIELAB color space
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Fig. 6.4 Color differences between surface (S) and 30-cm depth (D)

While the color changes between the surface (S) and 30-cm depth (D) show simi-
lar patterns, as shown in Fig. 6.4, one area showed an S-D difference as large as 2.8
( AE). On the other hand, in some cases, similar color data could be obtained from
different areas. For example, Area 1 and 2 are approximately 1 km apart from each
other on either side of the river; however, 1-S, 1-D, and 2-D samples demonstrated
strikingly similar color tones (Table 6.4). This implies that color tone should not be
the sole factor for the identification of forensic soil samples.

As shown in Table 6.3, the areas which demonstrated the largest differences in
color data between maximum and minimum values are Area 2 (L) and Area 4 (a”,
b"): L* (brightness) of Area 2 ranged from 44.31 to 54.01, and a" and b* of Area 4
ranged from 4.62 to 8.61 and from 15.05 to 23.45, respectively.
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Table 6.4 Results of color measurements using spectrophotometer
S D S D
Area | Label | Ave Std. | Ave Std. | Area | Label | Ave Std. | Ave Std.
1 1-1 26.09 |0.44 27775 10.01 |5 5-1 1843 |0.01 |19.19 |0.01

1-2 26.77 |0.00 26.02 0.18 5-2 19.50 |0.13 20.44 0.29
1-3 25.39 10.00 2579 0.32 5-3 18.87 |0.01 |20.52 |0.01
1-4 2623 |0.67 |2339 |0.12 5-4 18.18 |0.33 |19.17 |0.02
1-5 25.02 |0.28 24.13 0.12 5-5 19.67 |0.03 |19.10 |0.01
2 2-1 2047 |0.08 27.15 |0.18 |6 6-1 21.44 10.01 [25.12 0.01
2-2 2645 |0.13 2621 0.22 6-2 2235 |0.06 2475 0.12
2-3 19.75 10.04 2598 |0.03 6-3 2095 |0.31 |26.32 |0.00
2-4 22,62 |0.04 2589 0.07 6-4 21.35 |0.14 |24.15 0.05
2-5 25.80 |0.10 [29.00 0.05 6-5 2206 |0.01 [24.89 0.07
3 3-1 20.46 |0.15 |21.28 |0.05 |7 7-1 23776 |0.11 |2433 0.24
3-2 21.04 |0.00 (2192 |0.01 7-2 24.13 /020 [2520 |0.72
3-3 2097 |0.01 |22.74 |0.04 7-3 2396 |0.19 2093 |0.28
3-4 20.50 [0.12 |21.62 0.19 7-4 2355 |0.15 23.19 [0.01
3-5 21.31 |0.12 |20.72 |0.04 7-5 23.35 |0.07 |22.81 |0.00
4 4-1 2436 048 (2587 |0.07 |8 8-1 2250 |0.10 |22.02 |0.01
4-2 2597 021 |23.72 |0.05 8-2 2241 |0.12 |22.14 |0.01
4-3 19.26 1042 [23.60 |0.01 8-3 2238 |0.11 |21.37 |0.00
4-4 26.07 |0.07 |26.40 |0.09 8-4 22779 0.16 (2230 |0.19
4-5 25.08 |0.17 |31.08 |0.29 8-5 2361 020 |21.85 |0.23

Area 6 showed large deviations for a” and b" in both S and 30-cm D, whereas
Area 1 showed the least deviation owing to a high degree of soil homogeneity.

The paired t-test on the results of color measurements confirmed that S and D
samples showed significant differences in all L*, a*, and b* (p <0.05).

A canonical discriminant analysis was performed using the color attributes
(L*, a", and b") obtained from the above spectrophotometric analysis. Prior to the
analysis, Box’s M test was conducted to check the homogeneity of the multivariate
normal covariance matrices of the three independent color variables (L", a*, and b")
for each group. Because the significance probability was estimated to be 0.000
indicating the lack of between-group homogeneity of covariance matrices, individual-
group covariance matrices were utilized when applying the classification method.

The canonical discriminant analysis was performed using a stepwise method for
selecting variables to be included in the analysis, where the significance of the vari-
ables entering in each step was tested using Wilks’ lambda and exact F statistics.
Therefore, all the variables were confirmed to have significance. The order of
entrance was a” (red direction) = b* (yellow direction) => L".

Out of the two canonical discriminant functions that were obtained in the dis-
criminant analysis, the eigenvalue of Function 1 was 4.345, accounting for 54.6 %
of the total discriminating power. Thus, 100 % discriminating ability was achieved
by adding the discriminating ability of Functions 2 and 3 to that of Function 1.
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These discriminant functions were subjected to significance tests and proved their
significance, their significance probability being 0.000 each with respect to Wilks’
lambda values and Chi-square statistic.

When referenced to the standardized canonical-discriminant-function coeffi-
cients, discriminant functions 1, 2, and 3 are most closely related to a*, b*, and L,
respectively.

In the case of unstandardized coefficients, the standardized canonical discrimi-
nant functions were used to calculate the discriminant scores of individual samples,
thereby acquiring the group centroids by entering the average value of each group.

The three discriminant functions utilized are as follows:

D1=11.152-0.175L +4.037a" —1.378b"
D2 =-4.555-0.440L —3.837a" +2.683b"
D3=-26.317+0.596L +1.691a" —0.703b"

The centroids thus obtained demonstrated that Function 1 was effective in discrimi-
nating Area 7 and 4 from the other areas, and Function 2 was effective in discrimi-
nating Area 5 from others.

While the discrimination performed using the canonical discriminant functions
confirmed a perfectly accurate classification of Area 2, 5, 6, and 8, Area 1, 3, 4, and
7 showed 2, 2, 5, and 1 classification errors out of 10, respectively, resulting in an
overall classification accuracy of 87.5 %.

Figure 6.5 is a scatter plot of discriminant scores calculated by using the canoni-
cal discriminant functions. The concentrated distribution of pink-colored plots in
Area 8 demonstrates its relatively high classification accuracy. In particular, a clus-
tering tendency is observed according to area-specific characteristics as follows:
Area 3, 7, and 8 near the river; Area 1 and 2 near the industrial complex; Area 6 in
the pasturage near factories; and Area 5 in the fishing zone. The broadest dispersion
of discriminant scores is shown by Area 4, the roadsides near the residential areas,
represented by violet color on the scatter plot.

Color factor b" is related to yellow (Fig. 6.6). The color factor has a high degree
of discriminating ability. Because soils of different colors are found even in an area
as small as 1 m? samples should be taken from many different spots within the
determined range, where due attention should be paid to different colors by a rough
visual examination.

6.3.2 Elemental Analysis

The XRF analyses revealed the differences in soil elements from a sampling spot to
another within the same area. The data are listed in Table 6.2.
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Fig. 6.5 Discriminant scores calculated with canonical discriminant functions

The smallest and largest differences in the distribution of elements for each
sampling area were shown by SiO, in Area 4 with 53.15-65.54 %, Fe,O; in Area 4
with 3.61-13.06 %, and Al,Os in Area 7 with 6.94—14.85 %, respectively.

Significant S-D differences in element distribution were also confirmed among
the surface and 30-cm depth samples within 1-m? range of the same area. The com-
parisons of the S—D data indicated that Area 8 contained 55.8 % and 61.6 % SiO, on
average in its surface and depth soils, respectively, and 11.3 % and 8.7 % Fe,O; in its
surface and depth soils (Fig. 6.7).

The results of the paired #-test performed on the soil elements of both S and D
samples confirmed that the AL,O; content exhibited a significant depth-dependent
difference.

A canonical discriminant analysis was then performed using the values of SiO,,
Al O;, Fe,0;, K,0, Ca0, and TiO, obtained from the elemental analyses.

Box’s M test, which was conducted to test the homogeneity of the between-
group covariance matrices of the six independent variables, namely, SiO,, Al,Os;,
Fe,0;, K,0, Ca0, and TiO,, gave a significance probability of 0.000. Since it signi-
fies that there is no homogeneity of covariance matrices among the groups, the
individual-group covariance matrices were utilized when applying the classification
method.
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Fig. 6.6 Distribution diagram of color factor b* by sampling area

The canonical discriminant analysis was performed using a stepwise selection
method, where the significance of the variables entering in each step was tested
using Wilks’ lambda and exact F statistics. According to the results of significance
tests, CaO was entered first, followed by TiO, and Fe,O. It is also shown that the
variables entered had not been removed because of high values of F statistic.

Out of the two canonical discriminant functions that were obtained from the
discriminant analysis, the eigenvalue of Function 1 is 9.915, thereby accounting for
71.3 % of the total discriminating power. Thus, 100 % discriminating power is pos-
sible by adding the discriminating power of Functions 2 and 3 to that of Function 1.
The significance tests, which were performed on these discriminant functions, con-
firmed their significance probability as being 0.000 each with respect to Wilks’
lambda values and Chi-square statistic.

The standardized canonical-discriminant-function coefficients show that the dis-
criminant functions 1, 2, and 3 are most closely related to CaO, TiO,, and Fe,0;,
respectively.
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Fig. 6.7 Depth-dependent differences in soil element compositions (s: solid line, d: dash line)

The three discriminant functions utilized are as follows:
D1=0.355-0.158Fe,0O, +2.813Ca0 - 6.502 TiO,
2=-9.396-0.367Fe,0, —0.141CaO +11.251TiO,

D3 =3.165+1.718 Fe,0, —0.743Ca0 —13.579 TiO,.

According to the centroid values, Function 1 was effective in discriminating Area 6
from other areas. Function 1 is easily influenced by CaO, and soils in Area 6, the
pasture grounds near a factory, have relatively low CaO values compared to the
other areas. The TiO,-sensitive Function 2 is effective in discriminating Area 5 from
the other areas because Area 5 is the fishing areas located near the dam that has soils
with a low TiO, content.

The discrimination tests performed using the canonical discriminant functions
confirmed a perfect classification of Area 5, 6, 7, and 8; however, revealed 2, 2, 1, 4
classification errors in Area 1, 2, 3, and 4, respectively, yielding an overall classifi-
cation accuracy of 88.8 %.

Figure 6.8 shows a scatter plot of the discriminant scores of the eight areas
calculated by using the canonical discriminant functions. The distributions patterns
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Fig. 6.8 A scatter plot illustrating the distribution of soil elements in the eight sampling plots

show a clear area-to-area discrimination. As shown in the results of color test, a
clustering tendency is observed according to area-specific characteristics: Area 3, 7,
and 8 near the river; Area 1 and 2 near the industrial complex, Area 6 near the pas-
turage of the factories, and Area 5 near the fishing zone of the dam.

The Fe,O; content was found to be low in water areas. TiO, was found to be
abundant in Area 1, 2, and 6. The SiO, content was found to be higher in Area 3, 5,
7, and 8-D than in other areas. It is noteworthy that the areas 1, 2, and 8-S showed
similar distributions (Fig. 6.9). This indicates that the depth of soil influences the
soil characteristics even within the same area.

In the SIMCA analysis according to depth (Fig. 6.10), the loading plot quadrants
are divided between 8S (3rd quadrant) and 8D (4th quadrant). Either side of the
y-axis is occupied by the manufacturing and industrial complex (1st and 4th quad-
rants) and the water areas (2nd and 3rd quadrants). Moreover, y-axis is a dividing
line for the areas influenced by SiO,, Fe,O;, and TiO, contents.

Water areas are typically formed with alluviums and considered to have high
Si0O, content. (Alluviums are unsolidified sediments shaped by the accumulation of
soils consisting of gravel, sand, clay, etc. through recent river activities. Sand has
mainly rock-forming mineral particles containing SiO, or Si; however, calcareous
sands are also formed from limestones.)
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Fig. 6.9 Distribution diagrams of XRF measurement values by sampling area
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Fig. 6.10 Results of the SIMCA analysis

6.3.3 Carbon Isotope Ratio and Carbon Content

Figure 6.11 shows the carbon content and carbon-isotope ratio. A rough contrast
between the river and industrial areas is observed. This contrast in carbon-isotope
ratio distribution is also shown in the ANOVA. Group A is the water area consisting
of Area 3, 5, 7, and 8. Consequently, the soils in the water area showed enrichment
in isotope ratio compared to those in the industrial area.

The paired #-test on the results of carbon content and carbon-isotope ratio mea-
surements of the S and D samples confirmed that the carbon content showed signifi-
cant depth-dependent differences (0.000), whereas the carbon isotope ratio (0.64)
was not influenced.

The results of depth analysis show that the carbon-isotope ratios were enriched
in the D samples compared to the S samples in Area 1, 2, 3, 4, and 6, and the oppo-
site was true for Area 5, 7, and 8.

The carbon content was higher in the S samples of Area 1-6, and in the D sam-
ples of Area 7 and 8. This contradictory result for Area 7 and 8 compared to all the
other areas may be attributed to the influence of water flowing right next to the
areas.
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Fig. 6.12 Variable line plot of carbon amount (%) by area and depth

Figure 6.12 shows the carbon amount (%) in variable line plot that gives the
measurement values of analysis factors grouped by areas (1-8) and depths (S and
D) in different colors.
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Because not only area-to-area, but also surface-to-depth differences were
observed in all the measurements, therefore, when collecting comparative samples,
due care should be taken to prevent the mixing of adjacent soils from the depths
other than the expected depth.

6.3.4 Total Statistics
Principal Component Analysis (PCA)

PCA algorithm is a 2nd-order statistics that utilizes the statistical characteristics of
mean values and sampling distributions. It searches for a series of orthonormal sub-
sets indicating each direction of the maximum covariance for the input data. PCA is
a standard tool for dimension reduction of correlated multivariate data while keep-
ing the highest possible number of variables. This enables to create a new combina-
tion of variables, namely, a set of principal components (PC) converted from a set
of variables. The PCs are linearly uncorrelated, and the first several ones are defined
to carry out most of the changes that occurred in the original variables. PCA aims to
extract and interpret a small number of PCs independent of one another by carrying
out an adequate linear transformation of correlated variables in the cases where a
direct interpretation of correlations among a number of images is difficult. The
coordinates of PCs obtained from dimension reduction serve as input data for statis-
tical analyses, thus playing an intermediate role in a series of analysis process (Park
et al. 2011). Figure 6.13 shows the results of PCA-X statistics.

Each area is differentiated well according to its characteristics. In order to deter-
mine the area-specific determinant factors more accurately, a partial least squares-
discriminant analysis (PLS-DA) was performed.

PLS-DA of Soils

The PLS-DA maximizes the covariance between the predicted data set (X block:
unlimited number of soil factors) and the data to be predicted (Y block: class assign-
ment). The fractions of the Y variables designed by the selected component and
those predictable by the component determined by the cross validation were plotted,
and the PLS-DA model thus constructed was validated. The predictions shown on
the PLS-DA scatter plot are selected according to the significance rule specified by
SIMCA-P software, where Q? of a significant component should be >0.05 for 100
observations or less and zero for more than 100 observations. Moreover, PLS-DA
plots are displayed by the superposition of the two highest latent variables (t[1]/t[2]
or p[1]/p[2] as x- and y-axes). The high coefficient values of R*Y and Q?Y indicate
good discriminating power.

The soil discriminant factors can be obtained by observing the clustering of
the input factors on a score plot using the PLS-DA multivariate analysis, thereby
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Fig. 6.13 Results of PCA-X statistics(S: on the surface, D: from a depth of 30 cm)

investigating the factors that are likely to be the indicators displayed on the loading
plot, and finally having their significances confirmed using variable importance in
the projection (VIP) (Kim 2007).

The degree of between-group discriminating accuracy can be assessed by
comparing the spots within the 95 %-level confidence ellipses on the score plot. The
results of the analyses of the soil samples of the eight areas in Wonju (Gangwondo,
South Korea) were plotted on a PLS-DA score plot (Fig. 6.14), and the clustering
patterns were observed. Therefore, they were classified into four groups according
to the area-specific characteristics, whereby Area 8 was divided into two different
groups because of the S-D differences.

After the results of the score plot were analyzed, the loading plot was then exam-
ined to identify the determinant factors by quadrant that displayed the distribution
of each area.

Based on the results obtained through the loading plot (Fig. 6.15), significant
factors whose average VIP score is >1 were identified using the VIP method.
The VIP scores reflect the degree of importance with respect to X and Y variables.
The average of squared VIP scores is equal to 1 when the VIP scores are equalized.
The VIP plot displays the order of importance representing an intergroup priority
ranking when the groups are classified. In the samples collected from Wonju
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Fig. 6.14 PLS-DA score plot(S: on the surface, D: from a depth of 30 cm)

(Gangwondo, South Korea), the factors whose average VIP score was >1 were
identified as SiO,, Fe,0s, TiO,, and a* color factor (see Fig. 6.16 and Table 6.5).

In the factors whose average VIP score is >1, the top four factors are shown on
the loading plot (Fig. 6.10). As shown on the loading plot, they are distributed along
the far ends of the quadrants divided by the y axis.

Comparison of the Statistical Analysis Results: SPSS Multivariate Analysis
vs. Simca PLS-DA

A stepwise selection method was used in the SPSS discriminant analysis, where the
significance tests using Wilks’ lambda and exact F statistics on the variables enter-
ing in each step confirmed the entering order of CaO and TiO,. In the SIMCA load-
ing plot, K;O and CaO are on extreme edge of the 2nd and 4th quadrant,
respectively.

According to standardized canonical-discriminant-function coefficients that fur-
nish the explanatory power of discriminant functions, Function 1 exhibited a high
explanatory power for the components SiO, (Fe,0s, TiO,), and discriminant Function
2 exhibited a high explanatory power for color factors B* (§'*C, carbon content).
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Table 6.5 Determinant 1.89456 *

factors (VIP 21) Var ID M2.VIP[1]
(Primary) M2.VIP[1] |cvSE
Fe203 1.35649 0.0661687
TiO2 1.34238 0.100236
Si02 1.24434 0.213469
b*(D65) 1.22531 0.0779343
K20 1.09671 0.11571
CaO 1.0738 0.273555
a*(D65) 1.00653 0.147745
C amount (%) 0.63997 0.505365
Al203 0.624347 0.382421
813C(%o0) 0.373935 0.319269
L*(D65) 0.00906133 | 0.205676

8'*C and carbon content can be considered as the factors with a high explanatory
power whereas their SIMCA VIP scores are lower than 1. From this result, it may
be inferred that these factors are dependent more on depth rather than area.

Discriminant Analysis

A discriminant analysis that was performed using all the data obtained (color, XRF,
IRMS) confirmed 100 % discriminating power.

In Box’s M test, which was conducted to test the homogeneity of the between-
group covariance matrices of 11 independent variables, homogeneity in between-
group covariance matrices was not observed, individual-group covariance matrices
were utilized when applying the classification method.

The discriminant analysis was performed using a stepwise method for selecting
variables, where the significance of the variables entering in each step was tested
using Wilks’ lambda and exact F statistics. The results of the significance tests are
listed in Table 6.6. The order of entrance was CaO and TiO,.

Canonical correlation (CANCOR) reflects the degree of association between a
discriminant function and a set of variables. The closer it is to 1, the higher is the
discriminating power of the function. The correlation coefficients of Functions 1
and 2 obtained in this study are 0.975 and 0.961, respectively, which can be consid-
ered as excellent results. Moreover, a higher eigenvalue signifies a proportionally
higher discriminating ability of a function. A function is then considered to have an
excellent discriminating power.

Out of the two canonical discriminant functions obtained in the discriminant
analysis in this study (Table 6.7), the eigenvalue of Function 1 was 19.625, which
accounted for 49.1 % of the total discriminating power, and the discriminating
power acquired by adding functions 2—7 to that of Function 1 was 100 %.



J. Min et al.

100

uonendwod I9yLINg 10§ JUSIOYJNSUL NTA 10 ‘90UBID[O0) TOAI] Jp

[L°T ST 9A0WAI 0 ] [ented wnwIxe,

#8°¢ SI I0)UQ 0}  [ended WNWIUIA,

7 st sd9js Jo Toquinu WNWIXEIA],

PAINUA ST BPQUILTT SY[TA\ [[BISAO S} SOZIWIUTW Jey) S[qeriea ay) ‘dojs yoes 1y

00 LTYLE 00°0L 902 00CL Ll ol 000’ o 01
00’ 96°99¢ 00'€9 LTET 00CL Ll 6 000’ ‘o1 6
00’ SE'Sse 00'9S 96'%C 00CL Ll 8 000’ f0%d 8
00 61°6£€ 00°6% 66°LT 00CL Ll L 000’ (S9M«1 L
00’ ILLTE 00'CY ¥6°1¢ 00CL L 9 000° Da? 9
00’ 81'88¢C 00°S€ ¥6°C¢ 00CL L S 100"| (%) junowe > S
00’ 12°0SC 00'8¢ 1L¥€ 00CL Ll ¥ €00° (S9M=q 14
00’ SS'10T 00'1¢ 66°0F 00CL Ll € 800° (S9)+® €
00’ 00Tkl | 00F1 TISSS| 00TL Ll ¢ 20 “OIL T
00’ 00°CL 00°L 00€99| 00CL L1 PEL oD I
318 up 13p onsnels 318 wp 13p onsnels €Ip Wp| 1| ousneg pasyug | daig
A 9rewrxoiddy g 1exg
epquIET SY[IM

SO1STI)S , JOBXQ PUE SONISIIR)S BPquUe] S[IA\ SUISN §1$9) 90ueOyTuSIS oy JO SINSAY 9°9 dqe],



6 Forensic Comparison of Soil Samples 101

Table 6.7 Canonical correlation (CANCOR) of the discriminant functions

Function Eigenvalue % of variance Cumulative % CANCOR
1 19.625° 49.1 49.1 975
2 12.045° 30.1 79.2 961
3 4.481° 11.2 90.4 904
4 2.674* 6.7 97.1 .853
5 .6332 1.6 98.7 .623
6 4842 1.2 99.9 571
7 0512 1 100.0 220

First seven canonical discriminant functions were used in the analysis

Table 6.8 Significance probability of discriminant functions

Test of function(s) Wilks’” Lambda Chi-square df Sig.
1 through 7 .000 667.218 70 .000
2 through 7 .001 455.361 54 .000
3 through 7 .020 275.572 40 .000
4 through 7 107 156.485 28 .000
5 through 7 .393 65.387 18 .000
6 through 7 .642 31.069 10 .001
7 952 3.460 4 484

As shown in Table 6.8, the significance probability of both Wilks’ lambda value
and Chi-square statistic for these discriminant functions is 0.000, which proves their
significance. The only function that cannot be considered significant is Function 7
(0.484). Because Wilks’ lambda tests the average homogeneity between the groups,
its null hypothesis is “HO: i.e., there is no difference in the average between the
groups.” As the Wilks” lambda value decreases, the explanatory power of the
corresponding function increases. Moreover, the significance probability of
x2=667.218 being 0.000 (<0.005), the null hypothesis is discarded and the
discriminant function proves to be significant.

A standardized canonical discriminant function coefficient furnishes the
explanatory power of a discriminant function; Function 1 has a high explanatory
power for elements SiO, (Fe,O;, TiO,), and Function 2 for color factors B* (8'*C,
carbon content); see Table 6.9.

Table 6.10 lists the unstandardized canonical discriminant function coefficients.
The discriminant score of each individual item was obtained by multiplying the
value of each independent variable by the coefficient and subsequently adding the
whole. The calculation modules of discriminant functions 1 and 2 are as follows:

DI = —44.260 +0.675Si0, +0.893Fe,0, —1.303K,0 +1.385Ca0 —8.031 TiO,
~0.4528"C —0.298 Camount +0.294 L *—0.479a * (D65) —0.768 b * (D65)
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Table 6.9 The standardized canonical discriminant function coefficients of functions 1-7

Function

Variables 1 2 3 4

SiO, 1.733 382 .048 .964
Fe,0, 1.360 | -.194 720 194
K,O -.848 | -.709 218 | -.967
CaO 783 .806 918 | -713
TiO, -1.103 | -.066 -1.822 139
813C -.508 | 1.067 122 292
Carbon conc. (%) -196 | 1.116 .862 1.008
L*(D65) 507 | -.046 476 .627
a*(D65) =271 =210 2.688 | -.515
b*(D65) -.894 | 1.284 —-1.988 758

5 6 7
—-.469 032 | -.098
179 2797 | -.249
1.040 375 .601
.500 -.555 347
-108 | -1.335 467
.103 078 | -.736
492 357 .966
-.361 764 .550
-1.035 -.741 | -.033
747 303 324

Table 6.10 The unstandardized canonical discriminant function coefficients of functions 1-7

Function
Variables 1 2
SiO, .675
Fe,0, .893
K,O -1.303
CaO 1.385
TiO, -8.031
813C -.452
C amount (%) -.298
L*(D65) 294
a*(D65) -.479
b*(D65) -.768
(Constant) -44.260

3 4

.149 .019 375
—-.128 473 128
-1.090 335 —1.487
1.426 1.624 -1.261
—.481 |-13.262 1.011
.950 .109 .260
1.698 1.312 1.533
-.027 276 .364
-.371 4.747 -.909
1.103 -1.709 .651
122 -5.417 | -32.157

5 6 7
-.182 .013 -.038
117 1.838 -.163
1.598 576 923
.883 -.982 .613
-.789 -9.719 3.398
.092 .069 -.655
748 544 1.470
-.210 443 319
-1.829 -1.309 -.058
.642 261 278
8.310 | -24.585 |-46.649

D2 =0.122+0.149S8i02 —0.128 Fe,0, —1.090K ,0 +1.426 CaO —0.481TiO,
+0.9508"°C +1.698 Camount —0.027 L * —0.371a * (D65) + 1.103b * (D65)

Table 6.11 lists the discriminant scores produced by replacing independent vari-
ables with their means. The group centroids thus acquired indicate that Function 1
has a high discriminating power for Area 1, 3, 7, 8, and 6 than the other areas, and
Function 1 has a high discriminating ability for Area 2, 4, and 5.

The classification using the canonical discriminant functions (D1 and D2)
resulted in 100.0 % discriminating accuracy for all the eight areas.
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Table 6.11 Unstandardized canonical discriminant functions evaluated at group means
Function
Area 1 2 3 4 5 6 7
1 256 1.118 .652 -3.581 -.747 -.442 -.029
2 -.183 6.046 -1.017 482 1.018 -.457 =211
3 1.873 -1.350 -.247 .549 455 -.839 454
4 -3.259 3.679 2.946 1.256 -.651 .684 154
5 -1.152 -5.009 3.075 014 857 -.048 -.210
6 —-7.966 -2.558 -2.944 .607 —-.486 -.083 -.057
7 7.200 -1.155 -.562 1.700 -1.017 —-.181 —-.187
8 3.231 =772 -1.903 -1.028 .570 1.365 .086
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Fig. 6.17 Scatter plot displaying the discriminant scores

Figure 6.17 shows a scatter plot displaying the discriminant scores of the classi-
fication of all sub-samples performed by applying D1 and D2. Area 6 and 7 are well
discriminated from other areas with D1 (horizontal axis), and Area 2 and 5 are well
discriminated from other areas with D2 (vertical axis). A clustering tendency is
observed according to area-specific characteristics: Area 3, 7, and 8 are located near
the water, Area 1 and 2 near the industrial complex, Area 6 near the pasturing area
and factories, and Area 5 in the fishing zone near the dam.



104

J. Min et al.

6.4 Conclusions

As a preliminary experiment to test the discriminating power of forensic soil
analysis and obtain area-specific information, the soil analyses with respect to color,
elements, and carbon-isotope ratio were performed. The results of analyses of the
soil samples collected from the eight areas located in Munmak-eup (Wonju,
Gangwondo, South Korea) are as follows.

1.

The discriminating power regarding color, elements, and carbon content and iso-
tope ratio was improved when all the three factors were combined compared to
the discriminating power by individual data. In particular, the discriminating
power for color and elemental analyses was excellent, and the results regarding
carbon content and isotope ratio showed significant differences depending on
soil depth.

. The paired #-test on the results of carbon content and carbon isotope ratio mea-

surements of the S and D samples confirmed that the samples had significant
depth-dependent differences in carbon content.

. The results of SIMCA PLS-DA performed on the samples collected from the

eight areas in Wonju (Gangwondo, South Korea) showed that the Fe,O;, TiO,,
Si0,, and a* color factors had an average VIP score greater than 1.

. From the ANOVA tests, the null hypotheses for all the factors were rejected

except that for Al,O;.

. The canonical-discriminant analysis on three soil characteristics (color, compo-

sition, and content) showed that Function 1 exhibited a greater explanatory
power for SiO, (Fe,0;, TiO,), and could differentiate Area 6 and 7 more easily
than the other areas. Function 2 had greater implications for color factor b*
(813C and C content), and could differentiate Area 2 and 5 more efficiently.
However, different results were obtained even within the same area, depending
on the soil depth. Area 7 near the river, mainly formed with alluviums, has a high
SiO, content and a relatively low Fe,O; content.

During the elemental analysis, Al,O; was categorized as an element without dis-
criminating power owing to its extremely high RSD within the sub-sample.
However, this may be attributed to the suppressed separation in the Br and XRF
phase during the process of bead production. Therefore, in the case Al analysis
using XRF, the beads should be made without using the remover, or pellets
should be made instead of beads. If the remover is added, the sample should be
analyzed with other methods such as LA-ICP-MS or ICP-AES.

Future studies should be performed for the analysis of Zn, Cu, and platinum
group elements (PGE) (Pt, Pd, and Rh) in order to obtain the vehicle-related
information. Further, Zn, Cu, Pb, Sn, and Ag elements should be analyzed. The
nitrogen-related tests should be reconsidered, given its ability to discriminate the
soil’s origin in water environment.

In order to obtain more useful information, the results obtained in this study
should be compared with those performed on samples collected from the areas at
some distance from the experimental areas. Furthermore, by performing experi-
ments in other regions, a more concrete and systematic region-specific informa-
tion can be established.
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