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Abstract
The characterization of trace evidence is key to the field of forensic science. Trace
evidence can take many forms, such as glass, fiber, and soil. Traditionally, forensic soil
analysis has been painted as one of the more tedious applications, which conventionally
studies the mineral composition of soil samples. In this study, we present another avenue
of soil analysis that takes advantage of understudied factor of soil: soil organic matter
(SOM). Using both proton (1H NMR) and carbon nuclear magnetic resonance (13C NMR)
separately and applying principal component analysis (PCA) to both types of spectra, we
sought to determine whether SOM could be discriminated from three separate locations
in a park. We discerned that these techniques were indeed able to differentiate three
locations due to the finite differences in both 1H NMR and 13C NMR. This study
demonstrates that SOM can be a favorable trace evidence, as it is discrete enough to
delineate the origins of soil samples.
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Introduction
For centuries, forensic science has served as a means to identify and link
individuals to forensic materials by means of Locard’s principle. Namely, when two
items come into contact with one another, a transfer subsequently occurs that will leave
behind a trace of that interaction. Despite soil serving as an ideal trace evidence, the
branch of forensic soil analysis is often overlooked and should be further explored to
enhance its value to the field of forensics. Forensic soil analysis is the science or study of
a wide range of soil information with the purpose of answering legal and criminal
questions, problems, or hypotheses (R. Fitzpatrick, 2011; Fitzpatrick & Raven, 2012).
Traditionally, methods to analyze soil focus exclusively on the physical characteristics of
inorganic matter, chiefly its component minerals. These physical characteristics include
color (Sugita & Marumo, 1996), density (Goin & Kirk, 1974; Kirk, 1974; Murray &
Solebello, 2002), particle size (Bull, Parker, & Morgan, 2006), and the mineral type in
the sample (Deforest, Gaensslen, & Lee, 1983; Murray, 1982; Saferstein, 2011).
Unfortunately, traditional methods of analysis are both time and labor intensive, and few
are trained in this highly specialized field (Murray, 1982; Murray & Solebello, 2002). To
further complicate this problem, because these traditional methods focus on the physical
rather than the chemical aspects of soil, they cannot accurately delineate soil to a specific
area; in fact, in most cases, soil evidence can only be used as a means of exclusion rather
than inclusion—meaning one can merely determine that some soil particles does not
come from a particular location rather than determine that soil definitely stems from this
location (Blackledge & Jones, 2007). Several instrumental techniques have been
developed to address the challenges associated with traditional soil analysis methods,
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including atomic absorption and flame emission spectrometry, inductively coupled
plasma spectroscopy, X-Ray Diffraction, and gas chromatography – mass spectrometry
(Tontarski & Peel, 2002). The technique of nuclear magnetic resonance (NMR) has
recently surged in popularity to study the pedosphere—where soil originates (E.
Fitzpatrick, 1987; Smith, 1991). However, to date, the studies of NMR and soil analysis
focus primarily on carbon 13 NMR as a means to identify the structures seen in soil
organic matter (SOM) (Cao et al., 2011; Clemente et al., 2012; Keeler & Maciel, 2003;
Preston, 1996; Schmidt, Knicker, Hatcher, & Kogel-Knabner, 1997; Simpson &
Simpson, 2017; Weil & Brady, 2017). Studying the organic matter of soil has proven
useful in agricultural sciences. For instance, such studies can help determine the amount
of nutrients needed for growing plans. Further, studies on SOM have also been performed
to discriminate between soil samples (Imre, Kilmartin, Rutan, Mauk, & Nicolau, 2012;
López-Rituerto et al., 2009). In view of these recent studies, research effort should be
made to implement new methods to discriminate soil samples based on SOM in a
forensic context. Such methods should be both time effective and standardized to
improve this field of research. Ideally, these methods should also be non-destructive and
practical (Šmejkalová, Spaccini, & Piccolo, 2008).
In this vein, we employed carbon and proton NMR spectroscopy for this specific
research in order to discriminate soil samples using SOM. Our goal was to differentiate
soil samples from three similar but distinct locations in Central Park. In conducting this
research, we specifically sought out locations that were under shaded areas in which the
soil particles appeared to be roughly the same color and size. Therefore, we held the soil
locations to stringent terms; for instance, the soil chosen for this analysis was not near a
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body of water, heavy pedestrian traffic, nor in direct sunlight. Essentially, because we
sought to delineate soil exclusively by its particular chemical characteristics, we did not
want physical differences between the soil samples. Results from our study prove that
NMR spectroscopy can be used to discriminate between similar soil samples taken from
different locations and indicate that this technique would be a valuable tool to analyze
soil samples in a forensic context.

4
Literature Review
Forensic Soil Analysis
The forensic examination and analysis of soil as a type of trace evidence dates
back to the nineteenth century. In 1856 in Berlin, a crime was committed on a train—a
barrel full of silver coins was switched with a barrel of sand. A P. Christian Gottfried
Ehrenberg was called in to do a forensic comparison of sand from surrounding train
station and, after performing microscopic examinations, correctly determined which
station the sand had come from (R. Fitzpatrick, 2011; Murray, 1982). In 1887, the
mythological savant Sherlock Holmes was introduced as a man who could tell where an
individual had been based on the composition of soil on that person’s clothes (Doyle,
2015). Soil analysis was held as the perfect example of trace evidence. In fact, Edward
Locard credited Sherlock Holmes with the idea that “it is virtually impossible for
someone to engage in any type of activity without transferring at least some soils from
one location to another” (Murray & Solebello, 2002).
Since the nineteenth century, soil analysis has become invaluable—though
overlooked—for evidentiary matters. In terms of solving cases including homicides, hit
and runs, and kidnappings, soil has been used as one of the main components to
determine an individual’s location (Fitzpatrick & Raven, 2012; Fitzpatrick, Raven, &
Forrester, 2009). Unfortunately, there is a lack of interest in soil science because it has a
reputation for not only being tedious, but also being an archaic and dirty field of science
(Fitzpatrick & Raven, 2012; Murray, 1982). In addition, it is easy to overlook soil as
trace evidence, in favor of other types of trace evidence such as biological and
toxicological evidence, which can be easily quantified. There is a public perception that

5
science must be closely related to mathematics, and the public’s perception that DNA is
linked to statistics has only reinforced the notion that DNA evidence is more reliable than
other sorts of evidence. The public increasingly expects forensic scientists to use
mathematics and statistics regularly and recent articles as well as court rulings have
suggested that without statistics, trace evidence may not be acceptable in a scientific
context (Houck, 1999).
Composition of Soil Organic Matter (SOM)
The complexity of soil lies in the composition of four main components –
minerals (around 45%), air and water (20 to 30 % each), and organic matter (around 5 %)
(Abdulkadir, 2017; Deforest et al., 1983; E. Fitzpatrick, 1987; Sugita & Marumo, 1996).
Thus, soil consists of what is known as the pedosphere. Pedology is the general study of
soil, including the formation of soil and its individual components (Korevaar, Menelik, &
Dirksen, 1983). Due to its complexity, each sample of soil has a unique composition. In
addition, because of the way it adheres to items such as clothing, shoes, and tire treads,
soil can serve as an extremely useful piece of trace evidence (Cengiz, 2005; Deforest et
al., 1983; Doyle, 2015; E. Fitzpatrick, 1987; R. Fitzpatrick, 2011; Houck, 1999; Kirk,
1974; Koorevaar, 1983; Lehmann & Kleber, 2015; Rawlins et al., 2006). In fact, in
certain situations, soil analysis can be the key piece of evidence placing a person at a
location at the scene of a crime (R. Fitzpatrick, 2013; Fitzpatrick & Raven, 2012;
Makarushka, 2012; Schmidt et al., 1997).
The solid portion of soil has been estimated to contain five percent of soil organic
matter (SOM). SOM, or humus, is composed of organic compounds of decayed plant and
animal tissues, and thus is a mixture of organic substances with different molecular
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structures. Humus consists of humin, humic acids, and fulvic acids. Humin is insoluble,
and because we need soluble substances for liquid proton NMR analysis, the focus of this
study is on humic and fulvic acids (Sparks, 2003). SOM is discussed primarily in
geoscience articles that analyze soil in order to establish and determine the suitability for
crop production (E. Fitzpatrick, 1987; Fitzpatrick et al., 2009; Keeler & Maciel, 2003).
Furthermore, Simson, Simpson, Smith and Kelleher (2007) details how current SOM
estimates found by some researchers may be lower than previously thought; in this
instance, microbial biomass accounted for more than 50% of extractable SOM fractions.
Although the study of soil is very complex due to many different variables, SOM
research has a “woeful number of reports” and is not well understood (Tontarski & Peel,
2002). Generally, SOM is neglected in forensic science, and most soil studies are limited
to analyses with minerals. Our hypothesis is that NMR spectroscopy can be used to
detect SOM in soil samples. Furthermore, we think that if we combine NMR results with
principal component analysis (PCA), we can develop a method to discriminate between
soil samples which would be useful in a forensic context. The results from our research
would enhance the value of studying SOM in the broader field of soil analysis.
Soil as Trace Evidence
As stated previously, soil analysis has been positioned as the perfect example of
trace evidence. The properties of ideal trace evidence should possess the following
characteristics: be highly individualistic, have a high probability of transfer and retention,
be nearly invisible, be quickly collected and separated, be easily characterized, and have
a computerized database capability (Aardahl, Kirkowski, & Blackledge, 2005;
Blackledge & Jones, 2007; R.W. Fitzpatrick, 2013; Fitzpatrick et al., 2009). A soil
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particle’s specific SOM can be highly individualistic because of its specific composition
of organic substances. As mentioned above, soil also has an uncanny ability to transfer to
clothing, tires, tools, and even under fingernails. Detailed below are reasons emphasizing
why soil is such an ideal example of trace evidence (Blackledge & Jones, 2007; R.W.
Fitzpatrick, 2013; Fitzpatrick et al., 2009):
1. Highly individualistic: as mentioned above, pedology deals with the study of soil
in a general sense, and certain definitions mention that pedology even deals with
the interpretation of soils on small and large scales. Fitzpatrick et al. (2009) also
mention how the United States Department of Agriculture (USDA) has more than
50,000 varieties of soil catalogued for the United States alone. This complexity,
not to mention how there are both naturally occurring soil as well as
manufactured soil, makes soil highly individualistic.
2. High probability of transfer and retention: multiple articles and textbooks mention
soil as trace evidence, referencing the nature of soil having a strong capacity to
adhere to a multitude of items, such as clothing, shoes, and tires (Bull et al., 2006;
Deforest et al., 1983; R. Fitzpatrick, 2011, 2013; Fitzpatrick & Raven, 2012;
Fitzpatrick et al., 2009; Kirk, 1974; Makarushka, 2012; Murray, 1982; Murray &
Solebello, 2002; Saferstein, 2011).
3. Nearly invisible: not all soil has to be adhering strongly enough to be visible; even
small silt fractions can be collected. These small fractions are hard to see with the
naked eye. For instance, the transfer of gravel or fine sand particles can be
transferred from a certain location each time a person gets into a car.
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4. Quickly collected, separated, and concentrated: fine fractions of soil can be
transferred directly to a person and to the surroundings, such as on a show or in a
car. With the use of hand lenses or microscopes, the traces of soil can easily be
collected, separated by location, and collected using stainless steel tools such as a
scoopula, and then placed in a rigid plastic screwcap container.
5. Easily characterized: soil can be easily characterized by way of historical
techniques, such as color (Sugita & Marumo, 1996), density (Petraco & Kubic,
2000), and consistency. Additionally, newer techniques using varying
spectroscopic methods would also be able to determine the characteristics of soil
samples.
6. Computerized database capability: in the US, the USDA has already catalogued
more than 50,000 samples as mentioned above. Other developed countries,
including Australia, have also begun a process of encoding soil data in a
computerized form, creating soil maps that can be downloaded directly from the
internet. This database can therefore better support soil scientists in narrowing
down certain locations based on the soil maps and soil data that are characteristic
of the soil samples in question.
Traditional Methods of Soil Analysis
The first step of any soil analysis is to exclusively isolate and collect a specific
sample of soil. Traditional forensic soil comparisons use both physical and microscopic
examinations. After air-drying the soil sample, one investigates the physical properties.
This examination includes comparing the soil sample to the Munsell soil chart,
examining its texture, determining the density, and sieving the sample into different
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particle sizes. After sieving a sample, the minerals are examined in both the known and
unknown sets of samples. Multiple hours of long and tedious observation of minerals and
their characteristics through polarized light microscopes (PLM) are documented.
Following this initial observation, a decision is made to determine if the questioned
sample could possibly be from the same area as the known sample (Murray & Solebello,
2002; Mckinley & Ruffell, 2007). However, this portion of soil analysis is based on
comparisons between the questioned sample and known samples from the surrounding
area (Houck, 1999). After PLM, more destructive spectroscopic methods are used to
determine inorganic mineralogical and chemical compositions, such as X-ray diffraction
(XRD) or X-ray fluorescence (XRF) (Smith, 1991; Tontarski & Peel, 2002), which can
potentially destroy minute traces of the questioned sample. Thus, PLM and other
traditional methods can destroy and/or obfuscate chemical properties of a soil sample.
Additionally, these methods rely on knowing the general location in which a crime was
committed so that one can compare a purported soil sample from suspected areas to that
known soil sample. Comparing two samples with traditional methods can take countless
hours (Cengiz, 2005). Compounding this problem is that increasingly fewer analysts are
being trained in soil analysis (Fitzpatrick & Raven, 2012).
Previous Conventional Techniques to Conduct Forensic Soil Analysis
To overcome the challenge of traditional method analysis, a few newer
spectroscopic techniques have been developed over the years. These techniques include
scanning electron microscope (SEM)-energy dispersive X-ray spectrometry (EDS),
Fourier transform infrared spectroscopy (FTIR), ultraviolet-visible spectroscopy (UVVis), and high-performance liquid chromatography (HPLC), as detailed extensively in
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multiple sources (Bommarito, Sturdevant, & Szymanski, 2007; Cengiz, 2005; Cox,
Peterson, Young, Cusik, & Espinoza, 2000; Thanasoulias, Piliouris, Kotti, & Evmiridis,
2002; Tontarski & Peel, 2002).
One of the spectroscopic methods employed to discriminate soil samples is UVVis (Thanasoulias et al., 2002). This study focused on the UV-vis spectra of soil samples
in combination with PCA analysis. While the results proved that UV-Vis could
discriminate locations, it was determined that UV-vis can only be used as a basis for
exclusionary purposes. Soil samples have also been studied utilizing FTIR. In Cox et al.
(2000), the study mentions that FTIR can be used as a secondary method to discriminate
samples. In the study, the authors use a subtractive technique due to the nature of humic
and fulvic acids, a main component of organic components of soil which interfere with
analysis methods of FTIR. To combat this issue, the spectrum of soil both before and
after pyrolysis of the soil samples create the subtractive FTIR by eliminating the organic
component to determine how much organic content is within a soil sample. In Rawlins et
al. (2006), the researchers use XRD, SEM, organic matter, and palynology (the study of
organic microfossils such as plant spores and pollen) to compare the methods. The results
were varying and different from one another, with organic matter proving to be one of the
least discriminatory methods to discriminate soil.
Forensic Soil Analysis using NMR
What would happen if soil analysis techniques could be more discriminatory and
more precisely determine the provenance of a sample using a combination of proton and
carbon NMR and statistics? The idea surrounding this project is to determine if we could
more precisely give a statistical weight to a cluster of soil so that it shows similarities and
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could correlate to the same location. Using proton and carbon NMR, we hope to
effectively discriminate different sets of soil samples taken from similar locations.
Potentially in the future, a database could be created that grouped a wide range of
samples according to the NMR data in order to localize and define broader areas of soils.
Nuclear magnetic resonance (NMR) is a crucial spectroscopic method that helps
in the determination of molecular structures. The theory of NMR is based on the
interaction between electromagnetic radiation and the nuclei of atoms. Atoms that have
an odd number of protons or neutrons have a nuclear spin—either a positive ½ or
negative ½ spin. When placed in a strong magnetic field, the nuclei can either align with
or against the magnetic field. Thus, we can see that the alpha spin state aligns with the
magnetic field, and the beta spin state is against the magnetic field. When there is an
electromagnetic radiation that aligns with the energy difference, the alpha spin states can
absorb the energy which causes the spin to flip, or resonate, to the beta spin state. When
the radiation frequency pulse stops, and the nuclei is left to return to its normal state and
emits energy. This emission energy is then collected. Then, using Fourier transform, this
emission signal is converted from time to frequency, resulting in a signal intensity as a
function of frequency. Based on the chemical environment, nuclei will emit different
frequencies, which contribute to the chemical shifts (Brown, Iverson, Anslyn, & Foote,
2014; Klein, 2015). In this experiment, we primarily utilized proton (1H) and isotopic
carbon-13 (C13) NMR.
To date, however, there have been some advances in using NMR in geoscience.
There are sources that describe utilizing NMR on SOM (Cao et al., 2011; Clemente et al.,
2012; Keeler & Maciel, 2003; Simpson et al., 2007; Wilson, 1981). Although some of
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these articles seek to determine what organic matter is in soil, they focus primarily on the
value of this analytical technique for agriculture (Imre et al., 2012; López-Rituerto et al.,
2009). More recent geoscience studies have exclusively focused on 13C NMR. In one
article, solid state carbon samples as well as solution state carbon samples were compared
(Preston, 1996), and these results showed that solution state carbon samples have better
defined spectra. In the case of 1H NMR, results are limited so far and there is a great need
to further develop research into this field.
Throughout this experiment, we utilized both solid-state carbon NMR and
solution-state proton NMR. Solid-state carbon NMR is the more common and preferred
method used to study SOM due to the fact that it is a nondestructive technique that
requires small quantities of soil samples and due to the ease of sample preparation. Prior
to analysis, whole soil samples are primarily treated with hydrofluoric acid (HF) or
hydrochloric acid (HCl) in order to destroy minerals, specifically paramagnetic minerals,
that could interfere with the magnetic field. This pretreatment also concentrates the
amount of carbon which in turn reduces the number of scans needed to obtain suitable
spectra for analysis. However, a considerable disadvantage of solid-state NMR is that it
frequently produces spectra with overlapping signals, thus it is difficult to determine
structural assignments. Solution-state proton NMR is becoming more favorable as an
avenue of soil forensic research because SOM typically is richer in hydrogen, and 1H
NMR enables higher sensitivity than 13C NMR alone. Solution-state proton NMR
requires extensive sample preparation in order to extract SOM, some of which particles
are insoluble, as well as necessitating large quantities of soil sample. This preparation
includes using a strong base such as sodium hydroxide (NaOH), then drying the extracted
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SOM, and finally resuspending the samples in deuterated solutions. Despite the more
intensive sample preparation, solution-state proton NMR provides more sensitivity and
improved resolution over solid-state carbon NMR. By employing solid-state carbon
NMR and solution-state proton NMR in conjunction, we hope to obtain more
comprehensive structural information about SOM in soil samples (Simpson & Simpson,
2017).
We used principal component analysis (PCA) in order to simplify the NMR
spectra with the aim to discriminate between SOM locations. The primary focus of PCA
is to reduce the original dataset into a few principal components which are robust enough
to retain the maximum percentage of original data. In PCA, the variable ‘n’ represents a
dimensional space that defines all the experimental results (Keeler & Maciel, 2003).
These results are then combined into principal components which are derived from the
linear combination of original variables, such as the NMR spectral areas. Therefore, the
principal component axes are linearized forms of the NMR spectral components, which
allow us to robustly combine the data into a distinguishable graphical form. The result of
the PCA graph reveal clustering in which tight clusters reveal their sample similarity
while broad clusters represent dissimilarity. Therefore, PCA clustering can serve as an
immediate visual method of discriminating samples from one another. In this study, both
1

H NMR and 13C NMR were plotted using PCA in order to ascertain the commonality

between samples and between locations.
In summary, for this project, we chose a park and selected three locations to get a
small range of soil samples. Although the soil samples seem to be physically similar, we
hoped to observe differences in the resultant NMR spectra and PCA field—thus proving
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our experimental hypothesis that these techniques can be used to discriminate similar soil
samples from one general area. We also hypothesized that this combination of
techniques would have better discrimination of soil than the traditional methods currently
used in forensics. We used both proton (liquid-state) and carbon (solid-state) NMR to
analyze samples prepared as directed in the literature. After which, we used PCA to
group the data and reveal if there was a correlation between the samples in the same
location, as well as differences between samples located far apart.
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Methods and Materials
Collection of materials
Our experiment was performed as described below in triplicate per location in
order to observe if the results were concordant with each other, as well as to see if the
range of spectra differed greatly from one experiment to the next. The idea of the project
was based on collecting soil samples to see if there was a distinction in soils collected
from the same park, in this case, Central Park, at different locations within the park.
Three locations were chosen (Figure 1). At each location, three samples were
collected in a triangle, separated by approximately 20cm. The soil collected was
measured from the top to roughly 6 inches down, and each soil sample was collected with
clean trowels into separate screw-cap plastic collection jars, weighing approximately 16
ounces per sample. These collections yielded 9 samples; L1S1, L1S2, L1S3, L2S1, L2S2,
L2S3, L3S1, L3S2, L3S3 (the notation of L indicates location while S represents
sample).
After transporting the soil back to the lab, the soil samples were air dried in
weigh-boats not in direct sunlight to allow the water portion to evaporate. After ensuring
that there was no more moisture remaining, each soil sample was ground up finely and
any waste was discarded (trash, leaves, other large human waste particles, etc.). The
samples were then mixed thoroughly and then placed back into separate dry collection
jars. At this point, pictures were taken of the soil samples in collection jars, which
revealed that there were minute differences in the colors of the samples between locations
(Figure 2).
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Figure 1. Map of Central park.

Location 3: East Meadow,
40-47-28 N/ 73-57-20 W

Location 2: Cedar Hill,
40-46-35 N/ 73-57-52 W

Location 1 : Heckscher Fields,
40-46-7-N/ 73-58-46 W
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Location 1

Location 2

Location 3

Figure 2. Samples from the three different locations.
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Soil Sample Preparation for Solution-State Proton NMR (1H NMR)
The protocol for this experiment was adapted from previous research (Clemente
et al., 2012). For the 1H NMR experiment, 2 grams of dry soil from each sample were
measured and placed in separate 50mL Falcon tubes. To each tube, 40mL of a 0.1M
NaOH solution was added in order to isolate the humic acid and fulvic acids (Clemente,
Simpson, & Simpson, 2011). The tubes were all then placed on a shaker set at 100rpm for
16 hours at room temperature (25°C). Following this, each soil sample was put through a
process of vacuum filtration using separate Stericup-GV 150mL Durapore PVDF 0.22um
(EMD Millipore Corporation, Burlington, MA), filtering out the soil and collecting the
filtrate. An ion exchange resin was created using Dowex™ Marathon™ C (SigmaAldrich, St. Louis, MO). The resin was prepared as follows: the resin was created using
distilled water and a slurry of the resin beads, and then poured into a density column. The
resin was subsequently washed first with distilled water to ensure the resin was hydrated,
and then washed three times using a 10% sodium chloride (NaCl) (Thermo Fisher
Scientific, Waltham, MA) solution to prepare for filtration. The soil filtrates were passed
through individually and collected in a separate falcon tube. Deionized water was added
to ensure the remaining filtrate would pass through the density column and keep the resin
hydrated. Next, the samples were lyophilized until dry. Phosphorus pentoxide (P2O5)
(Thermo Fisher Scientific, Waltham, MA) was then added to further desiccate the
samples. Following, each sample was resuspended in D2O (Cambridge Isotope
Laboratories, Inc., Tewksbury, MA) in NMR tubes (Cambridge Isotope Laboratories,
Inc., Tewksbury, MA). The samples were transported to Columbia University and were
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analyzed using a 500 MHz Bruker NMR (Bruker Corporation, Billerica, MA) with 256
scans for 25 minutes.

Soil Sample Preparation for Solid-State Carbon NMR (13C NMR)
Soil samples were prepared at John Jay College and were subsequently sent to
New Zealand (NZ) for solid state carbon NMR (13C NMR) analysis. Prior to sending the
soil samples, they were first de-ashed (1g of each sample) as directed from previous
research (Keeler & Maciel, 2003). De-ashing served to eliminate paramagnetic properties
in soil that could potentially interfere with the NMR analysis (Schmidt et al., 1997). The
successive steps included several washings with 2% hydrofluoric acid (HF) (Thermo
Fisher Scientific, Waltham, MA) aqueous solution. After each wash step, the samples
were centrifuged, the supernatant was collected and discarded, and the de-ashed soil was
used for subsequent wash steps. The first wash step included five successive additions of
2% HF aqueous solution to conical tubes of each soil sample which were then placed on a
shaker for 3 hours at 300rpm. In the next washing step, 20mL of 2% HF were added to
the soil samples and the samples were shaken for 24 hours. This step was repeated once
more. The final step was to wash for 48 hours using 20mL of HF. After this step, the soil
samples were rinsed 3 times with distilled water. The samples were then centrifuged, the
water was discarded and the soil was then placed in an oven at 60°C. Once the samples
were dry, they were transferred into Eppendorf tubes and sent to NZ to be run through an
NMR machine that can process solid-state samples. The following year, the same process
was repeated on 1g of the same samples, and samples were sent to NZ to be reanalyzed.
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PCA Processing for 1H NMR and 13C NMR
For both 1H NMR and 13C NMR, we used PCA in order to visualize and
statistically determine the provenance from the three different locations. In this
experiment, we used the statistical software R version 3.3.3. Prior to performing PCA, the
data was mean centered and scaled. The data for both 1H NMR and 13C NMR differed
slightly.
For 1H NMR, after obtaining the spectra and spectral information, I manually
picked peaks that were seen in the spectra from 0 to approximately 2.5ppm, where the
most amount of signal was seen. For each of the peaks I picked, I also calculated the
integration values using MestReNova. This data was then used to generate the PCA
scores.
For 13C NMR, the data was given in a raw text file which contained the chemical
shift values and the corresponding peak intensity. The peaks for the 13C NMR ranged
from 0 to 180 ppm, where there were varying degrees of signal intensity.
In PCA, the term “binning” is used to group intervals of data into a common point
or “bin”. For instance, if one binned all integers from 1 to 100 into ten bins, and the first
bin represented all numbers in the interval 1 through 10, and the next 9 subsequent bins
would represent those 10 interval points. Using this method, one could recapitulate or
describe all the values from 1 to 100 in 10 bins. Thus, binning data points makes it easier
to create discernible visual data. For 1H NMR, we did not use binning. However, for 13C
NMR, we used bins of 0.0971 ppm to organize the data. Data in these bins were then
used to calculate the PCA scores.
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Results
Solution-State 1H NMR
The results of proton NMR are a total of nine spectra, one for each sample at all
three locations. Each peak value, denoted in ppm units, was recorded for each spectrum.
These spectra are subsequently superimposed in order to determine any and all
similarities between these samples per location. These peak values are then coalesced
into Table 2 in order to compare the small but significant variances between locations and
to visualize the type of proton that corresponds to each peak. Utilizing the chemical shift
ranges seen in Table 1, we have assigned each peak to corresponding the functional
group (Brown et al., 2014). Most importantly, the results of the 1H NMR technique below
proves that the locations can not only be differentiated, but also reveal even small
distinctions between samples at the same location.
Table 2 is organized in three sections: the chemical shifts of all signals, the
locations of the samples, and the description of the functional groups assigned to
corresponding protons. The chemical shifts are listed in ppm as seen across all nine
samples. The locations are arranged by color: blue is L1, red is L2, and green is L3. Peak
assignment is based on the range of chemical shifts extrapolated from Table 1. Each
checkmark denotes the presence of peaks in the spectrum. In Table 2, all of the chemical
shifts are recorded to show both the similarities and differences among samples at a
single location and among samples at all three locations.
In this experiment, PCA was based on peak integration and on the precise
chemical shift for each peak (n=2). After performing PCA (Figure 6), there seems to be a
small but distinct difference between the samples as expected. There are minute
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differences of all three locations and at each location the samples can be grouped
together. The first location has a closer grouping and is clearly distinguished from
location 2 and 3. There is a wider grouping for location 2 and 3, although there is no
overlap, which was unexpected. These results seem promising to say that there is a
distinction between the three separate locations for proton NMR.

Table 1. Types of hydrogen with corresponding chemical shift. Adapted from Klein
(2015).
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Figure 3. First location HNMR spectra

Figure 4. Second location HNMR spectra
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Figure 5. Third location HNMR spectra

Figure 6. 1H NMR PCA. Groupings of locations: L1 (blue), L2 (red), and L3 (green).
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Chemical Shift
(ppm)
0.85
0.92
0.94
0.95
0.98
1.05
1.10
1.11
1.17
1.25
1.30
1.32
1.38
1.40
1.55
1.60
1.62
1.80
1.82
2.10
2.30

S1

S2

S3

S1

S2

S3

S1

S2

S3

Description of Proton

ü

ü

ü
ü
ü

ü

ü

ü

ü
ü

ü
ü

ü

Primary Alkyl

ü

ü

ü

ü

ü

ü
ü

ü
ü
ü

Secondary Alkyl

ü
ü
ü
ü
ü
ü
ü

ü
ü
ü

ü
ü
ü
ü
ü

ü

ü

ü

ü
ü

ü

ü
ü
ü

ü
ü
ü

ü
ü
ü

ü

ü

ü
ü

ü

Tertiary Alkyl
ü

ü

ü

ü

ü

ü

ü

ü
ü
ü

ü
ü
ü

ü
ü

ü
ü

Allylic
ü
ü

ü

ü

Methyl ketone

Table 2. Chemical shift values seen in the H NMR experiment, with the three
corresponding samples at L1 (blue), L2 (red), and L3 (green), and the types of protons
associated with the chemical shift. The checkmarks are used to show which peaks were
present in each spectrum.
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Solid-State C13 NMR
As with the spectra of the proton NMR, the resultant spectra of 13C NMR are
noted at their peak values and are integrated into Table 4 in order to compare the critical
variances between locations and to visualize the peak assignments. These experiments
resulted in a total of nine spectra, one for each sample at all three locations, in which each
peak value is recorded in ppm units. These spectra are aligned in order to determine any
and all similarities between these samples per location. For all peaks in the C13 NMR
spectra, we can assign the chemical structures for each sample utilizing the chemical shift
ranges seen in Table 3. The following results of the carbon NMR technique below reveals
that each location can be readily discerned, even though there are many peak values that
are shared between samples and locations. We used peak height and chemical shift for
each data point used for PCA analysis (n=2).
The results of the first experiment for solid state 13C NMR are plotted in Figure
7. These chemical shift ranges are broader than those of H1 NMR. When comparing
these spectra side-by-side (Figure 9), the similarities become all the more apparent; all
nine soil sample spectra illustrate the presence of five major peaks at or about the same
chemical shifts: 33.0, 62.7, 105.0, 129.0, and 172.9 ppm. Overall, the carbon NMR
spectra have more overlapping peaks than 1H NMR spectra. The analogous spectra points
to the notion that solid-state carbon NMR may not be as discriminatory as liquid-state 1H
NMR. However, there are minute differences between the samples that can aid in the
discrimination of each location, as reported in Table 4.
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a.

b.

c.

Figure 7. C NMR spectra of the samples of the three locations L1 (a), L2 (b), and L3 (c)
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Figure 8. C13 NMR PCA. Groupings of locations: L1 (blue), L2 (red), and L3 (green).

Table 3. Types of carbon and corresponding chemical shifts. Adapted from Simpson and
Simpson (2017).
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Chemical Shift
(ppm)
12.6
17.1
18.3
19.9
24.8
25.6
26.0
29.7
30.1
30.5
32.1
32.6
33.0
37.8
42.3
43.5
50.5
54.9
55.7
56.2
62.7
72.8
74.1
83.8
84.6
95.6
104.6
105.0
111.3
114.3
127.4
128.6
129.0
141.3
149.3
172.9

S1 S2

S3

ü

ü

ü

S1

ü
ü

ü

ü
ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

ü

Description of Carbon
Aliphatic compounds

ü
ü

ü
ü

ü
ü

ü
ü

ü
ü
ü

ü

S3

ü

ü
ü

ü

S2

ü

ü
ü

ü
ü

S1

ü

ü
ü

S3

ü
ü

ü

S2

ü
ü
ü
ü
ü

ü
ü

ü
ü

ü
ü
ü

O or N substituted aliphatic
carbons

ü
ü
ü

ü

ü

ü

ü
ü

ü
ü

ü
ü

ü

ü

ü

O substituted carbon

ü
ü
ü
ü
ü

ü

ü

ü
ü

ü
ü

ü
ü

ü
ü

ü

ü

ü

ü

ü

ü
ü

ü

ü

ü
ü

ü

ü

ü

ü
ü

ü

di-oxygen substituted aliphatic
carbon
Aromatic carbons

ü
ü

ü
ü
ü

ü

ü

ü

ü

Phenolic carbon
Carboxylic carbon

Table 4. The chemical shift values for the solid state C13 NMR experiment, along with the
samples associated with L1 (blue), L2 (red), and L3 (green), as well as the type of
carbons associated to the chemical shift. Each checkmark signifies a peak present in the
spectrum for each sample.
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Discussion
Results of the First Experiment
In summary, this project sought to determine if soil samples from three different
locations that had several physical similarities could be effectively discriminated using
liquid 1H NMR and solid state 13C NMR. Additional objectives included discovering if
using NMR was a more effective and efficient technique than traditional methods of soil
analysis previously used to discriminate soil samples. Employing 1H NMR, it was
possible to discriminate between the three locations. Although the results of the spectra
from L1 soil seem to be closer together when plotted using PCA, L2 and L3 have broader
clusters. PCA analysis was critical in revealing definite discrimination amongst the
samples.
For 1H NMR, the principal component axes were the chemical shifts and the
corresponding integration at each chemical shift value. The three sample clusters do not
overlap, showing delineation throughout (Figure 6), emphasizing the utility of this
technique. Noticeably, specific NMR signals are mirrored across the three locations
(Table 2). This data pattern suggests that soil samples from the same general location, in
this case Central Park, have certain organic matter that are distinct and analogous across
the entire area. Our solution-state results also seem to reveal varying signals even
between samples at one location, implying that 1H NMR is a more sensitive method to
discriminate soil samples than previously thought (Preston, 1996). 1H NMR analyses
additionally reveal that there are a range of primary, secondary, and tertiary alkyls, as
well as allylic and methyl ketones in all the spectra.
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Solid state 13C NMR analyses additionally revealed delineation between all three
locations. The principal component axes defined in this analysis were provided by our
New Zealand collaborators as the chemical shifts and the corresponding peak heights at
those chemical shift values. PCA analysis (Figure 8) highlighted that L1 has the broadest
spread in the samples, with the samples for L2 and L3 having tight clusters. The broad
spread of clusters seen in both L2 and L3 for 1H NMR and in L1 for 13C NMR
experiments are a result of the varying peaks within each of the three samples;
nevertheless, the peaks can be assembled within the location and plotted in PCA plots.
Most significantly, these three location clusters also do not overlap in the PCA plot,
emphasizing that each location can be distinguished from one another. Notably, two
peaks in all the spectra that have the same chemical shifts at 62.7 and 172.9 ppm (Table
4). These results suggest that for 13C NMR, the samples can be discriminated based on
location, and there is little difference between sampling area. While in 1H NMR, the three
samples varied greatly at each location, samples in 13C NMR are mostly consistent across
the three samples at each location. Overall, we were able to find commonality between all
nine soil samples using both NMR technique. These data underscore not only that both
1

H NMR and 13C NMR techniques are useful in the discrimination of soil sample

locations, but also the idea that NMR analysis could be utilized to define general areas of
soil which could subsequently be collected into a database. This collated database would
theoretically define generalized areas of soil and could aid in the comparison of
thousands of soil samples in criminal investigations. During a criminal investigation, soil
from a suspected area could be easily compared to NMR spectra of known soil areas
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and/or grouped with PCA components in order to compare that soil in an exclusionary
and inclusionary manner.
Results of the Second Experiment
Both of the 1H and 13C NMR experiments described above were performed again
two years later in order to determine if the results from the initial experiment were
concordant with the results from the second experiment; however, these results varied
greatly from the initial experiment. As concluded previously, in the initial experiments,
both 1H NMR and 13C NMR experiments allowed us to differentiate between the 3
locations. In the second set of experiments, in the case of 1H NMR, there were varying
degrees of overlap between locations and samples when performing PCA; therefore, the
data was incompatible with the results of the first experiment. Because PCA reveals
clusters, in which tight clusters shows data that is more similar while broad clusters
represent data that is more dissimilar, it is an immediate visual technique to show causal
associations between disparate data. From the PCA of the second set of experiments, we
knew that that the data was incompatible with the results of the first experiment. One
explanation for this deviation stems from the fact that in the first experiment the NMR
results for the samples were carried out on a 500MHz NMR instrument at Columbia
University, whereas the results for the second experiment were carried out using a 300
MHz NMR instrument at John Jay College. The spectra from the second experiment had
extremely noisy baselines which made it extremely hard and impossible to distinguish the
chemical shifts from the baseline. Furthermore, in the case of 13C NMR, in the first set of
experiments the samples had produced spectra that had similarities across samples and
locations but were still distinguishable using PCA. However, in the second set of

33
experiment the samples could not be discriminated from one another. To confirm our
claims from the initial experiments, we could have performed the same experiment with
the same NMR device at Columbia University or with a device at the same frequency to
corroborate the data.
The prominent issue of time between the sets of experiments led to the
irreproducibility of the first experiment. The second set of experiments was performed
two years after the initial experiment, and thus, it is likely that the organic matters in all
the samples had degraded over time and lead to different NMR spectra. Organic matter
decays at a rapid rate unlike minerals that might have tested the same over time, which
could explain why minerals and other inorganic matter were and are typically used in
current forensic soil analysis. Therefore, to reduce the variability of results from proton
and carbon NMR and to more definitely associate soil from distinct locations,
experiments should be carried out as soon as possible in order to avoid the transformation
and/or decay of organic matter in soil. Given the results of the second set or experiment,
our hypothesis is that the SOM had decayed to the point where its analysis could not lead
to the discrimination of the different locations.
Factors Affecting the Results
Other sources of human error occurred during the procedure of the experiments.
One challenge occurred during the 1H NMR experiment: after drying each sample out,
the samples were to be dissolved in d-DMSO (9). Approximately 0.5g of the dried
sample was sonicated for 10 minutes in DMSO to homogenize the mixture; nevertheless,
it was not possible to obtain a true homogenous mixture. Therefore, in order to generate
spectra for each sample, D2O was used to suspend the samples. The change in protocol of
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an organic solvent to a hydrophilic one could have affected the resulting spectra of all
nine samples, changing the analyzing range of the samples to 0 – 2.5ppm due to the
presence of a large water peak.
Another challenge included shipping the solid-state 13C NMR samples to New
Zealand. Initially, the samples were not to be treated and just sent as such after drying.
However, after weeks with no response, we heard back from the lab that the samples
were held in customs. The only way to send the samples was to treat the soil, either by
irradiating them, or by de-ashing them. Thus, the process for de-ashing was carried out
here at John Jay, and the resulting solid-state NMR was carried out at a later date.
Improving the Results
A further step in the protocol that could be improved lies in the sample
preparation. The methods employed to prepare all the soil samples needs to be evaluated
to better characterize the soil’s properties. In the process of studying SOM, soil samples
are often adhered to minerals. Consequently, in order to isolate the organic matter, soil
samples require treatment with an alkaline solution to separate minerals. Sodium
hydroxide solutions are commonly used for this alkaline purpose, and as such has been
studied widely. In Lehmann & Kleber (2015), studies show that this extraction technique
has not changed much in over 200 years since it was first published in 1786. There are
two problems that arise from this technique. First, this type of extraction is always
incomplete, leaving 50-70% of organic carbon unextracted; this unextracted portion is the
insoluble humin portion, and is never studied. Secondly, there is no better alternative to
isolate SOM from soil minerals, thus many soil scientists continue to use this outdated
and incomplete extraction procedure. However, Chen et al. (2019) explain that there may
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be potential, unintended chemical reactions in SOM due to employing 0.1 to 0.5 M
NaOH solutions. Furthermore, using this alkaline extraction means that other matter will
also be extracted that does not comprise of the humic substances; these include living
biomass, biomolecules, and undecomposed leaves and roots (Lehmann & Kleber, 2015).
Therefore, this treatment, while used in this study, could result in the analysis of organic
matter that does not accurately define soil samples because it takes other organic matter
into account, not just SOM. To improve the extraction of SOM, a new technique should
be applied in further studies that could potentially be more beneficial in extracting a
greater amount of the organic matter of soil without altering its chemical substance.
In this experiment, in order to generate solid state 13C NMR spectra, the soil
samples were pretreated with hydrofluoric acid. The presence of paramagnetic
components such as humic substance in untreated soil samples leads to line broadening in
solid state 13C NMR spectra (Keeler & Maciel, 2003). This line broadening could
therefore result in concealing chemical shifts in spectra and lead to less discrimination as
signals may be lost and/over overlapped. Ideally solid soil samples should not be pretreated so that NMR experiments require less preparation time. However, pre-treatment
with HF is necessary to extract paramagnetic particles -mainly iron- from soil samples
Currently, it is unclear if the removal of iron using HF alters the structure of organic
compounds present in the sample. Although there is less line broadening in solid state
spectra with HF pre-treatment and therefore an improved detection capability (Keeler &
Maciel, 2003; Schmidt et al., 1997), there are observed changes in the composition of the
SOM, such as an increase of phenolic or carboxylic carbons. Further research must be
done to understand the actual structural changes that occur with this type of treatment.
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Looking Forward
Previous studies involving the analysis of soil focused on the soil mineral
fractions. The methods of analyzing soil uses density gradients, microscopy, color, and
particle size distribution (Bull et al., 2006; Deforest et al., 1983; Goin & Kirk, 1947;
Kirk, 1974; Murray & Sollebello, 2002; Petraco & Kubic, 2000; Saferstein, 2011; Sugita
& Marumo, 1996). All these methods need to be used in conjunction with one another in
order to have a better discriminating power by these physical properties. However, these
methods are used primarily for exclusionary value. Additionally, there is no way to
distinguish different samples if they have the same physical properties.
To further the use of NMR as a technique to discriminate locations, we had
chosen 1H NMR and 13C NMR. These elements were chosen due to the abundance in the
soil samples, as well as the ease of use. 1H NMR has been under-characterized in soil
sample analysis while solid state and solution state 13C NMR has been extensively
studied; therefore, by combining these two methods, we hoped to have a robust analysis
of our soil. Other studies have analyzed the presence of other elements, such as
phosphorus and nitrogen, using NMR (Preston, 1996). Further research should aim to
repeat our preliminary NMR experiments of three locations using 1H, 13C, 31P, and 15N
NMR, in conjunction with PCA analysis to determine which elemental technique that is
more discriminatory.
As stated previously, in our study, the soil samples were all collected roughly
from the same type of area: a shaded area further away from routinely walked paths,
which could have more SOM than other locations. In order to have a more robust
analysis, more samples should be gathered from various areas of the park, such as areas
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near the ponds, near the softball/baseball fields, from the great lawn, from locations near
the rock boulders, and from the castle. Further research should include examination of
other parks, to investigate if there is a large amount of discrimination from one park to
the next. Different parks within the city of New York, as well as parks or forested areas
in other districts could also be compared to show the differences between soil samples.
All of these results could be compiled into an NMR database which could enhance
comparison of soil samples in suspected and known areas.
The creation of a database has been reflected in soil analysis studies. According to
Rawlins et al., mineralogical databases and national maps highlight soil distributions and
parent soil types, which renders the study of XRD more effective. Other studies explicate
that statistical results are becoming more commonplace in courts of law, and statistical
weights are used to justify claims of inclusion or exclusion (Houck, 1999; Mckinley &
Ruffell, 2007). However, there are currently no such databases for 1H NMR or 13C NMR
spectra of soil. Therefore, with more studies that shed light on the utility of analyzing
SOM using NMR, it would be useful to found and add to such databases to define and
discriminate soil from specific areas from one another.
In conclusion, in this study, we investigated if NMR was a valid technique to
discriminate soil samples according to its unique SOM composition. Using both liquid
state 1H NMR and solid state 13C NMR in conjunction with PCA, we were able to
discriminate all three locations. These data further the notion that soil analysis focusing
on SOM instead of the minerals in soil can be effective in both exclusionary and
inclusionary manners in defining a soil sample from a specific location. Additionally,
these results could and should be compiled in a database that could perhaps one day grow
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to characterize several soil locations in New York City and beyond, to aid in forensic soil
analysis. To expand the results of our study, others should compare samples from other
parks to investigate if our result are reproducible. Globally, more research should be
conducted to define areas of soil by their SOM properties. Specifically, it would be useful
to research if there are less destructive and more efficient manners to extract organic
matter from soil.
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Soil Samples

L1

L2

L3
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Code for 13C NMR Analysis
library(rgl)
library(e1071)

dat1 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L1 S1.txt") #old
dat2 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L1 S2.txt")
dat3 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L1 S3.txt")
dat4 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L1_S1.txt") #new
dat5 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L1_S2.txt")
dat6 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L1_S3.txt")

dat7 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L2 S1.txt")
dat8 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L2 S2.txt")
dat9 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L2 S3.txt")
dat10 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L2_S1.txt")
dat11 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L2_S2.txt")
dat12 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L2_S3.txt")

dat13 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L3 S1.txt")
dat14 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L3 S2.txt")
dat15 <- read.table("/Users/npetraco/latex/papers/elise/SSNMR spectra/L3 S3.txt")
dat16 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L3_S1.txt")
dat17 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L3_S2.txt")
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dat18 <- read.table("/Users/npetraco/latex/papers/elise/Elise_Feb_2017/L3_S3.txt")

xx <- dat1[,1]
yy <- dat1[,2]
plot(xx,yy,typ="l")

idxs <- which((dat1[,1] >= 0) & (dat1[,1] <= 180))

dat <- cbind(dat1[idxs,2], dat2[idxs,2], dat3[idxs,2], dat4[idxs,2], dat5[idxs,2],
dat6[idxs,2],
dat7[idxs,2], dat8[idxs,2], dat9[idxs,2], dat10[idxs,2],dat11[idxs,2],dat12[idxs,2],

dat13[idxs,2],dat14[idxs,2],dat15[idxs,2],dat16[idxs,2],dat17[idxs,2],dat18[idxs,2]
)

X <- t(dat)
lbl <- c(1,1,1,1,1,1,2,2,2,2,2,2,3,3,3,3,3,3)
lbl.txt <- c("L1_S1o","L1_S2o","L1_S3o","L1_S1n","L1_S2n","L1_S3n",
"L2_S1o","L2_S2o","L2_S3o","L2_S1n","L2_S2n","L2_S3n",
"L3_S1o","L3_S2o","L3_S3o","L3_S1n","L3_S2n","L3_S3n"
)
lbl.txt
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#Compute PCs
pca.model<-prcomp(X,center=T,scale=T)

#Plot histogram of PC variances:
plot(pca.model)

#Look at numerical values of PC variances:
summary(pca.model)

#Do a 2D PCA "scores" plot:
M<-2
Z<-predict(pca.model)[,1:M]

#Pick dimension
#Grab PCA scores

plot(Z[,1],Z[,2],col=lbl,pch=16,xlab="PC1",ylab="PC2",main="PC-scores",xlim=c(65,65)) #Plot
text(Z[,1],Z[,2],labels=lbl.txt,font=2,adj=1.5)

#Group lables

text(Z[,1],Z[,2],labels=1:nrow(X),font=1,adj=0) #Obs. lables

#Do a 3D PCA "scores" plot:
M<-3
Z<-predict(pca.model)[,1:M]

#Pick dimension
#Grab PCA scores

plot3d(Z[,1],Z[,2],Z[,3],type="s",radius=1,col=as.numeric(lbl),aspect="iso",xlab="PC1",
ylab="PC2",zlab="PC3")
text3d(Z[,1],Z[,2],Z[,3],text=lbl.txt,font=1,adj=1.5) #Group lables
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err.vec<-NULL
ind.mat<-NULL
Mmax<-18
for(ii in 2:Mmax)
{
Z<-predict(pca.model)[,1:ii]
ind.vec<-NULL
for(i in 1:nrow(Z))
{
Z.heldout<-t(as.matrix(Z[i,]))
lbl.heldout<-lbl[i]

Z.kept<-Z[-i,]
lbl.kept<-lbl[-i]
svm.model<-svm(Z.kept,lbl.kept,scale=FALSE,type="Cclassification",kernel="linear",cost=0.1,fitted=TRUE,probability=TRUE)
pred<-predict(svm.model,Z.heldout)

#print(pred==lbl.heldout)
# prob.vec<-attr(pred, "probabilities")[,]
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ind.vec<-c(ind.vec,pred==lbl.heldout)
#print(hist(rowSums(ind.mat)))
}
ind.mat<-cbind(ind.mat,ind.vec)
ccp<-(sum(ind.vec)/nrow(Z) )
err<-(1-ccp)*100
print(paste(ii,err))
err.vec<-c(err.vec,err)

}
plot(2:Mmax,err.vec,typ="l",xlab="PC Dimension",ylab="HOO-CV Error
(%)",main="PCA-SVM HOO-CV Plot")

