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This experiment explored the feasibility of using attenuated total reflectance-Fourier transform 
infrared radiation (ATR-FTIR) as a preliminary method to identify and differentiate forensic soil 
samples in Lyon County, Kansas. Current methods used by soil scientists such as polarized light 
microscopy, inductively coupled plasma- mass spectroscopy (ICP-MS), atomic fluorescence 
spectroscopy, x-ray fluorescence spectroscopy, and scanning electron microscopy- energy 
dispersive x-ray (SEM-EDX) are time consuming, destructive, costly, and are not available in all 
forensic laboratories. ATR-FTIR is nondestructive and is commonly used in forensic laboratories 
for trace evidence analysis. One hundred surface soil samples and one hundred samples obtained 
15.24 cm (6 in) below the surface were collected in five diverse locations of the Ross Natural 
History Reservation (Ross) located in Lyon County, Kansas. A blind study was conducted with 
twenty-five additional soil samples from either the surface or subsurface from unknown locations 
of the Ross. All soil samples were dried, homogenized, and analyzed using ATR-FTIR. Visual 
comparisons of the data displayed a substantial spectral difference between both layers of soil 
and minimal observable differences for the areas where soils were sampled. The ATR-FTIR 
OPUS software correctly identified the origin of 92% of the blind samples. Principal component 
analysis (PCA) was utilized to highlight small variations and identified the origin of 100% of the 
blind samples. Results from this study demonstrated that ATR-FTIR can be used as a 
preliminary screening tool in forensic soil analyses and may offer significant advantages over 
other, more costly, methods.  
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Chapter 1 

INTRODUCTION  

There are many analytical methods used for soil analysis, including polarized light 

microscopy, inductively coupled plasma mass spectroscopy (ICP-MS), atomic fluorescence 

spectroscopy, X-ray fluorescence spectroscopy, and scanning electron microscopy-energy 

dispersive X-ray spectroscopy [1]. Unfortunately, these methods come with many disadvantages 

in the field of forensic science. They can be time consuming, destructive, costly, and are not 

available at all forensic laboratories [1, 2]. In some laboratories, soil analysis is not performed 

routinely or at all due to these challenges [2]. The lack of soil analyses is unfortunate, because 

the characterization and differentiation of soils is a powerful tool in trace evidence and may be 

useful in determining the origin of a crime or linking a crime scene to a suspect or victim [3]. 

Soil has many complex biological, chemical, physical, and mineralogical properties that vary by 

region and constantly change with time [4]. This variation in soil properties is commonly 

explained based on five factors that affect soil formation: climate, organism, relief, parent 

material, and time [4]. Differences in temperature and rate of precipitation across various 

climates profoundly influences the chemical and physical processes of soil formation in a given 

area [5]. The activities of organisms (plants, animals and even bacteria) within and above the soil 

are influenced by climate and modify the soil’s composition by affecting the accumulation of 

organic matter within the upper soil and influencing rates of erosion [5]. Differences in 

topography or relief (slope steepness, slope shape, and slope aspect) can influence rates of 

erosion and either increase or decrease the effects of climatic variability [5]. Parent material for 

soil formation can be the weathering products of underlying rocks (residuum), or it can originate 

from the weathering of geologic materials that have been transported and deposited by water, 
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wind or ice [5]. The formation of soil is also affected by the amount of time it takes for the 

weathering of rock, translocation of materials within soil profiles, and accumulation of organic 

matter in soil [5]. The combination and complexity of these five factors form soil that is unique 

to its own region or landscape. Soil is also composed of air, water, minerals, and organic material 

in varying proportions [5]. The combination of various minerals and organic particles found in 

soil are unique to their setting and identifying these differences is crucial in forensic applications 

[4]. According to the Locard Exchange Principle, when two surfaces come into contact, there is 

potential for shared transfer of material between them [3]. Therefore, soil can be observed on the 

surface of a suspect’s shoes, clothing, vehicle, or tools related to a crime [3]. Recently, interest in 

forensic soil analysis has increased due to the contribution of soil evidence in high profile cases 

[2, 6]; however, the characterization of soil is complex. Consequently, finding quick, user 

friendly, and non-destructive methods is of high interest [7].   

One instrument common to many forensic laboratories is attenuated total reflectance-

Fourier transform infrared spectroscopy (ATR-FTIR) [1]. This instrument is used frequently for 

chemical analysis of several types of trace evidence such as paint [8], paper [9], tape [10], and 

fibers [7] with minimal sample preparation. Other major advantages to ATR-FTIR are that this 

method is nondestructive and requires only a small amount of the sample, which is particularly 

advantageous in cases where evidence is limited [2]. The spectra produced from the ATR-FTIR 

analysis can assist in identifying the composition of both the organic and inorganic components 

of soil [1, 6]. This range of applicability is useful for characterizing the biological material 

present in soil organic matter (SOM) [11], primary minerals such as quartz, and secondary 

minerals such as calcite, gypsum, and malachite commonly found in soils [5]. The presence and 

abundance of these minerals, as well as unique biological materials such as pollen, are some of 
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the main attributes that link a soil to a region [5]. ATR-FTIR uses a high refractive index ATR 

crystal (such as a diamond) to internally reflect infrared radiation (IR) when it interacts with a 

sample [12]. Absorption of IR by the sample reduces the initial intensity [12]. These changes in 

the infrared light are transformed into a frequency domain signal by Fourier analysis and produce 

IR spectra [12]. These spectra can be analyzed by identifying peaks associated with specific 

vibrational modes of chemical bonds [12]. Small spectral differences are not always easily 

observable and are better visualized utilizing multivariate analysis [13]. Many studies have used 

ATR-FTIR paired with Principle Component Analysis (PCA) to highlight potential differences 

in spectral data [1, 7, 9, 13, 14]. PCA condenses the dimensions of large data sets into principal 

components that retain the variation in the data while reducing the dimensions of the dataset into 

orthogonal axes, each of which represents multiple variables [20]. This study aims to apply PCA 

to the spectra produced from ATR-FTIR for this purpose. 

Few studies have examined the forensic application of ATR-FTIR for soil analysis. Most 

studies have focused on using ATR-FTIR to distinguish soils from widely spaced geographic 

areas [1, 2]. At the time of this research, no studies have tested the use of ATR-FTIR with a blind 

study or within a considerably smaller region. This experiment aimed to investigate the 

discriminatory power of ATR-FTIR by utilizing a small region within Kansas and performing a 

blind study with unknown samples from that same study area. Furthermore, the potential of 

ATR-FTIR was demonstrated for forensic soil analysis and emphasized for the laboratories in 

regions where resources are limited.  
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Chapter 2 

METHODS AND MATERIALS 

Sample Collection 

 Five diverse areas within the 200 acre plot of the Ross Natural History Reservation 

(Ross) located in Lyon County, Kansas were selected utilizing a web soil survey map produced 

by the United States Department of Agriculture Natural Resources Conservation Service (USDA 

NRCS) (Figure 1) [15]. The following map units were chosen for sampling; 4744 Labette-

Dwight complex (area 1), 8777 Kenoma silty clay loam (area 2), 4590 Clime-Sogn complex 

(area 3), 7306 Martin silty clay (area 4) and 4740 Labette silty clay loam (area 5). A Garmin 

eTREX GPS unit was used to find the location of each soil map area. Twenty collection sites 

within each area were randomly selected by blindly throwing a disk from a central location 

within the area to avoid sample selection bias. Numbered flags were used to designate the spot 

where the frisbee landed. The GPS coordinates for every flag were recorded (Figure 2). A 30.48 

cm (12 in) soil probe was utilized to collect soil at the base of each flag. The soil core was split 

in half to represent surface and subsurface soil, wrapped in aluminum foil, labeled, and stored in 

a cooler until all samples were collected. The soil was air dried for three months to avoid 

oversaturation of the ATR-FTIR detector by moisture. Samples were homogenized with a mortar 

and pestle, blended until the soil was a fine powder, and then stored in 50 mL centrifuge tubes. 

All equipment was thoroughly cleaned between samples to prevent contamination from the 

previous soil. Five additional (blind) samples were randomly selected from each area and 

prepared by an assistant in the same fashion as the original samples. A number between 1 and 25 

and layer of soil were randomly assigned to every sample by the assistant. A total of 200 known 

samples and 25 blind samples were collected and prepared using these methods.  
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ATR Analysis 

 The soil samples were analyzed using a Bruker Optics FTIR spectrometer ALPHA with a 

diamond ATR module. Instrument parameters were set to 4000-400 cm-1 range, 4 cm-1 

resolution, 24 background scans, and 24 sample scans. A 10-15 milligram scoop was utilized to 

measure approximately the same amount of soil for all samples. The homogenized soil was 

placed directly on the detection window to be pressed onto the diamond ATR crystal. Consistent 

pressure between the sample and the handle of the ATR-FTIR was maintained to avoid variances 

due to pressure. Normalization, atmospheric compensation, and background correction were 

applied to all spectra. Five different spectra were collected for each sample to assess the 

variability of the spectra within each sample. The sample was removed, a background scan was 

run, and a new aliquot of the same sample was added to achieve five different spectra per 

sample. An operational qualification test assessing resolution, sensitivity, and wavenumber 

accuracy was completed and passed before beginning this experiment. A performance 

qualification test assessing signal to noise, interferogram peaks, and wavelength accuracy, was 

completed and passed before scanning any samples on the ATR-FTIR each day of analysis. A 

library containing all the spectra produced from areas one through five was created utilizing 

OPUS version 8.1 software. A spectra search was performed to compare the unknown blind 

samples to the spectra obtained from the library (Table 1).  

Principal Component Analysis 

 Principal Component Analysis (PCA) and graphs were performed in program R [16] 

using packages vegan [17], ggplot2 [18], and wesanderson [19]. The objective was to determine 

the discriminatory power of ATR-FTIR for forensic soil examinations. Prior to analysis, the five 

samples within each collection site were averaged to remove pseudo replication for a total of 225 
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spectra. No arch effect was detected based on a Detrended Correspondence Analysis (DCA, axis 

length < 4, decorona command in R), indicating that PCA is acceptable for these data [21]. The 

PCA produced 217 principal components that represented the variation present in this spectral 

data set. A broken stick model and the Kaiser-Guttman test suggest that the first 11 axes were 

interpretable [22]. Based on graphical interpretability, results from axes 1, 2, and 6 are presented. 
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Chapter 3 

RESULTS AND DISCUSSION 

Soil Characterization 

 ATR-FTIR spectroscopy can be used to analyze both the organic and inorganic 

components of soil. Cellulose, lignin, polysaccharides, and many other components of plant 

material have characteristic vibrational modes in the mid-range of infrared radiation (4000-400 

cm-1) [23]. This is also true for minerals commonly found in soil such as calcite, quartz, 

kaolinite, and many more [24]. Table 2 displays the main components of soil present in this 

study with assigned absorption bands. These proposed assignments were made from comparisons 

of reliable IR spectra from previous research [23, 25-31]. According to scientific literature, 

organic material such as lignin and cellulose display a broad peak at approximately 3400-3300 

cm-1 representing O-H stretching in hydroxyl groups [23, 28]. Another peak at approximately 

1650-1600 cm-1 is significant for aromatic C=C stretching or C-O stretching of lignin, aliphatic 

carboxylates, and other aromatic compounds depending on the peak intensity and shape [23, 28]. 

However, these peak locations are also reported in literature to be due to water hydration [30, 

31].  Figures 8-12 display the varying absorbances in the peaks around 3400 and 1630 cm-1 for 

both layers of soil collected for all five areas. A broad peak and a short broad peak are present at 

approximately 3394 and 1632 cm-1 respectively. To determine if these peaks were caused by the 

presence of water, a sample was weighed (146.7 g), oven-dried at 100°C overnight, and weighed 

again (142.9 g) according to a sample preparation technique described in a standard loss on 

ignition organic carbon standard operating procedure [32]. The sample that dried overnight lost 

3.8 g of mass, indicating that it still contained a significant amount of water after air drying. To 

determine the spectral effect of oven drying, the sample was reanalyzed via ATR-FTIR. Figure 
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13 displays the difference between the air dried and oven dried sample. The peaks associated 

with O-H stretching 3400 cm-1 and H-O-H deformation 1632 cm-1 are significantly reduced in 

the oven dried sample. This observation indicates that the ability to access organic content in the 

present soil samples is very limited if possible at all due to the presence of water. The difference 

in absorbance between layers for these peaks may indicate a difference in the water retention 

characteristics of the soils sampled [33].  

Identifying whether soil evidence originates from the surface or subsurface is crucial for 

revealing whether evidence was buried or transferred from the topsoil. The only exception for 

this phenomenon was found in area 3. It was difficult to see a clear difference between the 

subsurface and surface of the soil found in area 3. This could be due to the soil composition. 

Area 3 is composed of Clime-Sogn soil. The Sogn series of soil is characterized as shallow, 

loamy, and formed from limestone [34]. Limestone is primarily made up of the calcium 

carbonate mineral calcite. [27]. Spectral peaks for calcite were found in area 3.  These spectral 

peaks are positioned at approximately 1422 and 872 cm-1 (Figure 10). Literature sources agree 

that C-O and CO-3 vibrational modes of carbonate typically occur at 1440-1395 and 900-825 cm-

1 respectively [27]. The calcite polymorph of calcium carbonate is differentiated from others by 

the location of the lower peak [27]. This study has found that the subsurface soil for most areas 

display higher absorbances for the peaks of water hydration. This is most likely due to increases 

in phyllosilicate clays with depth that have greater water absorbance properties [5]. However, the 

samples containing calcite in area 3 displayed the lowest absorbances for water retention. The 

lower water absorbency in area 3 soils is most likely due to the shallow and rocky composition 

of the soil. Therefore, it was difficult to decipher what layer of soil area 3 samples originated 

from.  
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Previous studies have indicated characteristic peaks for the primary mineral, quartz, at 

approximately 1,085, 800, 780, 695, 514 and 462 cm-1 [26]. These peaks were consistently 

observed in this study. Figures 3-7 display these quartz and similar silicate peaks generally 

around 1100, 795, 777, and 692 cm-1. Other lower peaks were visible, but the accuracy at longer 

wavelengths is not guaranteed due to the ATR crystal. Therefore, only peaks above 525 cm-1 

were included in these analyses. The 1100 cm-1 band corresponds to asymmetric Si-O stretching. 

The split peaks at 795 and 777 cm-1 represent Si-O-Si symmetrical stretching, and the 692 cm-1 

band indicates Si-O bending [26].  

Another mineral commonly found in soil is kaolinite, a secondary aluminum silicate 

mineral.  Kaolinite displays specific vibrational modes at approximately 3694, 3650, 3620, 1114, 

1032, 1010, 936, 912, 790, 752, 693, 537, 468, and 430 cm-1 according to literature [25]. The 

bands at approximately 3695, 3623, 1100, 995, 911, 795, and 692 in the spectra of this study 

indicate the presence of kaolinite in these soil samples. Many of these bands are similar to 

quartz, because both of these minerals are silicates with Si-O stretching vibrational modes. 

Kaolinite’s chemical formula is Al2Si2O5(OH)4. Therefore, there are additional bands such as 

3695 and 3623 cm-1 for OH stretching of hydroxyl groups and 911 cm-1 for O-H bending. These 

peaks have the relative wave number location, shape, and intensity unique to kaolinite compared 

to other silicate minerals [25]. Other bands such as 995 and 795 cm-1 represent in-plane Si-O 

stretching and symmetrical Si-O stretching respectively [25, 26]. Other minerals may be present 

but are not easily separated and identified in the spectra. All areas of soil collection display 

varying amounts of absorption for these minerals. 

Soil Differentiation 
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 The soil collected within the Ross displays similar peaks with the addition of two calcite 

peaks for several samples found within area 3. However, similar spectra make it difficult for 

qualitative analysis. According to Table 1, only 68% of the top hits from the spectra search were 

correct in identifying the origin of the blind samples. Of the top five hits from the spectra search, 

92% of the blind samples’ areas of origin were correctly identified. Visual comparisons of the 

spectra may be acceptable for investigative leads with this method. However, it could also cause 

inaccurate results. This study shows that samples that contain similar chemical composition may 

have the same peaks in FTIR spectra with only varying intensities. Cases involving many 

samples, as this study did, make visual comparisons very time consuming and difficult to 

differentiate. Therefore, multivariate analysis is advantageous to attain quicker results and 

consistent differentiation. PCA is a quicker, reliable, and more accurate approach to identifying 

small spectral differences [14]. There are many different software packages capable of 

multivariate analysis including R, SPSS, MATLAB, Minitab, Excel XLSTAT that are easily 

available to forensic scientists for this purpose [20].  

Initially, it was found that 90% of the variation in the data set was shown by the first 

eleven principal components (PCs). However, results of the first six PCs were selected to review 

because they represent 85% of the variation. The results from the PCA are displayed in Table 3. 

Figure 15 shows the ordination plot for PC1 and PC2 of the variation between the soil layers. 

Two distinct groupings were identified with sub-surface soil on the left and surface soil on the 

right of Figure 15. PC1 and PC2 represent 49% and 15% of the overall variance in the dataset 

respectively. Given the massively differing intensities for the 3394 cm-1 band, it was suggested 

that PC1 was strongly influenced by the O-H stretching due to the presence of water. The other 

peak that was significantly impacted by the soil layer water retention was at approximately 1630 
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cm-1. This finding implies that PC2 was substantially affected by H-O-H deformation due to 

moisture content. The blind samples were overlain on top of the ordination plot to determine 

their original source location. This method resulted in 100% of the blind samples being correctly 

matched to their respective layer of soil.  

Figure 14 shows the ordination plot for PC1 and PC6 of the variation between the soil 

areas. Both layers of soil were combined for this PCA, so that only five locations would be 

displayed. It was established that PC1 represents the variation of the 3394 cm-1 vibrational band. 

However, PC6 only explains 3% of the variance and was more difficult to detect the source of 

variation. Figure 14 displays that area 4 was almost entirely separated from the other groupings. 

This finding indicated that the subtle differences in all the areas were enhanced in area 4. In the 

same figure, area 5 was split into almost two complete groupings on opposite sides of PC1. This 

indicated the PC6 variation of area 5 was split between the layers. The only peak consistent with 

this phenomenon was found at approximately 1100 cm-1. This implied that PC6 may be 

influenced by Si-O stretching of various silicate minerals such as quartz and kaolinite. The blind 

samples were overlain on top of the ordination plot to visualize the areas of soil the samples 

originated from. This method resulted in 100% of the blind samples being correctly matched to 

their respective area of origin.  
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Chapter 4 

CONCLUSIONS 

 In the present study, 100 surface and 100 sub-surface soil samples from five diverse areas 

of the Ross Natural History Reservation in Lyon County, Kansas were characterized and 

differentiated using ATR-FTIR spectroscopy paired with the multivariate technique, principal 

component analysis. A blind study was conducted to determine the origin of 25 unknown soil 

samples. The ability of ATR-FTIR to determine the area of origin of unknown soil samples was 

verified with 92% accuracy via OPUS SpectraSearch and 100% accuracy via PCA. This 

conclusion suggests that this technique has the potential to be extremely useful for quick 

determination of whether soil evidence is consistent with soil found from a crime scene or 

suspect. This study was the first to conduct a blind study and show that ATR-FTIR can be used 

to determine the origin of blind samples within a considerably small region of less than 200 acres 

This research has the potential to assist in developing a soil database or updating 

chemical information of soil map units [35, 36]. Other future considerations include assessing 

the effect of time on the variation of soil or collecting soil from greater depths. A limitation of 

this method is that it was unable to determine the chemical composition of molecules without 

dipole moments [9]. Additionally, some functional groups produce broad peaks that overlap 

producing an incomplete assessment of the chemical makeup [9]. The presence of broad peaks 

due to moisture content also has the potential to overlap crucial peaks for a complete assessment 

of the chemical composition. This study was unable to access to the ability of ATR-FTIR to 

characterize or differentiate the organic portion of soil because of the presence of water. One 

recommendation from this study is that soil samples to be used for ATR-FTIR should be oven-

dried before analysis. 
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ATR-FTIR has the potential to be used with quick and nondestructive techniques such as 

microspectrophotometry (MSP) and X-ray fluorescence spectroscopy (XRF) to determine color 

and elemental information respectively [37]. Use of these methods would be advantageous to the 

forensic science community by increasing soil comparisons as a routine form of trace evidence. 

These instruments are found in almost all forensic laboratories and produce quick turnaround 

times that will create investigative leads. Furthermore, ATR-FTIR with PCA is a reliable, 

efficient, and non-destructive preliminary screening method for forensic soil evidence that is 

capable of detecting differences in chemical composition.  
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Figure 1: Web Soil Survey of The Ross Natural History Reservation Provided by the United 
States Department of Agriculture Natural Resources Conservation Service 
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Figure 2: GPS Coordinate Map of Area 1 (red), Area 2 (blue), Area 3 (green), Area 4 (yellow), 
and Area 5 (purple) 
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Figure 3: Area 1 ATR-FTIR Spectra Consisting of 20 Surface Samples and 20 Sub-surface 
Samples with 5 Replicates Each 
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Figure 4: Area 2 ATR-FTIR Spectra Consisting of 20 Surface Samples and 20 Sub-surface 
Samples with 5 Replicates Each 
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Figure 5: Area 3 ATR-FTIR Spectra Consisting of 20 Surface Samples and 20 Sub-surface 
Samples with 5 Replicates Each 
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Figure 6: Area 4 ATR-FTIR Spectra Consisting of 20 Surface Samples and 20 Sub-surface 
Samples with 5 Replicates Each 
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Figure 7: Area 5 ATR-FTIR Spectra Consisting of 20 Surface Samples and 20 Sub-surface 
Samples with 5 Replicates Each 
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Figure 8: Area 1 ATR-FTIR Layer Spectra Consisting of 20 Surface Samples (red) and 20 Sub-
surface Samples (blue) 
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Figure 9: Area 2 ATR-FTIR Layer Spectra Consisting of 20 Surface Samples (red) and 20 Sub-
surface Samples (blue) 
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Figure 10: Area 3 ATR-FTIR Layer Spectra Consisting of 20 Surface Samples (red) and 20 Sub-
surface Samples (blue) 
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Figure 11: Area 4 ATR-FTIR Layer Spectra Consisting of 20 Surface Samples (red) and 20 Sub-
surface Samples (blue) 
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Figure 12: Area 5 ATR-FTIR Layer Spectra Consisting of 20 Surface Samples (red) and 20 Sub-
surface Samples (blue)  
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Figure 13: Unknown Sample 25 ATR-FTIR Spectra Air Dried (pink) Compared to Oven Dried 
(red) 
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Figure 14: PCA Ordination Plot displaying PC1 and PC6 for Soil Area 
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Figure 15: PCA Ordination Plot displaying PC1 and PC2 for Soil Layer 
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Table 1: Results of OPUS Spectra Search and PCA Compared to Actual Soil Origin 

SAMPLE SPECTRASEARCH 
TOP HIT ACTUAL PCA RESULTS 

U-1 Area 1 top Area 3 bot Area 3 bot 
U-2 Area 4 bot Area 4 bot Area 4 bot 
U-3 Area 4 top Area 4 top Area 4 top 
U-4 Area 1 top Area 3 bot Area 3 bot 
U-5 Area 4 top Area 4 top Area 4 top 
U-6 Area 5 top Area 5 top Area 5 top 
U-7 Area 5 bot Area 5 bot Area 5 bot 
U-8 Area 2 top Area 2 top Area 2 top 
U-9 Area 2 top Area 2 top Area 2 top 

U-10 Area 3 bot Area 3 bot Area 3 bot 
U-11 Area 1 bot Area 1 bot Area 1 bot 
U-12 Area 2 bot Area 2 bot Area 2 bot 
U-13 Area 3 bot Area 3 bot Area 3 bot 
U-14 Area 5 top Area 5 top Area 5 top 
U-15 Area 2 top Area 1 top Area 1 top 
U-16 Area 5 bot Area 1 bot Area 1 bot 
U-17 Area 2 bot Area 1 bot Area 1 bot 
U-18 Area 1 bot Area 3 bot Area 3 bot 
U-19 Area 2 top Area 2 top Area 2 top 
U-20 Area 5 bot Area 1 bot Area 1 bot 
U-21 Area 4 bot Area 4 bot Area 4 bot 
U-22 Area 1 top Area 5 top Area 5 top 
U-23 Area 5 top Area 5 top Area 5 top 
U-24 Area 2 top Area 2 top Area 2 top 
U-25 Area 4 bot Area 4 bot Area 4 bot 

CORRECT FOR 
TOP HIT= 68% 100% 

CORRECT FOR 
TOP 5 HITS= 92% NA 

 

  



33 

 

Table 2: Proposed Assignments for Peak Positions in the ATR-FTIR Spectra 
 
  Wavenumber 

(cm-1) 
Proposed Assignments Characterization References 

3695 O-H stretching Kaolinite Vaculikova et al., 
Ojima 

3623 O-H stretching Kaolinite Vaculikova et al., 
Ojima 

3394 O-H stretching  Water Hydration Salil et al., 
Anbalagan et al. 

1632 H-O-H deformation Water Hydration Salil et al., 
Anbalagan et al. 

1422 C-O stretching Calcite Gunasekaran et 
al. 

1100 Asymmetric Si-O 
stretching 

Quartz, Kaolinite Vaculikova et al., 
Ojima 

995 In-plane Si-O stretching Kaolinite Vaculikova et al. 
911 O-H bending Kaolinite Vaculikova et al., 

Ojima 
872 Asymmetric CO3 

deformation 
Calcite Gunasekaran et 

al. 
795 Si-O-Si symmetrical 

stretching 
Quartz, Kaolinite Vaculikova et al., 

Ojima 
777 Si-O-Si symmetrical 

stretching 
Quartz Ojima 

692 Si-O bending Quartz, Kaolinite Vaculikova et al., 
Ojima 
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Table 3: PCA Eigenvalues and Their Contribution to the Correlations 
Initial Eigen Values 

Principal Components Total Proportion Explained Cumulative % 
1 855.9834 0.4903 0.4903 
2 264.3147 0.1514 0.6416 
3 171.35446 0.09814 0.73978 
4 76.8405 0.04401 0.78379 
5 62.98685 0.03607 0.81986 
6 58.04543 0.03324 0.85311 
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