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ABSTRACT 

Bittner, Brianna F., Lipids of decomposing vertebrate tissue analyzed with GC-MS and 
ATR-IR. Master of Science (Chemistry), May, 2017, Sam Houston State University, 
Huntsville, Texas. 
 

Lipids are unique molecules that are significant to the structure of cell membranes, 

metabolism, and cell signaling. Their abundance and stability make them great molecular 

targets for studying tissue decomposition. Chicken drumsticks and segments of a donated 

human femur were buried at Southeast Texas Applied Forensic Sciences (STAFS), and 

sampling of the decomposing bones and the surrounding soil were conducted over a three-

month period. The Haines lab has employed an extraction method to detect lipids in bone 

tissue and soil using Gas Chromatography Mass Spectrometry (GC-MS) and Attenuated 

Total Reflectance Infrared Spectroscopy (ATR-IR) at Texas Research Institute for 

Environmental Sciences (TRIES). Principal Component Analysis (PCA) of IR spectra in 

R demonstrated several principle components of variation, including one representing ester 

hydrolysis in formation of carboxylate groups in the 1400-1600 cm-1 region. PCA data for 

GC-MS also supports the ester hydrolysis in the degradation of monoacylglycerols. 

Additional correlations were identified between fatty acid decomposition products, but 

there is less confidence in the time dependence of the patterns of decomposition. Lipid 

detection in soil through GC-MS analysis confirmed leaching of tissue lipids into soil. 

 

KEY WORDS: Decomposition, Lipid, Southeast Texas Applied Forensic Science, Texas 
Research Institute for Environmental Studies, Gas Chromatography Mass Spectrometry, 
Attenuated Total Reflectance Infrared Spectroscopy, Post-Mortem Interval, Principal 
Component Analysis  



 
 

v 

ACKNOWLEDGEMENTS 

To start with, I would like to acknowledge Dr. Haines. As my adviser on this 

project, I thank him for the many hours spent coding and conducting the analysis in R to 

make sure the analysis was accurate, revising my thesis, and imparting chemistry career 

guidance as well as life advice. I am truly grateful for his realistic view of the graduate 

student life, passion for research and biochemistry, and the faith that he had in me that 

encouraged me to have more faith in myself.  

As for my family and my fiancé Matthias, I am grateful for all the support that they 

have given me from afar. Pursuing a masters of science degree in Texas while my family 

was in Wisconsin and my fiancé was in Arkansas has been one of the most difficult periods 

in my life, and I have appreciated every phone call and skype session with words of advice 

and well wishes. 

I thank Dr. Smith and TRIES for assisting me with the GC-MS, ATR-IR, and for 

being flexible with my work schedule as well as having patience in teaching me laboratory 

techniques. Also, I acknowledge Matthew Danker and Catherine Luzadas, previous 

students in Dr. Haines lab: they most likely did not know at the time of their research 

endeavors how beneficial their efforts would be to my research, and I thank them for their 

hard work.  

In addition, I am grateful for my professors, my committee members Dr. 

Petrikovics and Dr. Thompson for their advice and critiques in developing my writing skills 

and chemistry knowledge especially in biochemistry and analytical chemistry. From my 

undergraduate degree at St. Norbert College, I would like to acknowledge Dr. Cynthia 

Ochsner for helping me find my passion for biochemistry and pushing me to aim for higher 



 
 

vi 

education. Furthermore, I thank my undergraduate advisor, Dr. Jonathon Russel for writing 

many letters of recommendation for me, and for providing guidance in my chemistry 

career.  

Lastly, I would like to acknowledge the quality control lab at Nature’s Way where 

I landed my first industry job. Brandon Podhola, Darlene Legois, Wendy Raduechel, and 

the rest of my wonderful coworkers always encouraged me to do my best and expressed 

their gratitude when I did high quality work. I will cherish their kind words and support in 

all my educational endeavors and their help in figuring out my career goals.  

 



 
 

vii 

TABLE OF CONTENTS 

Page 

DEDICATION ................................................................................................................... iii 

ABSTRACT ....................................................................................................................... iv 

ACKNOWLEDGEMENTS ................................................................................................ v 

TABLE OF CONTENTS .................................................................................................. vii 

LIST OF TABLES .............................................................................................................. x 

LIST OF FIGURES ........................................................................................................... xi 

CHAPTER 

I INTRODUCTION .................................................................................................. 1 

Decomposition as an Example of the Conservation of Matter ............................... 1 

Lipids as Decomposition Sources of Energy .......................................................... 2 

Stages of Decay....................................................................................................... 7 

Soil in Relation to Bone Diagenesis and Microbial Action .................................... 8 

Methods of Analysis for Lipids ............................................................................ 11 

Purpose of Project ................................................................................................. 14 

II MATERIALS AND METHODS .......................................................................... 16 

Sample Information and Chemicals ...................................................................... 16 

Preliminary Lipid Extraction from Bone Meal ..................................................... 16 

Burying Procedure and Collection Methods ......................................................... 17 

General Procedure for Lipid Extraction from Chicken and Human Bones .......... 19 

GC-MS Procedure for Bone Lipid Extracts .......................................................... 21 

General Procedure for Lipid Extraction from Soil ............................................... 21 



 
 

viii 

GC-MS Procedure for Soil Lipid Extracts ............................................................ 22 

General Procedure for Determining pH of Soil .................................................... 22 

General Procedure for Attenuated Total Reflectance Infrared Spectroscopy 

(ATR-IR) Bone Data Collection ........................................................................... 23 

General Procedure for Statistical Analysis ........................................................... 23 

III RESULTS ............................................................................................................. 25 

Optimization of Sample Preparation and Extraction Methods ............................. 25 

Visual Progression of Degradation ....................................................................... 28 

IR Analysis of Chicken and Human Bone ............................................................ 28 

PCA of IR Data ..................................................................................................... 36 

Duplicate Sampling Days ..................................................................................... 37 

Analysis of Soil pH ............................................................................................... 46 

Weather Patterns in Duration of Experiment ........................................................ 47 

GC-MS Analysis of Chicken Bones, Human Femora, and Decomposition 

Phase I and Phase II Soils ..................................................................................... 48 

PCA with GC-MS of Chicken Bones, Human Femora, and Decomposition 

Phase I and Phase II Soils ..................................................................................... 59 

GC-MS Changes with Time.................................................................................. 69 

IV DISCUSSION ....................................................................................................... 76 

Sample Preparation and Reproducibility of Extraction Method ........................... 76 

The Freshness of the Bones .................................................................................. 76 

IR Pattern in Abundance ....................................................................................... 78 

PCA for IR Distinguishes Chicken Bone from Femur ......................................... 81 



 
 

ix 

Additional IR PC Patterns in Carboxylate Formation .......................................... 85 

Soil pH .................................................................................................................. 86 

GC-MS PCA Data Suggest Types of Decomposition Reactions.......................... 87 

GC-MS Compounds Show Correlation ................................................................ 92 

GC-MS Data Provides Unorthodox Time Dependence ........................................ 94 

Concluding Remarks ............................................................................................. 97 

V POSSIBLE NEXT STEPS .................................................................................... 99 

REFERENCES ............................................................................................................... 101 

APPENDIX A ................................................................................................................. 105 

APPENDIX B ................................................................................................................. 106 

VITA ............................................................................................................................... 113 



 
 

x 

LIST OF TABLES 

Table Page 

1 Identified GC-MS Compounds, Nomenclature, and Integration Information ...... 51 

 



xi 
 

xi 

LIST OF FIGURES 

Figure Page 

1 Esterification of Glycerol and Three Fatty Acids. .................................................. 3 

2 Formation of Phosphatidylcholine, a Phospholipid from Glycerol, 

Phosphoric Acid, and Choline with the Help of Enzymes Acyltransferase I 

and II. ...................................................................................................................... 4 

3 Simplified Synthesis and Structure of Cholesterol. ................................................ 4 

4 Hydrogenation of Oleic Acid to Stearic Acid. ........................................................ 6 

5 Stickland Reaction. ............................................................................................... 10 

6 Lipid Derivatization to Trimethylsilyl Esters using BSTFA+TMCS ................... 12 

7 4x3 Plot with Cage. ............................................................................................... 18 

8 Placement of Chicken Drumsticks. ....................................................................... 18 

9 Placement of Femur Samples................................................................................ 19 

10 Periosteum and Soil on Femur Section. ................................................................ 20 

11 Stack Plot of GC-MS TIC of Reproducible Bone Meal Lipid Extraction. ........... 27 

12 Phase I Chicken Bones.......................................................................................... 28 

13 IR Spectrum of Chicken Bone on Day 0. ............................................................. 30 

14 Stack Plot of Chicken Bone IR Spectra from Day 0 to Day 77. ........................... 32 

15 Chicken Bone Sample to Sample Changes. .......................................................... 33 

16 Stack Plot of Human Femur Spectra from Day 0 to Day 99. ............................... 34 

17 Femur Sample to Sample Changes. ...................................................................... 35 

18 PCA Plots for PC1, PC2, PC3, PC6, and PC10. ................................................... 38 

19 Rotation Plot for PC1, PC2, PC3, PC6, and PC10. .............................................. 40 



xii 
 

xii 

20 PC Plots versus Time for PC3 and PC6. ............................................................... 41 

21 PC IR Spectra for PC1, PC2, PC3, PC6, PC10..................................................... 43 

22 Time Dependence Based on Wavenumbers 3301 cm-1 and 1740 cm-1 for 

Each Day. .............................................................................................................. 44 

23 Time Dependence Based on Wavenumbers 1651 cm-1 and 1631 cm-1. ............... 44 

24 Time Dependence Based on Wavenumbers 1576 cm-1 and 1540 cm-1. ................ 45 

25 Time Dependence Based on Wavenumbers 1465 cm-1 and 1416 cm-1. ............... 45 

26 Soil pH versus Time.............................................................................................. 47 

27 Precipitation and Daily Temperature versus Time. .............................................. 48 

28 GC-MS Fingerprint for TMS Lipids. .................................................................... 50 

29 TIC Stack Plot of Phase I Chicken Bone Decomposition with Time. .................. 55 

30 TIC Stack Plot of Phase I Chicken Decomposition Soil with Time. .................... 56 

31 TIC Stack Plot of Phase II Femur Decomposition with Time. ............................. 57 

32 TIC Stack Plot of Phase II Femur Decomposition Soil with Time....................... 58 

33 Box and Whisker Plots for PC1, PC3 through PC6, PC9. .................................... 62 

34 PC1 Scores for GC-MS Compounds. ................................................................... 64 

35 PC3 Scores for GC-MS Compounds. ................................................................... 65 

36 PC4 Scores for GC-MS Compounds. ................................................................... 66 

37 PC5 Scores for GC-MS Compounds. Some of the ............................................... 66 

38 PC6 Scores for GC-MS Compounds. ................................................................... 67 

39 PC9 Scores for GC-MS Compounds. ................................................................... 67 

40 Correlations Between Some GC-MS Compounds. ............................................... 68 

41 Corrgram of all GC-MS Compounds. ................................................................... 68 



xiii 
 

xiii 

42 Monooleoglycerol (1) (2 TMS) Decomposition with Time. ................................ 71 

43 Zoomed Version of Phase II Femur Monooleoglycerol. ...................................... 72 

44 Stearic Acid (TMS) Decomposition with Time. ................................................... 73 

45 Cholesterol (TMS) Decomposition with Time. .................................................... 74 

46 Dehydroabietic Acid (TMS) Decomposition with Time. ..................................... 75 

 



1 
 

 

CHAPTER I 
 

Introduction 

One of the more difficult problems in forensic evidence is determining the Post-

Mortem Interval (PMI), or the time that has elapsed since death. While gathering up all the 

information on the deceased can lead to important details about how they died, identifying 

when they died is a chief part of solving the case as well. This leads scientists to question 

what happens to the molecules and elements in the body once it is deceased. The scientific 

community has gone further in studying categories of chemicals such as carbohydrates, 

proteins, enzymes, DNA, and lipids and their role in the body after death in hopes to find 

a chemical marker to analyze in forensic cases. As simple as this sounds, a deceased body 

has just as much complexity as a living body, even though blood flow and metabolic 

processes have shut down in the deceased. Additionally, many different causes of death 

can take place, and the environment the body is put in can alter the body’s way of 

decomposing. PMI methods for a body that was buried in the ground probably will not 

work for someone who was drowned, burned by fire, or placed in a dumpster etc. The 

complexity alone is a great challenge for science to achieve, but more importantly, PMI 

methods that have high accuracy and reproducibility would be valuable to humanity in 

solving unknown cases of death.    

Decomposition as an Example of the Conservation of Matter 

The law of the conservation of matter is a core principle of chemistry. The familiar 

statement ‘matter cannot be created or destroyed, only transformed1’ highlights that 

substances do not appear or disappear on their own. Decomposition reactions explain how 

matter does not simply vanish but appears in a different form and illustrates the 
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transformation process in the law of conservation of matter. The easiest way to show 

chemical decomposition in terms of elements is to use the symbolic elements A and B: 

→ 	  

The separation of triacylglycerides into glycerol and three fatty acids is an example of 

chemical decomposition whereas a broader definition of decomposition simply means 

breaking down. The body’s digestive system breaks food down into smaller substances, 

such as carbohydrates, amino acids, and fatty acids that are then used as metabolic building 

blocks and/or as fuels for energy production. In this case, chewing is one of the factors that 

increases decomposition rate, and many other factors such as heat, light, and enzymes can 

also assist in decomposition reactions in the living body.  

Lipids as Decomposition Sources of Energy 

Lipids are unique stable molecules that are found in all living things, and their 

abundance and remarkable characteristics make them great targets for decomposition 

research. Generally, lipids are made of long chains of hydrogen and carbon atoms 

(hydrocarbons) that make up a nonpolar part, which is attached to a polar group such as a 

carboxylic acid. Lipids are rather hydrophobic, so they will aggregate in water but are 

soluble in organic solvents. Lipids that consist of a hydrocarbon chain terminated on one 

end with a carboxylic acid are known as “fatty acids.” Fatty acids can be completely 

saturated or be unsaturated, typically containing double bonds, like in polyunsaturated fatty 

acids (PUFAs). Fatty acids from diet can condense with glycerol and make a 

triacylglyceride through esterification processes. The general reaction is shown in Figure 

1. Triacylglycerides are dynamic molecules that are made to be stored and then provide 

energy through metabolism via hydrolysis reaction when called upon. This reaction is the 



3 
 

 

reverse reaction in Figure 1. Fatty acids also can come together with glycerol, phosphate, 

and an amino alcohol to make phospholipids, which are in the structure of the lipid bilayer 

of the cell membrane. A simplified synthesis of a phospholipid is shown in Figure 2. 

Another group of lipids is called sterols. The major sterol, cholesterol, controls the fluidity 

of the cell membrane. Many sterols act as signaling molecules (hormones). The formation 

and structure of cholesterol is shown in Figure 3. Since lipids have many different duties 

in vertebrate tissue, the concentration of lipids varies between different parts of the 

organism. Overall, lipids are rather homeostatic, but their abundance depends on the energy 

production and intake of carbohydrates, fats, and proteins. Their dynamic nature and use 

as an energy source is of interest in decomposition processes. 

 

Figure 1. Esterification of Glycerol and Three Fatty Acids. Hydrolysis of triacylglycerol 
is the reverse reaction. 



4 
 

 

 

Figure 2. Formation of Phosphatidylcholine, a Phospholipid from Glycerol, Phosphoric 
Acid, and Choline with the Help of Enzymes Acyltransferase I and II.  

 

 

Figure 3. Simplified Synthesis and Structure of Cholesterol. Conversion of lanosterol to 
cholesterol takes 19 steps through enzymatic reactions. 
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One area of research interest is in the role of lipids in bones and lipid decomposition 

for forensic analysis. Bones contain lipids but are mainly comprised of hydroxyapatite 

(calcium, oxygen, hydrogen, phosphorus) and collagen as well as enzymes and other types 

of proteins.2,3 Most of the lipids in bone are in the form of triacylglycerides for energy 

usage, phospholipids for structure of cellular membranes, and sterols such as cholesterol 

for the structure of cell membranes and signaling between cells. Research has shown that 

the spongy part of the bone in chicken femur has a higher concentration of fatty acids due 

to the high metabolic activity of triacylglycerides.4 The bone tissues with the least amount 

of energetic activity will thus have smaller lipid concentrations. In general, lipids are less 

concentrated in the rigid part of the bone, called the osseous tissue, and they are more 

abundant in the bone marrow, but the lipid content does vary with diet, age, and species.5,6 

Triacylglycerides are more abundant in the bone marrow due to adipocyte (fat) metabolism 

which allows for accumulation of fatty acids.4 One example of how diet affects the lipid 

concentration is that rats were found to have more linoleic acid (18:2; 18 carbons with 2 

double bonds) in their femoral cortical bone with an increased diet of linoleic acid.7 Bone, 

like the rest of the body, is continually undergoing remodeling but slows down as age 

increases. In healthy human bones, there is  constant osteoblastogenesis (the formation of 

the rigid osseous tissue) or adipogenesis (the formation of fat) in the marrow, and these 

two physiological pathways have an inverse relationship.6 This then poses the question of 

what happens to the lipids in bone once a human dies and these physiological processes 

shut down.  

The structural distribution of lipids in bones can vary across species, but the fatty 

acids are common to everything, which makes it difficult to identify species based on fatty 
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acid profile. The fatty acid with highest abundance in humans and animals is oleic acid 

(18:1).8 One analysis has demonstrated that chicken and human had similar total fatty acid 

content, and pigs vs. cows had a significantly different total fatty acid concentration.8  

Another major fatty acid in humans and animals is stearic acid (18:0), and statistical 

analysis revealed that the concentration of stearic acid in humans was found to be 

significantly different from animals.9 This difference is most likely due to differences in 

size as well as genetic differences. In addition, the enzymes that create or break down 

triacylglycerides could have different properties which could account for differences in 

fatty acid profile.8 In soil decomposition of fatty acids, the abundance of stearic acid is 

mainly due to the hydrogenation of linoleic and oleic acid by bacterial enzymes10 but could 

also come from the breakdown of triacylglycerides. A general reaction of the 

hydrogenation is shown in Figure 4. The other common fatty acids found in bone are 

myristic (14:0), palmitic (16:0), palmitoleic (16:1), and linoleic (18:2) acids, and most of 

these were common between animal and human quantitative lipid profiles.9 As stated 

before, fatty acid profile does not appear to be the best technique for species identification, 

but decomposition of triacylglycerols, hydrogenation and hydrolysis change the structure 

of fat in bone. The decomposition of fatty acid structure in bone has the potential to serve 

as the basis of a method for determining the time-since-death or PMI of human remains.  

 

Figure 4. Hydrogenation of Oleic Acid to Stearic Acid.  
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Stages of Decay 

To understand the behavior of lipids in bones when animal or human death occurs, 

the stages of death or decay need to be recognized. When death occurs, biological work 

ceases, enzymatic activity decreases in the tissues, the cells start to die, and conservation 

of matter is exhibited in the decaying process. Autolysis, meaning “self-digestion of cells,” 

happens in the cells that have high rates of adenosine triphosphate (ATP) production and 

is stimulated by decrease in pH inside of the cells from decrease in oxygen after death.11 

The breakdown of hydrocarbon chains of lipids provides energy, which is highly valuable 

to organisms in the decomposition area. The rate of decomposition can potentially reveal 

considerable information: the chemical reactivity of the surrounding environment, the 

presence or lack of predation, the size of the specimen, light or heat exposure, and possible 

disease exposure.12 As bone degrades, the lipids can be vaporized, oxidized, hydrolyzed, 

leach into surrounding environment, or converted into energy by the metabolism of 

predators, microbes, and insects. There are two main phases of decay called pre- and post- 

skeletonization.13 The original definitions of the stages of decay are fresh, bloat, decay, and 

dry. The pre-skeletonization phase involves the fresh, bloat, and decay stages. The fresh 

stage starts at the point of death and continues to early stage of bloating: the bloat stage 

varies with temperature, but it is when the carcass starts to inflate.13 Breakdown of 

carbohydrates, proteins, and lipids in soft tissues form gases and liquids which contribute 

to the bloat, eventually leading to rupture.11 Putrefaction is seen and damage to soft tissues 

occurs through microorganism activity in an anaerobic environment.11 When the skin is 

broken in one or a couple of places from the bloat, the decay stage begins and aerobic 

protein and fat decomposition can occur to form phenolic compounds and glycerols.11 
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When only a small amount of tissue remains and is mostly bone, the carcass is in the dry 

stage, and moisture in the surrounding environment can lead to formation of semi-solid 

adipocere-like material.9 This stage becomes part of the post-skeletonization phase.  

Adipocere formation is most likely to occur over a long period of time in a damp low 

oxygen environment.9 If the remains are completely covered in adipocere, the conditions 

of the remains can stay stable if the surrounding environment is stagnant.14 If over 50% of 

the body has exposed bone then the body is characterized as skeletonized.11 

Soil in Relation to Bone Diagenesis and Microbial Action 

The main physiochemical process that takes place after a body has been placed in 

the soil for a long time is diagenesis. Diagenesis comprises the physical or chemical 

reactions between a soil or rock environment and a solid object like a bone. Diagenesis 

alters the bone’s organic and inorganic composition and also alters the composition of the 

environmental matrix surrounding the bone.15 The original parameters for characterizing 

bone diagenesis are collagen abundance, histological integrity, and the porosity of the bone 

with regards to water uptake and crystallinity.16 As collagen degrades from the bone, the 

bone becomes more porous.16 The increase in porosity can be accounted for with the 

movement of water.16 Bone undergoes exchange of ions such as calcium and phosphate, 

microbial attack, and leaching of minerals and varies with the surrounding environment.11 

The concentration gradient, the pH around the bone, and the water content control the 

movement of the bone mineral.17 It is questionable if microbial attack happens first or if 

changes in the bone happen before microbial attack can occur, but it is hypothesized that 

microbial attack happens when dissolution of the bone material begins.18  
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The presence of microorganisms that flourish in areas of lipid richness is one of the 

main catalyzing factors of decomposition of vertebrate remains and a principal diagenetic 

factor. Many different types of bacteria have unique signatures in decomposition and 

specific enzymes such as collagenase and lipases that are important to recycling organic 

matter. Bacteria break down proteins, and then employ the Stickland reaction shown in 

Figure 5 to convert the resultant amino acids to fatty acids.19 This reaction and other 

decomposition reactions of vertebrate remains allow the soil to be exposed to adipose 

tissue, fatty acids such as butyric and propionic acids, organic acids, organic nitrogen 

substances such as amino acids, phenols, and nucleic acids.4 Temperature, humidity, and 

scavenging also affect the microorganism soil community in decomposing areas.20 

Aeration influences decomposition because aerobic bacteria were found to be more 

abundant in active decay and anaerobic bacteria increased during advanced decay.6 

Bacteria have highest activity under aerobic conditions.21 Changes from aerobic to 

anaerobic conditions are correlated with a reduction in the rate of bone mineralization, 

changes in soil acidity, and changes in the biological redox reactions associated with 

microbe metabolism.21 Lipids from human remains would therefore be more likely to 

become inactive in anaerobic conditions and the decay rate should slow down. Carbon 

turnover has been found to be the highest under aerobic conditions which further validates 

this hypothesis.7 
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Figure 5. Stickland Reaction. The Stickland reaction uses NAD+ and water to deaminate 
the amino acid and create a keto-acid.19 The subsequent steps involve removal of CO2 
with the addition of inorganic phosphate and then removal of the phosphate by ADP.19 

 
 
Studies have been carried out probing the influence of bacterial mechanisms, 

dynamic movement of fluids and nutrients with microbes, and cadaver decomposition 

products on PMI.22 The research has turned in the direction of metagenomics, sequencing 

of soil communities, which involves a lot of work in extracting the DNA and separating 

complex organic mixtures in the soil to establish a post-mortem microbial clock.22 Once 

the decomposition products move into the soil, respiration rates of the bacteria increase 

due to the abundance of carbon and nitrogen.23 In active decay, Proteobacteria and 

Firmicutes outcompete the other phyla Verrucomicrobia, Planctomycetes, and 

Acidobacteria for the carbon and nitrogen resources, and gut bacteria from the human 

remains were additionally found present in the soil.23 Interestingly, these gut bacteria were 

present in the soil 198 days after cadaver placement demonstrating that they can exist 

outside of the body and have a possible role in being a post-mortem microbial clock since 

they are rare to soil.23 If the gut bacteria are still present in the soil after a body has been 

removed, then this post-mortem microbial clock could help in forensic cases where a body 
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was removed from the initial place of decomposition.23 In advanced decay, Firmicutes was 

the dominant species and there was an increase in Clostridiales and Lactobacillales: these 

are anaerobic bacteria meaning that their presence is indicative of an anaerobic 

environment.23 Acidobacteria have been found to increase in concentration at the dry 

remains stage with decreasing pH while they are barely detectable in active decay due to 

the increase in pH from ammonification from the remains.24 The relative concentration of 

these certain kinds of bacteria in gravesoil and skeletonized remains may have use in 

determining PMI since there is a continual transition of the environmental community 

composition that has potential to be monitored.24 

Methods of Analysis for Lipids 

The analysis for lipids is a straightforward extraction usually employing a polar 

solvent like a mixture of chloroform and methanol and centrifugation for separation of the 

lipids from cells or from other components of the mixture. Non polar solvents are generally 

used to extract neutral lipids like acylglycerols,25 and more polar solvents are for extracting 

phospholipids. If Gas Chromatography Mass Spectrometry (GC-MS) is used, the lipid 

samples must be derivatized to methyl esters, silyl esters, or thioesters. A silyl ester 

formation using N,O-bis(trimethylsilyl)-trifluoroacetamide plus trimethylchlorosilane 

(BSTFA + TMCS) is shown in Figure 6. Derivatization is performed to increase the 

volatility and thermal stability of the samples for GC chromatographic separation. One 

drawback with the need for derivatization is that large biomolecules usually require more 

reaction steps and can be difficult to work with.25 Once a spectrum is created, the ions of 

the various compounds are compared to a library for lipid identification. A problem that 

can occur is the identification of double bond position for unsaturated fatty acids. One way 
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of overcoming this is by using enzymes like pancreatic lipase to hydrolyze specific double 

bonds in triacylglycerides.8 Figuring out cis/trans isomerization also requires other 

analytical methods to be used alongside GC-MS.25 

 

Figure 6. Lipid Derivatization to Trimethylsilyl Esters using BSTFA+TMCS 
 
 

Even though GC-MS is one of the more common methods for lipids, Infrared (IR) 

Spectroscopy, Liquid Chromatography (LC), and Nuclear Magnetic Resonance (NMR) 

Spectroscopy have been used in lipid analysis. IR uses the vibrational energy of the 

molecules to produce a response and is a quick way to achieve spectral results for 

identification of classes of compounds and their functional groups. It can be linked with 

GC-MS results for isomer discrimination and clarification of structure information.25 LC 

is used for lipid analysis in either normal phase LC or reverse phase LC based on separation 

of the lipids class or based on fatty acid composition respecitively.25 LC is employed 

because it can be used on a variety of biological samples, and it can identify positional 

information and degree of unsaturation of double bonds.25 NMR exploits use of the 

resonant frequency of the nuclear spins of atoms (hydrogens when 1H-NMR is used), and 
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the energy produces a spectrum that can be used for quantitative and qualitative lipid 

analysis. NMR provides an advantage of being a non-destructive technique, but it is not 

very sensitive and is limited by overlapping signals in 1H-NMR spectrum.25 All of these 

methods can be used in tandem with GC for enhanced separation of lipids and as reference 

data to support results and be used in statistical analysis for lipid experiments. 

The discovery of a PMI model based on lipid degradation, breakdown of proteins, 

or even microbial DNA patterns is unlikely going to be a simple Cartesian graph with a 

straight line. The large number of variables and the complex relationships between these 

variables and PMI require detailed analysis to produce a realistic model. The statistical 

program R is a free tool developed by Bell Laboratories that allows the variation in the 

statistics to be displayed in many dimensions. Principally, it is a tool that allows researchers 

to look at compilations of large sets of data and work with a script to develop commands 

for analyzing their data. It can range from simple math to complex algorithms, and the 

program is continually being improved to aid in scientist’s understanding of their data from 

different viewpoints or angles.  

R has built-in support for a statistical analysis tool called Principal Component 

Analysis (PCA). PCA allows a researcher to look at a set of data points in different 

dimensions via its principal components. The principal components help determine where 

the variation is the largest in the data and uses Principal Component 1 (PC1) to define the 

largest variation. PC2 represents the second largest dimension of variation in the data 

(orthogonal to PC1), and PC3 is the third largest and so on. More importantly, PCA can 

categorize data in patterns that scientists do not realize at first glance and has been shown 

to be beneficial in lipid decomposition research. In one example closely related to the work 
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reported here, PCA results showed a cluster pattern that distinguished decomposition of T-

shirt covered pigs into three groups describing the lipid degradation.26 Mainly, they were 

able to detect that unsaturated fatty acids break down into saturated fatty acids over time, 

and the cotton from the T-shirt takes longer than a year to start degrading so it holds onto 

the fats very well.26 The decomposition fluid’s ability to be collected by the cotton T-shirts 

substantiates the idea that the fatty acid fluid is able to leach into the soil. Additionally, the 

notion that the decomposition process can show cluster patterns with PCA is promising for 

this research project since PCA will be applied to the degradation of lipids in bone and in 

soil.  

Purpose of Project 

The overall goal of this research project is to find statistical patterns in lipid 

decomposition of human remains and set-up a method that could potentially aid in forensic 

investigation with GC-MS and ATR-IR. Additionally, the project is focusing on finding 

out if lipids migrate from bone with tissue into the soil and what happens to the lipids when 

they become part of the soil. On occasion, remains are discovered already skeletonized or 

with little tissue left on the bones, which makes it difficult to determine the time of death. 

A forensic investigator or scientist called to a scene where human remains were found 

needs to understand how decomposition reactions operate to aid in these types of 

unfortunate investigations.  

Decomposition rates are influenced by numerous factors, including: temperature, 

light exposure, environment, predation by small animals and insects, weather conditions, 

presence of clothes, mass of the body, and the general state of the body. Insect arrival after 

death has been used to determine PMI through timetable of their offspring, but if insects 
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are not present, this is not a helpful method.11 A theorized decomposition rate of lipids 

would aid in determining PMI, which is a fundamental part in solving a crime. PMI 

estimation studies have been based typically on identifying a chemical marker such as an 

element or a specific compound.11 Back in the 1960s scientists measured the amount of 

potassium in vitreous humor with flame photometry.11 People have examined lipids over 

the years as well.11 A universal decomposition rate is improbable due to too many 

contributing physical and chemical factors, but if PMI-dependent statistical patterns in the 

decomposition of molecules like lipids exist, then they could be of use in forensic 

investigations.  
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CHAPTER II 

Materials and Methods 

Sample Information and Chemicals 

The samples tested in this project were bone meal fertilizer, 12 chicken drumsticks, 

soil, and two human femora. The Miracle-Gro Organic Choice Bone Meal was purchased 

from Home Depot. The chicken drumsticks were purchased at a local meat market in the 

Houston area and were pre-packaged in plastic and Styrofoam. The soil was a Texas loam 

variety that was minimally exposed to direct sunlight. The human femora came from 

Southeast Texas Applied Forensic Science Facility (STAFS) through donation of cadaver 

2016-061. Each femur was cut into six sections for a total of 12 tissue sections by staff at 

STAFS. 

The chemicals that were used throughout the analysis were 99.8% chloroform, 

99.8% methanol, and 99.5% ethyl acetate from BDH. From Acros Organics, 98+% 

nonadecanoic acid and 99:1 N,O-bis(trimethylsilyl)-trifluoroacetamide with 

trimethylchlorosilane were purchased from Supelco and were employed. Buffers 4, 7, 10 

were used for calibrating the pH probe. All the chemicals were provided by the SHSU 

Chemistry Department and Dr. Haines’ lab.  

Preliminary Lipid Extraction from Bone Meal 

Lipids were extracted from bone meal fertilizer to optimize extraction methods. 

Previously the Haines lab has worked on an extraction method for lipids in bone using bone 

meal. The porcine derived bone meal had 6% nitrogen, 9% phosphate as P2O5 and 7% 

calcium in it according to the manufacturer’s label. Following former student Catherine 

Luzadas’ protocol, the chloroform-methanol-extraction-based method was further 
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optimized (with regard to solvent volumes, sonication time, internal standard volumes, and 

ratio of extract to BSFTFA derivatizing agent) and used in General Procedure for Lipid 

Extraction from Chicken and Human Bones and General Procedure for Lipid Extraction 

from Soil. The focus of optimizing the method was to improve the reproducibility. 

Burying Procedure and Collection Methods 

 The environment in which the decomposition took place was outdoors in a gated 

sector of woods at STAFS. Phase I of the study involved burying and collecting the chicken 

drumsticks from one plot, and Phase II included burying and collecting the sections of the 

human femora in another plot. The plots were about 2 m apart. The plots resembled a 4 x 

3 grid in the ground with a cage above to keep out small animals displayed in Figure 7. 

Rebar was used to mark where samples were buried. The rebar was placed adjacent to the 

plot and not directly over the samples. The depth of burial was approximately 0.61 m, and 

the bones were placed roughly 0.3 m from each other. Placement of the chicken drumsticks 

and femur samples in two different plots are shown in Figure 8 and Figure 9. Samples were 

collected from the buried bones at specified time intervals. Phase I chicken study began on 

August 23rd, 2016, and the bone samples were collected on day 3, 6, 9, 12, 15, 21, 28, 42, 

56, and 77 after initial burial. Phase II femur study started on October 17th, 2016, and the 

femur samples were collected on day 3, 7, 14, 22, 28, 46, 56, 78, and 99. Control bones 

that were not buried were referenced as day 0. Two samples of soil surrounding the buried 

bones were collected in 4 mL screw-capped glass vials on the days of bone sample 

collection. Samples were collected by digging with a shovel and decomposing tissue falling 

off the bone was avoided, which required some flexibility in the exact position that soil 

was sampled relative to the bone. The soil was sampled in random directions from the bone, 
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and sampling distance from the bone ranged from 5 to 10 cm. The bone and soil samples 

were transported in biohazard bags to the SHSU Chemistry and Forensics Science building 

and were stored along with the soil vials in a -18 °C freezer. 

 

Figure 7. 4x3 Plot with Cage. Rebar mark the gridlines for sample placement. 
 
 
 

 

Figure 8. Placement of Chicken Drumsticks.  
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Figure 9. Placement of Femur Samples.  
 

General Procedure for Lipid Extraction from Chicken and Human Bones 

The lipid extraction procedure was adapted from Bethell et al.27 Prior to the extraction, the 

samples were removed from the freezer and thawed at room temperature for several hours in the 

fume hood. The tissue was removed from the bone by a Milwaukee hand-saw (12 inch 18 teeth per 

inch) and  soil was cleaned from the bone using Kim wipes and deionized water when necessary. The 

soil and surrounding connective tissue of the hard part of the bone called the periosteum shown in 

Figure 10 was removed from the femur samples. The saw was used to cut into the chicken bone 

halfway to make a bone powder consisting of osseous tissue and marrow and was collected in a screw 

top glass vial. For the femur sections, bone powder was generated from the osseous tissue only. These 

procedures have been used in previously in the Haines lab to obtain powdered bone material (human 

or chicken) for analysis. An approximately 20 mg sample of the bone powder was placed in a 13 x 

100 mm borosilicate glass test tube with 4 mL of chloroform and methanol (2:1 v/v) extraction 

solvent dispensed by a graduated cylinder. A 1 mg/mL solution of nonadecanoic acid (98+%) in 
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chloroform and methanol (2:1 v/v) extraction solvent was used as an internal standard, and 15-75 L 

of this solution was added to each sample. Using a Misonix Ultrasonic Liquid Processor with microtip 

(available in the Haines lab), the test tube solution on ice in an Erlenmeyer flask was sonicated for 2 

x 3 min with a 0.5 second on-off cycle at 1 A. Fresh ice was added to the Erlenmeyer flask between 

sonication periods. Then the solution was centrifuged at 3200 RPM for approximately one min with 

an Adams Analytical Centrifuge, and the supernatant was decanted into a 4 mL amber vial with a 

screw top and placed in the fume hood. After approximately 24 hours, the samples were dried with a 

gentle stream of argon gas. Dried extracts were kept in the fume hood for short time periods or -18 

°C freezer for longer time periods until Gas Chromatography Mass Spectrometry (GC-MS) could be 

performed. Samples were weighed and analyzed in triplicate. 

 

Figure 10. Periosteum and Soil on Femur Section. The periosteum is the flap of tissue on 
top of the bone in the picture. This layer of tissue and soil was removed with Kim wipes 
before the bone powder was created.  

 
 
Prior to GC-MS analysis, extracts were dissolved in 100-200 L ethyl acetate and 

swirled to mix. Then 50 L of the solution were combined with 100 L of 99:1 N,O-

bis(trimethylsilyl)-trifluoroacetamide plus trimethylchlorosilane (BSTFA + TMCS) in a 

GC vial and heated at 60 °C for 10 min on a hot plate for derivatization to trimethylsilyl 

esters.  
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GC-MS Procedure for Bone Lipid Extracts 

The GC-MS analysis took place at the Texas Research Institute for Environmental 

Studies (TRIES) with the instrument being operated by myself. Samples were submitted to 

manual splitless and split injections with an injection volume of 1 L. The split ratios 

employed ranged from 2:1 to 25:1. The front inlet contained a liner with a plug of glass 

wool and was held at a temperature of 250 °C. A DB5 column from J and W (122-5532) 

with dimensions of 30 m x 250 m x 0.25 m was used for analysis. The temperature 

program started with a hold at 50 °C (1 min), ramped 20 °C/min to 175 °C, then ramped 8 

°C/min until 295 °C (4 min) for a total run time of 26.25 min. The flow rate was 1 mL/min 

and hydrogen carrier gas was employed. A solvent delay of 4.10 min was used (this was 

optimized in earlier work), and the thermal auxiliary (transfer line) was held at 160 °C. The 

instrument used a mass spectrometer (MS) detector in scan mode, 20-600 amu. A NIST14 

reference database, available at TRIES and used routinely by our lab, was employed for 

compound identification.  

 General Procedure for Lipid Extraction from Soil 

The procedure for extracting lipids from soil was likewise adapted from that 

reported by Bethell et al.27 Prior to extraction, the soil samples were removed from the 

freezer and thawed at room temperature for several hours in the fume hood. Once the vial 

was opened, the soil was placed in a mortar and pestle and ground up to decrease sampling 

variability. Approximately 400 mg of the soil was placed in a 13 x 100 mm borosilicate 

glass test tube with 4 mL of chloroform and methanol (2:1 v/v) extraction solvent dispensed 

by a graduated cylinder. A 75 L aliquot of 1 mg/mL nonadecanoic acid (98+%) internal 

standard in a 2:1 v/v mixture of chloroform and methanol was added to each sample. Using 
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a Misonix Ultrasonic Liquid Processor with microtip, the solution in the test tube was 

sonicated for 2 x 5 min with a 0.5 second on-off cycle at 1 A on ice in an Erlenmeyer flask. 

Fresh ice was added to the Erlenmeyer in between sonication periods. Then the solution 

was centrifuged at 3200 RPM using an Adams Analytical Centrifuge for approximately 10 

min, and the supernatant was decanted into a 4 mL amber vial with a screw top and kept in 

the fume hood. Approximately 24 hours later, the samples were dried with a gentle stream 

of argon gas. Dried extracts were kept in the fume hood or -18 °C freezer until GC-MS 

could be performed. Samples were weighed and analyzed in triplicate. 

Prior to GC-MS analysis, extracts were dissolved in 200 L ethyl acetate and 

swirled to mix. Then 50 L of the solution was combined with 100 L of 99:1 N,O-

bis(trimethylsilyl)-trifluoroacetamide plus trimethylchlorosilane (BSTFA + TMCS) in a 

GC vial and heated at 60 °C on a hot plate for 10 min for derivatization to trimethylsilyl 

esters.  

GC-MS Procedure for Soil Lipid Extracts 

Samples were analyzed by GC-MS analysis by myself at the Texas Research 

Institute for Environmental Sciences (TRIES) using the same GC-MS Procedure for Bone 

Lipid Extracts. 

General Procedure for Determining pH of Soil 

Soil samples were removed from the freezer, thawed at room temperature, and 

ground up with mortar and pestle to decrease sampling variability. The procedure for 

measuring soil pH was adapted from Damann and colleagues.28 Approximately 2 g of soil 

was placed in a 30 mL beaker with 10 mL of distilled water and a stir bar. The solution 

was stirred for 20 min and then incubated at room temperature for 20 min. Then a reference 
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sample was taken from the soil solution and the pH was measured using a Corning pH 

meter 220. The pH meter was calibrated with buffers at pH 4, 7, and 10 at 25 °C.  

General Procedure for Attenuated Total Reflectance Infrared Spectroscopy (ATR-

IR) Bone Data Collection 

Once chicken and femur bone samples were removed from the freezer, made into 

a bone powder by Milwaukee hand-saw, and the powder collected in a glass vial with screw 

top, some of the powder was removed and placed on the diamond crystal window of a 

Bruker Platinum ATR-IR at TRIES. The clamp was pushed down onto the bone powder to 

ensure constant pressure on the sample, and the IR spectrum was recorded. The recording 

was taken with 24 scans. Triplicate measures of each sample were conducted and the 

spectra were averaged for each day.  

General Procedure for Statistical Analysis 

The data obtained from IR and GC-MS results were analyzed through the free 

online software program R. The software was downloaded and GC-MS data could be read 

into R directly as CDF files exported from Chemstation. The IR data was exported as CSV 

files and read into R. The statistical analysis was relatedly executed in a similar manner to 

Matt Danker’s project.29 The graphs and plots were generated by a script that Dr. Haines 

wrote which can be found by the information provided in Appendix A. PCA was also 

achieved through the software in R and instructions for obtaining the scripts created by Dr. 

Haines to analyze this data can be found in Appendix A. The IR data shown in the results 

was not normalized. The GC-MS data accounted for the differences in split ratios, volume 

amounts, and was normalized to the internal standard, nonadecanoic acid (19:0). The PCA 
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data in R has created over 1000 pages of figures and plots that illustrate the data in different 

views, but the complete dataset was not included in this document. 
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CHAPTER III 

Results 

Optimization of Sample Preparation and Extraction Methods 

One of the first things that needed to be done before the bone study began was to 

determine and optimize the methods to be used for preparation of the bone powder for IR 

and GC-MS. IR and GC-MS analysis needed enough bone powder for triplicate 

measurements. In addition, the types of cuts made to the bone had to be at similar depth 

into the bone and position along the length of the bone. The use of a hand-saw for 

generating the bone powder was established in previous studies in the Haines lab. The 

chicken drumstick’s osseous tissue was thin, so it was difficult to cut into the bone without 

hitting the bone marrow. Because of this, we cut halfway into each bone in an attempt to 

obtain a consistent ratio of osseous tissue to marrow. Conversely, the femur osseous tissue 

was thicker and it was easier to obtain the bone powder without marrow contamination, so 

only osseous tissue was acquired. After cuts were made, the powder was collected. Before 

analysis, samples were well mixed and placed on the IR diamond crystal or weighed out 

for lipid extraction for GC-MS analysis.  

Another thing that had to be done was to create a lipid extraction method that could 

be reproducible for GC-MS. Bone meal fertilizer containing ground porcine bones was 

used since it was cheap and easy to handle. The package did not specify the fraction of the 

material that was ground up porcine bones. The protocol was first adapted by a former 

SHSU research student, Catherine Luzadas, who started work on the extraction method. 

Fatty acids, some monoacylglycerols, and cholesterol were detected in it, but initial 

reproducibility was poor. A mortar and pestle were employed to grind up the samples in 
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order to decrease the sampling variability and showed some improvement in having similar 

abundance for similar concentrations of bone meal. Still, it was expected to see some 

variation in the GC-MS fingerprint and abundance of the compounds although equivalent 

amounts of bone meal were analyzed due to the samples heterogeneous nature. The 

extraction solvent choice of 2:1 chloroform and methanol was kept because changing the 

mixture of the solvent did not drastically change the chromatogram fingerprint of peaks 

and this is a very standard lipid extraction solvent. The volume of solvent took some time 

to optimize due to solvent being saturated by the compounds if too little was used. The 

sonication time and centrifugation time were optimized for efficiency: only one sample can 

be sonicated at a time with the probe-tip ultrasonicator, so the sonication time needed to be 

shorter without loss of unextractable lipid. Plastic could not be used at all since chloroform 

tends to degrade it and it can absorb lipids, and the glassware had to be capped to prevent 

unwanted evaporation. Lastly, sonication always took place on ice, and sonicator breaks 

took place to change out the ice water for fresh ice. Experiments were not completed to see 

if localized heating of the sonicator microtip had an effect on lipids, but from the beginning, 

the extracts have always been on ice as a precaution and all samples were treated 

consistently. The result of the optimization of the extraction method is summed up in GC-

MS chromatograms in Figure 11 where mass of bone meal is the only parameter that differs 

between the spectra. Almost all the peaks line up with each other and have matching 

intensities except for a few of the peaks at retention times before 13 minutes. Because the 

lipid extraction from bone meal displayed decent reproducibility and the adapted protocol 

was analogous to other methods in the literature,9,27,4,8 the optimized method was sufficient 

to apply to extracting lipids from chicken bone, femur, and soil. 
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After the extraction method was deemed successfully optimized, Phase I was 

initiated by burying chicken bones with flesh still associated. The chicken bones were 

removed from the burial plot on Day 3, Day 6, Day 9, Day 12, Day 15, Day 21, Day 28, 

Day 42, Day 56, and Day 77, while Day 0 served as the control sample that was not buried. 

Figure 12 illustrates the degradation of the chicken bones. The proximal end has a reddish 

tone until Day 21. Notches in the bone are from the saw that was used to generate the bone 

powder for further analysis.  

 

Figure 11. Stack Plot of GC-MS TIC of Reproducible Bone Meal Lipid Extraction. The 
Total Ion Current (TIC) shows the trimethyl-silylated compounds from the bone meal 
lipid extraction. Figures differed by mass of bone meal. 
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Visual Progression of Degradation  

 

Figure 12. Phase I Chicken Bones. Top, right to left is Day 0 (control), Day 3, Day 6, 
Day 9, Day 12, Day 15. Bottom, right to left, Day 21, Day 28, Day 42, Day 56, Day 77. 

 
IR Analysis of Chicken and Human Bone 

In addition to using ATR-IR for detecting time-dependent changes in this study, IR 

was employed to compare results in this study to previous work done in the Haines lab. 

Matthew Danker, an SHSU 2016 masters graduate saw a dramatic change in the IR spectra 

within the first two weeks of chicken bone and human femur decomposition, the first time-

point in that study,29 which prompted this study to sample within the first couple of days 

after the bones with tissue were buried. Figure 13 displays an IR spectrum of Phase I 

chicken bone powder from day 0 with corresponding functional groups.29 Peak C, the lipid 

ester peak around 1740 cm-1, was found to disappear within the first two weeks in Danker’s 

project29 in which two weeks was the first time point after day 0, and the peak has 

disappeared within the first few days of this study. This change at 1740 cm-1 and spectra 

for each sampling day for the chicken drumsticks is displayed in Figure 14, which shows 
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the spectrum for each sample. Another noticeable feature from day 0 to day 3 is that the 

amide II peak at 1550 cm-1 seems to go from one broad peak to two sharp peaks indicating 

that the original amide II covers peaks for other functional groups or that peaks in this 

region shift (these changes could be due to formation of lipid carboxylates, which will be 

discussed later). Another way to examine time-dependent changes is to look at difference 

spectra, as shown in Figure 15. The green spectrum in each panel is the actual sample day 

as labelled, the red spectrum is for the previous sample, and black is the change between 

the samples (green-red). In general, the absorbance changes for hydroxyl/water, alkyl lipid, 

amide I, amide II/carboxylate, and CH2/lipid/carboxylate functional groups trend together: 

if one functional group is decreasing sample to sample then the rest of the functional 

groups’ absorbance peaks are decreasing or have no change from sample to sample. Phase 

I, day 3 is an exception as there is positive correlation between hydroxyl/water and amide 

I that is negatively correlated with lipid/alkyl, amide II/carboxylate, and 

CH2/lipid/carboxylate signals. For the most part, the intensity of all the functional groups 

is decreasing with time. 
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Figure 13. IR Spectrum of Chicken Bone on Day 0. Adapted with permission from 
Matthew Danker (2016). Copyright 2016 Matthew Danker. (Permission is in Appendix 
A). 
 

The same lipid ester peak at 1740 cm-1 in Phase I chicken bone data was observed 

to disappear in the Phase II human femur bone powder samples from day 0 to day 3. The 

lipid peak’s disappearance was the most evident change in the IR spectra, shown in Figure 

16. A further observation is that the lipid/alkyl peaks around 2900 cm-1 appear to be more 

abundant in the Phase I spectra compared to Phase II. In addition, the amide II peak remains 

broad and does not split into two peaks in Phase II in the first three days. The chicken 

drumstick spectra resemble the human femur spectra more closely after day 28 of both 

studies. Additional data on the day to day and week to week changes in IR spectra is 

exhibited in Figure 17. The amide I, amide II/carboxylate, and lipid/CH2/carboxylate 

signals do not have a clear pattern of increase or decrease in absorbance in changes from 

sample to sample, but they do trend together: generally, if one is increasing they all are 
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increasing and vice versa. Lastly, a peak that appears around 1410 cm-1 starting on day 46 

that was not in the original Phase II day 0 spectrum is another difference between Phase II 

human femur and Phase I chicken drumstick. The peak appears at day 46, decreases on day 

56, is absent on day 78, and shows an increase on day 99 suggesting a reaction is taking 

place. The peak is in the region of symmetric stretching for carboxylate species of fatty 

acids30 or could also be a CH2 wag from methylene groups in fatty acids.3  
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Figure 14. Stack Plot of Chicken Bone IR Spectra from Day 0 to Day 77. From day 0 to 
day 3, the lipid ester peak around 1740 cm-1 disappears.  
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Figure 15. Chicken Bone Sample to Sample Changes. The green line is the actual 
sampling day, the red is the previous sampling day, and the black is the change between 
the days. The major changes take place by day 3. 
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Figure 16. Stack Plot of Human Femur Spectra from Day 0 to Day 99. From day 0 to day 
3, the lipid ester peak around 1740 cm-1 disappears 
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Figure 17. Femur Sample to Sample Changes. The green line is the actual sampling day, 
the red is the previous sampling day, and the black is the change between the days. The 
majority of the changes happen by day 3. 
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PCA of IR Data 

 The stack plots in Figure 14 and Figure 16 appear to demonstrate a rather consistent 

fingerprint of the bone powder apart from the first few days whereas other changes are not 

easily visually apparent in the figures. To determine if there were genuine time-dependent 

changes with the IR data, the statistical analysis tool PCA in R was employed to first find 

the major patterns of variation in the data. The principal components are based on 

mathematical algorithms that identify differences and similarities in the data to display 

trends that allow the major portion of the variation of a large dataset to be summarized with 

fewer variables than in the whole data set. Instead of looking for changes in an IR spectra 

by eye, PCA provides a powerful way to more simply condense the ways in which the 

spectra vary. With Phase I chicken bone and Phase II femur data, 23 principal components 

were identified to help explain the variation in the IR spectra of the functional groups in 

bone, which had absorbance data at 2540 different wavelengths for each bone sample. Plots 

of PC1, PC2, PC3, PC6, and PC10 rotations, also called loadings, are shown in Figure 18. 

These PCs were selected as a subset of the 28 PCs that were constructed because extensive 

examination of the results showed that these PCs demonstrated patterns for time or sample 

type that warranted further examination and explanation of the variation in the IR spectra. 

The black circles signify the chicken data, red is for the human femur, and the two green 

circles are for duplicate femur sampling days (described in more detail below). The circles 

grow in diameter as the sampling day progresses, so day 0 is the smallest circle and day 77 

(chicken) or day 99 (femur) is the largest circle. PC1 describes the largest variation in the 

data, and the plot indicates that two of the early sampling days of the chicken bone are 
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especially different than the rest of the samples (what spectral variation each PC represents 

and what causes it will be discussed later in this thesis).  

PC2 and PC3 demonstrate similar IR spectral variants between the chicken bone 

and the human femur. PC2 is generally positive for the chicken samples and negative for 

the femur samples, so represents a spectral variation that differentiates the sample types. 

With PC3, chicken samples are negative and femur samples are positive with a few 

exceptions of early sampling day expressing another spectral variation that distinguishes 

the sample types. PC6 shows a general trend as the sample days increase: the early femur 

sampling days start negative and move towards positive as the days progress. The smallest 

red circle (day 0) on the far left of the plot is negative for PC6 and the largest red circle 

(day 99) on the far right is positive for PC6. PC10 does not have a distinct pattern but a 

majority of the early sampling days are clustered in the more positive region. All of these 

PCs are indicating that there is variation in the data that can be discussed with respect to 

the sample type and changes with time. 

Duplicate Sampling Days 

While digging up the samples on day 3 and day 7, samples were exposed to air 

which was not originally part of this study. The samples were supposed to be kept covered 

by the soil facilitating an anaerobic environment. Since these two samples were not treated 

exactly the same as the rest of the samples, they are not true duplicates, but were analyzed 

anyway to see if aeration would affect their decomposition. These samples were dug up on 

day 78 and 99 in addition to the normal anaerobic samples, and were designated day 78.1 

and day 99.1 (the green circles in Figure 18) to allow them to be distinguished from the 

regular samples in the following graphs. 
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Figure 18. PCA Plots for PC1, PC2, PC3, PC6, and PC10. Black circles refer to the phase 
I chicken data, red circles are the phase II femur data, and the green circles are duplicate 
sampling days for the femur data. The circles increase in size according to the 
progression of sampling days. The variation in the y-dimension has no meaning, random 
jitter was added to aid visualization. 

 
  The goal of this study was to determine molecular decomposition patterns that 

relate to time-dependent changes. One way of representing this IR data with time is use of 

the rotation bar plot. Figure 19 displays rotation plots of PC1 through PC3, PC6, PC10 

starting with the chicken bone data on the left moving towards the femur data on the right 

for their specified sampling days. The PC1 rotation plot demonstrates that except for the 

first two sampling days, there is a constant positive variation for PC1. PC2 shows an 

alternating decrease then increase pattern in chicken bone potentially indicating time 

dependence. PC2 femur samples show a different variation as they are overall negative for 
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PC2 and generally decrease from day 0 to day 99. Changes might be too small for time 

dependence in this case. PC3 for chicken bone shows a clearer decreasing then increasing 

pattern that could indicate time dependence for the first 42 days. The femur data is more 

variable and exhibits how PC3 distinguishes the two species. PC6 and PC10 appear to have 

no decomposition trends with time as the bar plot view of the data does not visually present 

decomposition patterns with time. Principally, the PCs are recognizing the variation that 

contributes to decomposition patterns with time and the variation that distinguishes the 

sample types. 

A better view of PC6 versus time is shown in the scatter plot displayed in Figure 

20 and probably does have variation that could explain a decomposition pattern with time. 

Circles signify the chicken bone data and triangles are for the femur data. This is the same 

data used for the making the bar plot but presented as a scatter plot to provide a more visible 

trend of the decomposition with time. PC6 seems to display a rotated sigmoidal like curve 

that slopes upward in the femur data, steeply at low and high time points and more 

gradually at intermediate time points. This is not seen as easily in the rotation plots, but the 

scatter plot uncovers the pattern well. PC3 is also displayed as the scatter plot to show the 

curious trend in the chicken bone data. PC3 versus time has a curve for the chicken bone 

data conveying that some complex time dependence might be present, but it appears to be 

oscillatory. PC10 does not show a visually obvious decomposition trend with time in this 

view of the data either so that is why it is not exhibited. PC1 and PC2 are not displayed 

either since their scatter plots did not reveal any visual patterns with time that was not 

already presented in the bar plots. 
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Figure 19. Rotation Plot for PC1, PC2, PC3, PC6, and PC10. Phase I data starts at left 
increasing in sampling days to the right, and phase II starts in the middle increasing in 
sampling days to the right. 

 
 



41 
 

 

 

Figure 20. PC Plots versus Time for PC3 and PC6. Time is in days. Circles represent the 
chicken bone data of phase I and triangles represent the femur data of phase II. 

 
The scores for each PC can be plotted versus wavelength or frequency. Figure 21 

displays the IR spectrum represented by each set of PC scores. The plot for PC1 exhibits 

that the intensities of the major peaks seem to uniformly trend positively. The plot for PC2 

shows that the 3301 cm-1 hydroxyl/water peak, 2800-2900 cm-1 lipid/alkyl peak, 1740 cm-

1 lipid ester peak, 1651 cm-1 amide I, and 1576 cm-1 amide II/carboxylate peak trend 

together positively for PC2 whereas the 1465 cm-1 CH2/lipid/carboxylate peak is negative 

for PC2. Overall, PC3 is negative for the functional groups except for the 3301 cm-1 

hydroxyl/water, 1631 cm-1 amide I, and 1465 cm-1 CH2/carboxylate/lipid. This suggests 

that PC2 and PC3 are closely related but still have variation that separates them. PC6 is 

negative for 3301 cm-1 water/hydroxyl, 2800-2900 cm-1 alkyl lipid, and 1740 cm-1 lipid 

ester peaks, but positive for 1631 cm-1 amide I, 1576 cm-1 amide II/carboxylate, and 1465 
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cm-1 CH2/carboxylate/lipid. The negative correlation between lipid ester and amide 

II/carboxylate and CH2/carboxylate/lipid is suggestive of ester hydrolysis and will be 

discussed at length later. As the PCs increase, the noise in the variation becomes greater as 

seen in PC10. PC10 is negative for all the functional groups except for the 

CH2/carboxylate/lipid group which is supportive for ester hydrolysis as well. These 

spectral PCs could be acknowledging the variation in the functional groups with 

decomposition time and be giving insight to specific decomposition reactions.  

Figure 22 left shows the variations in the background-corrected intensity of the 

hydroxyl/water peak at 3301 cm-1 as a function of time. Overall, the chicken data has an 

initial decrease in intensity of that peak in the first 20 days, then stays relatively constant 

through the rest of the experiment. The human femur data has a more variable pattern for 

the hydroxyl/water peak. The plot on the right in Figure 22 shows the change in the signal 

for a lipid ester carbonyl at 1740 cm-1, and it appears that both the chicken and the femur 

data start with an intense peak, but then the intensity drops rapidly then remains rather 

consistent for the rest of the sampling days. Figure 23 shows the intensities of 1651 cm-1 

on the left and 1631 cm-1 on the right which are in the region of the amide I functional 

group. Multiple peaks in this 1600 cm-1 region are linked to changes in the secondary 

structure of protein (mainly the collagen in bone).31 Phase I amide I intensity decreases 

with time whereas the Phase II has a more variable pattern. Both Figure 24 and Figure 25 

correspond to possible IR vibrations in the carboxylate functional group or in amide II in 

the 1400-1600 cm-1 region. The decomposition trends with time of the functional groups 

are remarkably similar in the 1400-1600 cm-1 IR intensities for Phase I chicken and Phase 

II femur, but the decomposition trends between the two species are different. The femur 
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data has more of an oscillating pattern whereas the chicken has variable data at the 

beginning of the sampling days and then slopes down with time except for day 77. For the 

most part, there appears to be more time dependence of the chicken bone IR signals and 

the femur data has an irregular pattern that may not be of use in determining PMI without 

further study. 

 

Figure 21. PC IR Spectra for PC1, PC2, PC3, PC6, PC10.  
 



44 
 

 

 

Figure 22. Time Dependence Based on Wavenumbers 3301 cm-1 and 1740 cm-1 for Each 
Day. Circles are the chicken bone data and triangles are the human femur data. Data had 
1801 cm-1 intensity subtracted from it since it was a spot on the baseline that did not vary 
with time. Left graph is the hydroxyl/water stretching frequency and right graph is the 
C=O ester stretch. 

 

 

Figure 23. Time Dependence Based on Wavenumbers 1651 cm-1 and 1631 cm-1. Data had 
1801 cm-1 signal subtracted from it since it was a spot on the baseline that did not vary 
with time. Both frequencies are related to the C=O of the amide I functional group. 
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Figure 24. Time Dependence Based on Wavenumbers 1576 cm-1 and 1540 cm-1. Data had 
1801 cm-1 signal subtracted from it since it was a spot on the baseline that did not vary 
with time. The frequencies likely refer to the asymmetric stretch of carboxylate 
functional group but could also be N-H bend of the amide II bands.  

 

 

Figure 25. Time Dependence Based on Wavenumbers 1465 cm-1 and 1416 cm-1. Data had 
1801 cm-1 signal subtracted from it since it was a spot on the baseline that did not vary 
with time. The frequencies refer to the symmetric stretch of carboxylate functional group. 
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Analysis of Soil pH 

The pH of the surrounding soil of the decomposing tissue was tested to track how 

decomposing tissue affected soil acidity for Phase I chicken and Phase II femur. Figure 26 

shows the soil pH versus time in days. Soil in both phases started at pH 5.4. The chicken 

decomposition soil in black shows an oscillating pattern and becomes more basic over time 

but appears to have started returning to a lower pH near the end of the experiment. The 

femora decomposition soil in solid red shows a similar oscillating-like trend, but ends at a 

pH near the starting pH. For the second half of the experiments, the soil pH is significantly 

(3-4 pH units) more acid in Phase II than in Phase I even though they started at the same 

pH. 

 



47 
 

 

 

Figure 26. Soil pH versus Time. Phase I chicken decomposition soil pH is in black and 
Phase II femur decomposition soil pH is in red. 
 

Weather Patterns in Duration of Experiment 

Figure 27 displays the daily temperature and precipitation from late August 2016 

to end of January 2017. The chicken bones were placed in the ground on August 23rd, 2016, 

and the last chicken bone was grabbed on November 8th, 2016 for Phase I. The femora 

were placed on October 17, 2016, and the last samples were gathered on January 24th, 2017 

for Phase II. In general, Phase II was subjected to more rain and cooler temperatures than 

Phase I. 
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Figure 27. Precipitation and Daily Temperature versus Time.  
 
 
GC-MS Analysis of Chicken Bones, Human Femora, and Decomposition Phase I 

and Phase II Soils 

In extractions from the four different sample types, chicken bone, chicken bone 

decomposition soil, human femur, and human femur decomposition soil, GC-MS has 

identified 40 compounds with the NIST14 database. There were additional peaks in the 

chromatograms that were unidentified or had poor match percentages that were not used 

in this study. A representative chromatogram of the analyzed lipids is illustrated in Figure 
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28. The peaks are mostly trimethyl-silylated (TMS) compounds from the derivatization 

with BSTFA. 
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Table 1 gives more information on the IUPAC names, common names, structural 

information, and integration information of the identified compounds. All of the samples 

were analyzed by the same GC-MS temperature program in order to compare their 

chromatographic fingerprint and to look for patterns of decomposition from sampling day 

to later sampling day spectra. Chiefly, there was an aspiration to see if there were changes 

in GC-MS identified lipid profile with decomposition time. 

 

  

Figure 28. GC-MS Fingerprint for TMS Lipids. Representative chromatogram of the 
lipids found in chicken bones, human femora, and their decomposition soils. Labels 
follow standard fatty acid nomenclature of number of carbons: number of double bonds 
and are assigned based on matching the spectrum to the NIST14 database. 
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Table 1 

Identified GC-MS Compounds, Nomenclature, and Integration Information  

IUPAC Name Common Name Formula 
Retention 

Time (min) 
Integration 
Ion (m/z) 

ethaneamine ethylamine C2H7N 4.325 100 

boric acid boric acid H3BO3 4.430 263 

pyridine  pyridine C5H5N 4.581 121 

propane-1,3-diol trimethylene glycol C3H8O2 4.621 115 

hexanoic acid caproic acid C6H12O2 4.765 75 

2-hydroxypropanoic 
acid 

lactic acid C3H6O3 4.897 117 

propane-1,2,3-triol glycerol C3H8O3 6.317 147 

tris(trimethylsilyl) 
phosphate 

silanol trimethyl 
phosphate 

C9H27O4PSi3 6.324 299 

2-phenylacetic acid benzeneacetic acid C8H8O2 6.541 91 

butanedioic acid succinic acid C4H6O4 6.620 247 

nonanoic acid pelargonic acid C9H18O2 6.922 215 

3-phenylpropanoic acid 
benzenepropanoic 

acid 
C9H10O2 7.336 75 

hexanedioic acid adipic acid C6H10O4 7.895 111 

2-[bis(2-
hydroxyethyl)amino]et

hanol 
triethanolamine C6H15NO3 8.816 262 

dodecanoic acid lauric acid C12H24O2 9.046 257 

3-(4-
hydroxyphenyl)propio

nic acid 
phloretic acid C9H10O3 10.026 179 

(continued) 
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IUPAC Name Common Name Formula 
Retention 

Time (min) 
Integration 
Ion (m/z) 

nonanedioic acid azelaic acid C9H16O4 10.322 317 

9-tetradecenoic acid myristoleic acid C14H26O2 10.729 283 

tetradecanoic acid myristic acid C14H28O2 10.867 117 

9-hexadecenoic acid palmitoleic acid C16H30O2 12.649 73 

hexadecanoic acid palmitic acid C16H32O2 12.873 313 

octadeca-9,12-dienoic 
acid 

linoelaidic acid C18H32O2 14.569 337 

9-octadecenoic acid oleic acid C18H34O2 14.628 117 

octadecanoic acid stearic acid C18H36O2 14.911 73 

(1R,4aR,4bS,7S,10aR)
-7-ethenyl-1,4a,7-

trimethyl-
3,4,4b,5,6,9,10,10a-

octahydro-2H-
phenanthrene-1-
carboxylic acid 

pimaric acid C20H30O2 15.542 121 

nonadecanoic acid nonadecylic acid C19H38O2 15.924 355 

(5Z,8Z,11Z,14Z)-
5,8,11,14-

eicosatetraenoic acid 
arachidonic acid C20H32O2 16.141 376 

(1R,4aS,10aR)-1,4a-
dimethyl-7-propan-2-

yl-2,3,4,9,10,10a-
hexahydrophenanthren

e-1-carboxylic acid 

dehydroabietic acid C20H28O2 16.351 357 

(9Z,12Z,15Z)-
octadeca-9,12,15-

trienoic acid 
linolenic acid C18H30O2 16.371 95 

(continued) 



53 
 

 

IUPAC Name Common Name Formula 
Retention 

Time (min) 
Integration 
Ion (m/z) 

10-oxooctadecanoic 
acid 

10-ketostearic acid C18H34O3 16.654 355 

(1R,4aR,4bR,10aR)-
1,4a-dimethyl-7-

propan-2-yl-
2,3,4,4b,5,6,10,10a-

octahydrophenanthrene
-1-carboxylic acid 

abietic acid C20H30O2 16.693 256 

decanedioic acid sebacic acid C10H18O4 16.719 331 

1,3-dihydroxypropan-
2-yl hexadecanoate 

2-palmitoylglycerol C19H38O4 17.975 129 

2,3-dihydroxypropyl 
hexadecanoate 

1-monopalmitin C19H38O4 18.284 371 

1,3-dihydroxypropan-
2-yl octadec-9-enoate 

2-oleoylglycerol C21H40O4 19.507 103 

2,3-dihydroxypropyl 
(Z)-octadec-9-enoate 

1-
monooleoylglycerol 

C21H40O4 19.816 129 

2,3-dihydroxypropyl 
octadecanoate 

glycerol 
monostearate 

C21H42O4 20.046 399 

(3S,8S,9S,10R,13R,14
S,17R)-10,13-

dimethyl-17-[(2R)-6-
methylheptan-2-yl]-

2,3,4,7,8,9,11,12,14,15,
16,17-dodecahydro-

1H-
cyclopenta[a]phenanthr

en-3-ol 

cholesterol C27H46O 23.124 329 
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The following figures display stack plots of GC-MS chromatograms for each 

sampling day of Phase I chicken bone, Phase I chicken bone decomposition soil, Phase II 

human femur, and Phase II human femur decomposition soil. Almost all the 

chromatograms have the same pattern and retention indices of the compounds with varying 

abundance of the compounds. The plots have been normalized and account for the limited 

variation of extraction solvent volume and split ratios used throughout the experiment. In 

Figure 29, the oscillating pattern of increasing and decreasing signal is observed: Phase I 

day 0 begins with minimal GC-MS signal from the compounds in the chicken drumstick 

and then continues with the oscillating pattern. The most abundant compounds are from 

unsaturated and saturated 16 and 18 carbon chain fatty acids. Phase I soil in Figure 30 

shows marginal abundance in these compounds but slowly increases in signal until day 9 

where the signal starts to decrease and show an oscillatory pattern like the chicken bone 

data. The chromatograms have been scaled to the tallest peak in the sample set, which 

makes it difficult to see any signal from the compounds on some of the sampling days. 

For Phase II, the femur lipid data in Figure 31 has little abundance for the 

compounds on day 0, but begins to increase in abundance with time until day 14. Day 22 

drops in signal, Day 28 increase in signal, Day 46 drops in signal, Day 56 increases in 

signal, and then the abundance of the compounds generally decreases to day 99. This 

unexpected pattern may have something to do with the amount of rainfall that accumulated 

during this period of the decomposition study (11/08/16-12/12/16; Figure 27). As for the 

Phase II soil in Figure 32, it is hard to see the abundance changes in the soil from day to 

day in the stack plot since the signals are tiny (due to scaling to the tallest peak in the Phase 

II soil sample set). There seems to be an increase with a maximum abundance of oleic acid 
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(18:1) on day 14. On day 22, there is a drop in signal and the abundance of the compounds 

seems to be pretty consistent until day 78 where the abundance decreases more. Overall, 

the GC-MS reveals the dynamic nature of the analysis for lipid decomposition with time 

and the complexity of trying to use the oscillatory pattern for PMI determination. 

 

 

Figure 29. TIC Stack Plot of Phase I Chicken Bone Decomposition with Time.  
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Figure 30. TIC Stack Plot of Phase I Chicken Decomposition Soil with Time.  
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Figure 31. TIC Stack Plot of Phase II Femur Decomposition with Time.  
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Figure 32. TIC Stack Plot of Phase II Femur Decomposition Soil with Time.  
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PCA with GC-MS of Chicken Bones, Human Femora, and Decomposition Phase I 

and Phase II Soils 

The stacked plots show clear variations in relative peak intensities: PCA was conducted 

on the integrated areas of 40 peaks identified by the GC-MS Chemstation software when 

matching the spectrum to compounds in the NIST14 mass spectral database (compounds 

are listed in 
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Table 1). The reason PCA was not applied to the chromatograms directly is that in 

GC-MS or LC-MS direct PCA is complicated because of variations in retention times. The 

PCA generated 40 PCs with the purpose of explaining the variation in the four datasets 

(chicken bone, chicken decomposition soil, human femur, femur decomposition soil). 

Scores for PC1, PC3, PC4, PC5, PC6, PC9, and PC10 are in Figure 33 as box and whisker 

plots. After extensive consideration, these PCs were chosen as a subset of the 40 PCs 

because the results and patterns exhibited variations in the data that could be explained. 

The box and whiskers combined describe the spread of all the data points. The whiskers 

are the dashed lines extending away from the box and define the range of the data for the 

PC. The thick black line represents the median, and the ends of the box represents another 

median so that the box and whisker is set up into four quartiles. These quartiles are meant 

to identify the data skew. Dots outside of the whisker represent possible outliers for the 

data, defined (in R defaults, which were used here) as data more than 1.5 times the 

interquartile range (the length of the box) beyond the edges of the box. This view of the 

data was used in order to compare the sample types in relation to each PC.  

In Figure 33, PC1, the top score plot, is positive for all of the sample types, and 

with the exception of outliers, Phase II soil data has the least variation. The range is small 

and the median is the most positive compared to the other three sample types causing PC1 

to somewhat distinguish the Phase II soil GC-MS data. PC3 (the second plot from the top), 

has rather large ranges for all of the compounds that stretch into the negative and positive 

areas except for Phase II human femur which has the smallest range and is mostly negative. 

It may be another distinguishing feature that PC3 recognizes for the Phase II human femur. 

With PC4 (third from the top), the Phase II human femur has the widest range for the GC-
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MS data and more outliers while the other sample types have small ranges. This may 

indicate that the GC-MS data for Phase II femur has more complex variation than the rest 

of the sample types since PC3 and PC4 differentiate the femur data from the other sample 

types. 

In regards to PC5 (third from the bottom in Figure 33), Phase I and Phase II have 

observable distinctions: Phase I has medians for both sample types in the negative region 

of the PC even though Phase I soil has a wider range than the chicken bone. Phase II has 

medians for both sample types in the positive region even though Phase II human femur 

stretches into the negative region. PC5 demonstrates that the soil types have similar 

variation to their corresponding bone types. PC6 (second from bottom) has the largest 

variation for Phase II soil, sitting in the negative region while the other sample types have 

large variation but extend into the positive region. The Phase II soil was more sandy and 

fine than the Phase I soil, but the decomposition products were predominantly similar (and 

recall that both had the same starting pH). Additionally, PC9 (on bottom) is consistent with 

similarities of the decomposition in the soil since both soil samples are in the negative 

region while the bone samples are in the positive region. In this case, the use of these box 

and whisker plots demonstrates a fast way for separation and association of the sample 

types through PCA with the variation in the GC-MS data, but can be ineffective when 

comparing data that has similar GC-MS identified compounds. The variations in the box 

and whisker plots will be explained in more detail in the discussion with the use of data in 

the following sections.  
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Figure 33. Box and Whisker Plots for PC1, PC3 through PC6, PC9. Top to Bottom PC1, 
PC3, PC4, PC5, PC6, PC9. Whiskers are the dashed lines that define the range, thick 
black line is the median, and ends of boxes provide the dimensions for the quartiles in 
describing the statistics of the data. 

 
Another way of representing the data is comparing the scores of the PCs to the types 

of lipids in the sample types. Figures 35-39 are displaying the PC data as bar plots to show 

how the lipids correlate with each other and how their variation is recognized by the PC 

for the plot. Figure 34 exhibits the scores for PC1 with all the monoacylglycerols and some 
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long chain fatty acids being below 0 while 16 and 18 carbon chains, glycerol, and lactic 

acid are positive for PC1. This is consistent with hydrolysis of acylglycerols and 

degradation of glucose. In addition, the majority of the abundance in the chromatograms 

for this component of the variation is from these fatty acids (16 and 18 carbon chains; also 

labeled in the chromatogram in Figure 28). In general, a small chain fatty acid is considered 

less than 8 carbons, medium chain is 8-14 carbons, long chain is 16-22 carbons. PC3 in 

Figure 35 has 18 carbon chains, hexadecenoic acid, hexanoic acid, pyridine and 

ethaneamine in the negative region whereas the rest of the compounds are positive for the 

PC. PC4 in Figure 36 is similar to PC3 but pyridine, palmitic acid, stearic acid, 

ethaneamine, and sebacic acid are negative: both of these PCs could be indicating the trends 

in the breakdown of proteins and lipids. This might be attributable to variation between the 

sample types and will be discussed later with comparison to the box and whisker plots. 

In regards to PC5 in Figure 37, PC5 is negative for ethaneamine and pyridine again, 

but is also negative for glycerol, lactic acid, octadecadienoic acid, oleic acid, phloretic acid, 

hexadecenoic acid, benzenepropanoic acid and hexanoic acid. Some of these compounds 

were found to correlate positively with each other possibly revealing similar degradation 

pathways. Some examples of correlations between compounds are presented in Figure 40. 

A corrgram illustrating all the correlations between compounds in the GC-MS 

chromatograms with blue corresponding to positive correlation and red indicating negative 

correlation is shown in Figure 41. More intense colors were used to represent stronger 

correlations. Correlation strength was determined using hierarchical clustering analysis and 

Pearson correlation. These correlations will be discussed in more depth later. 
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With respect to PC6 in Figure 38, boric acid, glycerol, lactic acid, cholesterol, 

stearic acid, sebacic acid, ethaneamine, and oleoylglycerol were negative for the PC. PC6 

is more unusual than the other PCs so far because it includes boric acid and cholesterol 

trending with the other compounds and could be providing meaningful information. PC9 

in Figure 39 displays pyridine, lactic acid, octadecadienoic acid, stearic acid, hexanoic acid, 

phloretic acid, and benzeneacetic acid in the negative region. This might indicate similarity 

in the degradation patterns of amino acids. The variation highlighted by the PCA is likely 

indicating particular decomposition reactions, how they are related to other degradation 

pathways, and how they relate to the different sample types. 

 

Figure 34. PC1 Scores for GC-MS Compounds. Note how acylglycerols and long chain 
fatty acids are below 0 while their degradation products are positive. 
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Figure 35. PC3 Scores for GC-MS Compounds. See the long chain fatty acids having a 
negative relationship with PC2 whereas the other compounds are positive for the PC. 
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Figure 36. PC4 Scores for GC-MS Compounds. Notice that the compounds negative for 
PC3 are amines, sebacic acid, palmitic acid, and stearic acid where the other compounds 
are positive for the PC. 

 

 

Figure 37. PC5 Scores for GC-MS Compounds. Some of the negative compounds for 
PC5 were found to correlate well (few examples shown in Figure 40). 
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Figure 38. PC6 Scores for GC-MS Compounds. The negative compounds for the PC are 
boric acid, glycerol, lactic acid, cholesterol, oleoylglycerol, ethaneamine, stearic acid, 
and sebacic acid. 

 

 

Figure 39. PC9 Scores for GC-MS Compounds. The negative compounds for PC9 are 
pyridine, lactic acid, octadecadienoic acid (9,12), stearic acid, hexanoic acid, 
benzenepropanoic acid, phloretic acid, and benzeneacetic acid.  
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Figure 40. Correlations Between Some GC-MS Compounds. These correlations were 
made from peak integrations after normalization with nonadecanoic acid, the internal 
standard. 

 

 

Figure 41. Corrgram of all GC-MS Compounds. The dark blue indicates strong positive 
Pearson correlation, red strong negative correlation. The compounds are listed by order 
determined by hierarchical cluster analysis. 
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GC-MS Changes with Time 

In this research, it was expected that the results would distinguish bone from soil 

and confirm the hypothesis that as lipids degrade from bone, they would start to show up 

as decomposition products in the soil and demonstrate time dependence. For the most part, 

the results are supportive of lipids increasing in abundance in both Phase I and Phase II 

soils but not necessarily in proportion with chicken bone and femur. Figure 42 through 

Figure 46 have some representative trends of decomposition products going into the soil 

based on abundance. From left to right, the different sample types are labeled Phase I 

chicken bone, Phase I Soil, Phase II Femur, and Phase II Soil. All compounds were 

normalized to the internal standard, nonadecanoic acid, due to its odd-carbon chain (natural 

fatty acids typically have even-number chains or branching) and heavy use as an internal 

standard in the literature.21,26,32,33 In comparison to the chicken bone, the femora did not 

have as much lipid content and reason why will be discussed later. Monooleoglycerol was 

selected to represent the monoacylglycerols (which also had similar decomposition 

patterns with time) as Figure 42 demonstrates how the lipid has an initial increase and then 

decrease with time in the Phase I chicken bone data. Initially, Phase I soil does not have 

any monooleoglycerol or a very small amount but as decomposition occurs, the intensity 

of the signal increases in the soil. The Phase II femur data does not show monooleoglycerol 

well, so a zoomed-in version of the monooleoglycerol plot for femur is in Figure 43 and 

illustrates the oscillatory behavior of the acylglycerol. There appears to be a somewhat 

oscillating increase and decrease in the signal in the Phase II soil. It was not present in the 

soil for the first week (or in small amounts), implying that it is not naturally abundant in 
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the soil, but is probably coming from some other part of the human tissue surrounding the 

femur section. This behavior is somewhat off-set from the Phase II femur data which could 

be identifying the complex relationship between substrate concentration and competing 

bacteria in the soil. Furthermore, the oscillations may not be statistically significant and 

could potentially be noise in the data which will be discussed later.   

The pattern of decomposition for some long chain fatty acids had the most dynamic 

changes with time. Figure 44 exemplifies this pattern with stearic acid. In Phase I chicken 

bone, the data has oscillatory increases and then decreases in the abundance of stearic acid. 

The oscillation of Phase I chicken bone is somewhat out of phase with the Phase I 

decomposition soil signaling that a complex relationship is occurring. For Phase II, it is 

difficult to see the oscillating pattern in the femur since there is such a small amount, but 

it seems to correspond with Phase II soil oscillatory behavior with higher amount of stearic 

acid being present in the soil (zoomed in plot of stearic acid is in Appendix B). These 

patterns imply that definite decomposition reactions are taking place but most likely there 

are other factors and complexities that make the data more variable than expected and 

prevent use for determination of PMI time dependence.  

Figure 45 encompasses the decomposition shifts of cholesterol with time. The 

Phase I data has a trend that goes up and down with time. Cholesterol is not naturally 

present in the soil in significant amounts, but after day 0, cholesterol starts to increase with 

time. After day 28, it seems to have a rapid decrease. This observation is also in some of 

the other figures and the rationale is unknown at this time but could be attributable to 

bacterial activity during decomposition. The cholesterol in Phase II femur is not as 

abundant as the chicken bone, but has an initial decrease and then increase in the bone. The 
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Phase II soil does have an increasing and then decreasing pattern that could have time 

dependence with ignoring the abundance of cholesterol at day 78.1. This sample was 

exposed to air earlier in the study, which wasn’t planned but allowed us to test if 

decomposition patterns of cholesterol or other lipids changed due to the air exposure.  

 

Figure 42. Monooleoglycerol (1) (2 TMS) Decomposition with Time. From left to right 
the different sample types are labeled Phase I chicken bone, Phase I soil, Phase II femur, 
and Phase II soil. The lipid was normalized to internal standard, nonadecanoic acid. The 
range of the data is expressed in quartiles with the thick black line being the median. 
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Figure 43. Zoomed Version of Phase II Femur Monooleoglycerol. The lipid was 
normalized to the internal standard nonadecanoic acid. The range of the data is expressed 
in quartiles with the thick black line being the median. 

 
 
As for Figure 46, the pattern of interest lies in the Phase I soil and Phase II soil: the 

oscillatory behavior of dehydroabietic acid (class of compounds called terpenes) is 

analogous to the pH data for both soil studies. This compound was not found in the chicken 

bone or the human femur on day 0, but we start to see signal for this compound after day 

0 which suggests either improper cleaning of the bones or diagenetic process of the bone 

taking up dehydroabietic acid from its environment.  
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Figure 44. Stearic Acid (TMS) Decomposition with Time. From left to right the different 
sample types are labeled Phase I chicken bone, Phase I soil, Phase II femur, and Phase II 
soil. The lipid was normalized to internal standard, nonadecanoic acid. The range of the 
data is expressed in quartiles with the thick black line being the median. 
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Figure 45. Cholesterol (TMS) Decomposition with Time. From left to right the different 
sample types are labeled Phase I chicken bone, Phase I soil, Phase II femur, and Phase II 
soil. The lipid was normalized to internal standard, nonadecanoic acid. The range of the 
data is expressed in quartiles with the thick black line being the median. 
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Figure 46. Dehydroabietic Acid (TMS) Decomposition with Time. From left to right the 
different sample types are labeled Phase I chicken bone, Phase I soil, Phase II femur, and 
Phase II soil. The lipid was normalized to internal standard, nonadecanoic acid. The 
range of the data is expressed in quartiles with the thick black line being the median. 
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CHAPTER IV 

Discussion 

Sample Preparation and Reproducibility of Extraction Method 

In order for lipids to be potential molecular markers for PMI methods, there had to 

be a way to prepare the bone for IR analysis and extract the lipids out of the bones and soil. 

Previous research in the Haines lab by Todd Deyne and Matt Danker started to use a hand-

saw in generating a bone powder for these types of analyses. The bone powder has been 

analyzed with IR and GC-MS before, but the GC-MS analysis provided poorly 

reproducible results. Knowing this, the extraction method was optimized as described in 

the results using bone meal first and finding the optimal amount of extraction solvent, 

internal standard, sonication time, and centrifugation time to use for efficiency. Sonication 

and centrifugation times were decreased from the original protocol and reproducibility was 

verified using the final extraction solvent volume, extraction solvent mixture, and internal 

standard volume. 

The Freshness of the Bones 

The study of molecular targets for PMI methods is a great challenge because the 

problem is so complex. We will never be able to one hundred percent model an actual 

crime-related death of a person and the things that happen to them after they die. Body 

donations are currently by people who passed in a non-violent manner, so modeling PMI 

research for forensic cases will not be accurate to all types of crimes. These are some of 

the realities in this field which makes it significant to attempt to control these variables as 

much as possible. It would be a pivotal breakthrough for forensics if a validated method 
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would be developed for determining PMI from the analysis of the decomposition pattern 

of molecular markers.  

In this study, there is a question about the freshness of the chicken and femur bones. 

This question arises in most PMI studies since a human cadaver can take time to obtain. 

By the time that all the paperwork for the cadaver goes through and a study is initiated, it 

can be weeks to months after death, and it may not be considered fresh anymore even if 

stored at 4 C or in a freezer. The chicken and femur were not believed to be completely 

fresh in these experiments. The chicken drumsticks were processed at the butcher and 

packaged for the grocery store where they were stored refrigerated. After purchasing, the 

drumsticks went into the laboratory freezer for a few days, so some chemical reactions 

could have taken place with movement and storage. Obviously, such storage would be 

considered fresh enough by food standards, but some change of lipid content could begin 

to occur. As for the femur, the donated body 2016-061 arrived with some discoloration on 

the stomach indicating that some chemical reactions related to decomposition were already 

likely starting to take place. The cadaver tissue was still intact, so a great deal of 

degradation probably did not take place and it would be expected that the abdominal region 

would be most sensitive to early decomposition, but these observations support the lack of 

freshness of the samples, and this might explain why the chicken samples changed more 

drastically in the early days of the experiment than the human samples did. Another 

difference was that the chicken bones were buried with tissue intact whereas the femora 

were freshly cut into 12 sections and the tissue was mostly intact to the bone of each section 

prior to burial (within an hour of finishing cutting the tissue).  
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IR Pattern in Abundance  

With the purpose of detecting decomposition patterns of molecular targets, IR was 

employed. Some of the functional group changes were easy to see but most changes are 

not clear when looking at the spectra day to day. This could mean a couple of things: bone 

matrix is stable and remained stable because it was placed in a moderately reactive 

environment. The bones were in an anaerobic environment where microbial metabolism 

and bone dissolution decreases21, and there were no signs of scavenging by small animals 

or insects. In addition, competition from bacteria and conditions for bacterial optimal 

activity would affect decomposition. The decomposition study was possibly not long 

enough and the reactions were stopped before going to full completion (this was intentional 

as we wished to look for short-term markers relevant to forensic, there is extensive 

literature on changes on archaeological time scales). Bone was probably not the main target 

for bacterial decomposition since soft tissue was still present. For chicken bone, the soft 

tissue was almost all gone by day 77, but for femora, the soft tissue was moderately intact 

(visually) at day 99.  

In Figures 14-17 and 22, the hydroxyl/water peak, 3301 cm-1, decreases with time 

for the chicken bone, but increases on day 15 and slightly on day 77. Soil is a natural 

desiccant, so the hydroxyl peak should decrease in the presence of soil. The increase in 

3301 cm-1 hydroxyl peak intensity on day 15 and 77 could be due to rain creating a wet 

environment for the bone, but the other functional groups seem to follow the same 

increased intensity pattern as well. The accumulated rainfall exhibited in Figure 27 

supports this notion since rainfall was heavier before these sampling days (9/17 for day 15 

and 11/8 for day 77). Otherwise, the overall increase in peaks representing all functional 
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groups could be because of better contact with the ATR diamond crystal or a higher ratio 

of bone marrow to osseous tissue. For the femora, the 3301 cm-1 hydroxyl/water peak has 

a pattern that shows a decrease in intensity at day 3 then a general oscillating increase then 

decrease pattern that is also seen for the other functional groups. The changes in intensity 

are small except for day 3 and day 78 where the 3301 cm-1 hydroxyl peak has the larger 

decrease. The femora were surrounded by more tissue than the chicken bone serving as 

more insulation for the femora and could be the reason for static change in 3301 cm-1 

hydroxyl group. 

The most dynamic peak change in the IR occurs at 1740 cm-1 corresponding to 

triacylglycerol ester carbonyl stretch that has a nice decreasing pattern from day 0 to day 6 

in the chicken bone data shown in Figure 14-15 and 22. This decrease is also seen in the 

femur data but the decrease takes place over the first three days (Figures 16-17, 22). The 

trend been consistent with similar observations in the previous study by Matt Danker of 

Dr. Haines’ research group, and will be involved in future studies for interpretation of its 

mechanism and rate of disappearance. Two possibilities for the day 0 presence of the 1740 

cm-1 ester peak which likely represents triacylglycerol along with di- and monoacylglycerol 

decomposition products, could be from remnants of lipid from blood circulation6 and/or 

lipids from the composition of the fluid that was in between the tissue and the bone. The 

rapid loss of the ester peak at 1740 cm-1 over the first few days could be due to ester 

hydrolysis by basic or acidic conditions and most likely enzymatic decomposition activity 

of bacteria.  

In Figures 14-15 and 23, the amide I signals, 1651 cm-1 and 1631 cm-1, appear to 

have to almost exact IR spectral pattern day to day throughout the decomposition study for 



80 
 

 

chicken bone. The pattern for these two signals over time is very similar for the femora as 

well. The abundance of amide I is decreasing in Phase I except for day 15 and day 77. 

Amide I is found in the 1600-1700 cm-1 IR region and is mainly associated with C=O 

stretching vibration in the backbone of polypeptides of bone collagen.3 Moreover, multiple 

signals in this region are explained by different types of secondary structure.31 The decrease 

in the amide I signals, 1651 cm-1 and 1631 cm-1, could be due to breakdown of collagen by 

bacterial collagenase enzymes17 or conformational changes in protein secondary structure 

that could interfere with hydrogen bonding of the protein causing it to unfold and be 

stabilized by the formation of new hydrogen bonds to water. The fact that both Phase I and 

Phase II had some days that would show an increase in abundance could mean that both 

plots had a point in decomposition time where the saturation of the chicken bone and 

femora tissue lipids and proteins was too great for the bacteria in the soil. The samples 

were placed 0.3 m away from each other depositing a lot of easily accessible carbon and 

nitrogen nutrients in an area that previously did not have this type of nutrient overload: it 

is possible that this was close enough for the samples to affect each other. One argument 

against this idea, though, is that the samples with tissue were being removed from the hole 

as time went on: saturation was being removed, so increase in peak intensity at day 77 for 

chicken bone and day 42 for femora does not make sense. It could be variation in amount 

of bone powder near enough to the ATR crystal to be recorded, but at least three IR spectra 

were recorded for each sample with similar amounts of bone powder, and the ATR lever 

snaps into place which allows it to have constant contact with the bone powder and crystal 

to minimize such effects. Therefore, the increase in signals are probably the nature of the 

bone powder itself and could be from increased amount of marrow to osseous tissue in the 
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chicken bone sample. As for the femur, it could be more of a decomposition issue with 

other variables involved with bacterial or chemical activity.  

A crucial part of decomposition is that the reactant’s signal should go away as the 

reaction proceeds and the product’s signal should go up. This idea is reflected in Figure 24 

and Figure 25 where the four signals from 1400 cm-1 to 1600 cm-1 seem to increase and 

decrease with time. Either peak 1576 cm-1 or 1540 cm-1 could correspond to amide II, the 

N-H bend in polypeptides, but other peaks in this region resembles carboxylate salt 

formation of lipids. The increased signal of carboxylate salts with time could be 

decomposition products from the hydrolysis of lipid esters (1740 cm-1). The decrease in 

signal with time could be the result of carboxylate degradation and diffusion from the bone. 

Deconvolution of broader peaks in the IR in the literature have revealed that multiple peaks 

can be within one broad peak,34 so the peak in the 1500-1600 cm-1 range breaking into two 

and shifting in the decomposition studies could be providing protein structural information 

about collagen. On the other hand, calcium and lithium salts of palmitate and stearate after 

saponification have characteristic bands in the 1400-1600 cm-1 region correlating to 

asymmetric and symmetric carboxylate stretching.30 The slight increase in salt formation 

at the beginning of the study is most likely due to hydrolysis of the triacylglycerol ester 

signal at 1740 cm-1. After the ester is gone, the products of the degradation of the 

carboxylates were most likely consumed by bacteria or insects through their metabolism. 

PCA for IR Distinguishes Chicken Bone from Femur 

Since some of the spectral changes were not visually striking, PCA was employed 

to more precisely determine if changes were occurring and if there were specific trends in 

the data. The analysis identified 23 principal components to explain the variation in the 
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data for Phase I chicken bone and Phase II femur. Most of the PCs after PC10 do not have 

a clear interpretation and represent only very small fractions of the variation in the spectra. 

There could be trends; only they are not obvious when looking at the data. PC1 in Figure 

18 and Figure 19 shows the greatest variation that two of the first chicken bone sampling 

days of Phase I are different from the rest of the chicken bone samples and the human 

femora samples. This is most likely due to the background absorbance of these two 

sampling days being lower in all the functional groups than the rest of the sampling day 

signals. This could be caused variation in the contact between the bone powder and the 

ATR diamond crystal, though as discussed above this should be minimal. Figure 21 

presents PC1 plotted as an IR spectrum with all the functional groups as positive values for 

intensity except for the ester peak at 1740 cm-1, believed to represent fat and related 

acylglycerides, meaning that PC1 could also be trying to explain that the most variation 

between samples is in the intensity of all the functional groups except the lipid ester peak. 

PC2 in Figure 18 is chiefly separating the chicken and the femur data into two 

groups which was not an aim of this study, but a nice result nonetheless and suggests the 

method is really giving insight to meaningful variation. The plot in Figure 19 shows that 

the variation for PC2 for the Phase II femora data decreases over time. PC2 gives the 

impression that something is trending negatively in the femur data that is not giving a 

similar change in the Phase I chicken bone data and it is difficult to say what that trend is. 

PC2 as an IR spectrum in Figure 21 is positive for 2800-2900 cm-1 alkyl/lipid, 1740 cm-1 

lipid ester, and 1576 cm-1 amide II/carboxylate, so it could be that the femur data has a 

correlation between these functional groups and that they decrease with time according to 

Figure 19. That means that these signals are decreasing with time for PC2, but the original 
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spectra may have other components of variation represented by other PCs and the peaks 

characterizing time dependence might be more complicated. Without checking, other PCs 

could be describing how these functional group’s peaks change with time as well. Multiple 

processes contribute to the change in the variables that are in the data and the PCs may 

separate out those multiple inputs (or components). It is likely that PC2 is recognizing a 

correlation in the scores, but the actual signals of those functional groups might be 

described with different variation in other PCs that do not show the functional groups to be 

decreasing with time. The PC2 data for the Phase I chicken bone has an oscillating trend 

that follows the data in the pH curve in Figure 26: PC2 initially decreases with time as the 

pH increases, then PC2 increases with time as the pH becomes more acidic sustaining their 

possible relationship. Unlike the femur Phase II data, the behavior of the Phase I chicken 

bone data for PC2 has poor correlation with time and would be insufficient for PMI 

determinations.  

Also in Figure 19, PC3 has a noticeable negative and then positive variation in the 

chicken bone (also seen in PC3 versus time in Figure 20) that is not seen in the femur data. 

PC3 has more complexity as there is something in the IR data of the chicken bone that has 

PC3 decrease with time and then change directions and increase with time as 

decomposition goes on. PC3 plotted as an IR spectrum in Figure 21 is negative for 2800-

2900 cm-1 alkyl/lipid, 1740 cm-1 lipid ester, and 1576 cm-1 amide II/carboxylate. So, in the 

first 15 days of Phase I, these functional groups that are positively correlated with each 

other but are negative in the spectra for PC3 are not decreasing with time. After day 15, 

though, PC3 starts becoming more positive in Figure 19 indicating that the correlated 

functional groups could be starting to decrease with time. PC3 is displaying a positive 
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correlation in the scores of the functional groups but these scores are negative for PC3 

possibly indicating that these groups do not follow the trends with decomposition time. 

Once more, there is complexity with how the PCs are computed to give each PC its 

individual IR spectrum to explain the variation in the signals meaning that just because the 

PC for an IR spectra has a negative value for a functional group does not mean that it is 

decreasing with time in the actual spectra. Therefore, a possible conclusion for PC3 is that 

while some of the data does not have decomposition trends with time, other parts of the 

data can show the decomposition trends with time.   

There are a couple of factors that might explain why the two phases differ in the IR 

data. The chicken bone IR data seem to have more abundance in the signal in comparison 

to the femur data distinguishing the two decomposition studies. The chicken and femur 

data have differences that could possibly be attributed to the chicken bone powder being 

contaminated with marrow whereas the femur powder was only osseous tissue. Lipids are 

more abundant in the marrow than the osseous tissue.6 Along with being two different 

species, the drumsticks were intact and whole when they were buried while the femora 

were cut up into segments exposing the marrow to the soil. In addition, the two phases had 

different pH patterns which could affect microbial enzymatic activity, and closely related 

decomposition sites have been reported to vary in moisture, pH, and abundance of 

bacteria.35 Lastly, Phase I took place in the fall season whereas Phase II was a part of the 

fall and winter season. The femur study took place in conditions that were 10-25 degrees 

cooler than the chicken study and was exposed to more rain. 



85 
 

 

Additional IR PC Patterns in Carboxylate Formation 

PC6 has one of the more unique patterns for the femur data. In Figure 18, the sample 

at day 0 is quite negative, but as the sampling days increase, they become more positive 

with day 99 being the most positive, and Figure 20 illustrates this pattern from day 0 to day 

99 as a curve that is sigmoidal like. Figure 21 displays this information about PC6 in the 

IR spectrum form where 2800-2900 cm-1 alkyl lipid correlates with 1740 cm-1 

triacylglycerol ester carbonyl and they have negative correlation with 1576 cm-1 amide 

II/carboxylate and 1465 cm-1 CH2 lipid/carboxylate. The 1576 cm-1 originally defined as a 

broad amide II peak breaking into two sharper peaks could really be formation of 

carboxylate salts when hydrolyzed. This would agree with the triacylglycerol as an ester 

being broken down and neutral/basic conditions would put it in its carboxylate form 

increasing the peak(s) at 1400-1600 cm-1 in the spectra. Calcium and lithium palmitate and 

stearate from saponification of triacylglycerols were found to have multiple peaks in this 

region that align with the peaks presented here.30 The issue with this increasing carboxylate 

idea, though, is that PC6 makes it seem like carboxylate formation is increasing over time 

which is hard to see in the stacked spectrum plots in Figures 16-17. This pattern could be 

an explanation for the peak at 1410 cm-1 that appears around day 46 in Figure 17 which 

relates to the carboxylate asymmetric stretching30 or from the CH2 wag of fatty acids.3 

PC10 in Figure 18 has a cluster of early sampling days in the positive region that 

are different from later sampling days. There is not a clear indication of what the reason is 

for this clustering but something makes them different than the rest of the samples. The 

answer could be in Figure 21 since all the 1465 cm-1 lipid/CH2/carboxylate functional 

groups correlate together which could illustrate lipids breaking down into other lipid forms 
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(carboxylates) and those other forms breaking down over time. Even though there is an 

increase in noise, these functional groups are negative for PC10 in Figure 21 while Figure 

18 has them in the positive region. This could potentially indicate that the early sampling 

days are lacking in carboxylate salt intensity.  

Soil pH 

The pH of the soil was originally intended to be monitored to account for the 

influence of pH on decomposition reactions. For example, if carboxylate formation was 

not identified in IR and GC-MS analysis and the pH of the soil was 2 throughout the study, 

the carboxylate would be in the carboxylic acid form and would make sense why a 

carboxylate signal was not seen. Figure 26 has the Phase I and Phase II soil pH plotted with 

time in days, and the oscillating pattern of the pH was unexpected. The pKa of a typical 

carboxylic acid is 4 which supports the IR data implication that carboxylate is being formed 

with the decomposition of the bone. Phase II and Phase I soils had pH above 4 in course of 

the study (apart from day 56 in Phase II). Soil pH in decomposition and composting studies 

have been found to be variable in other studies and has been seen to have an initial decrease 

and then increase in pH.33,36 Decreasing pH could be from leaching of fatty acids and other 

organic materials from the bones and tissue surrounding the bone.15 In addition, CO2 

produced from breakdown of starches, sugars, and proteins36 could increase the acidity of 

the soil through its equilibrium with carbonic acid. The day 56 soil sample of Phase II was 

collected on 12/12/16, only a couple of days after a substantial rainstorm which could be 

the rationale for such a low pH (see Figure 27). In contrast, increasing pH could be from 

denitrification or ammonification of the bones and tissue surrounding the bone in an 

anaerobic environment.10 During decomposition, there is also a mixture of competing 
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bacteria in the soil that have activity at optimal pH, temperature, and mineral concentration 

that could contribute to differences in the pH patterns between the two phases and the 

oscillatory behavior. The fact that chicken bone soil and human femur soil have different 

pH patterns could also come from the nature of the tissue surrounding the bone. Chicken 

has two times more protein than fat while the femur sections were likely more fat than 

protein due to the age of the cadaver. Furthermore, pH data has been known to vary within 

related decomposition sites due to differences in moisture content, aeration, and preexisting 

bacteria abundance.35 In essence, the pH and the IR and GC-MS data demonstrate similar 

oscillating tendencies, so the data might be a result of some underlying complex chemistry 

and activity of microorganisms.  

GC-MS PCA Data Suggest Types of Decomposition Reactions 

Looking closely at the stack plots of the GC-MS data for each of the sample types, 

Phase I chicken bone, Phase I soil, Phase II femur, and Phase II soil, there are definite 

differences in the spectra and some are more obvious than others. The easiest way to see 

the changes is by looking at the 16 carbon chains at 12.9 min and 18 carbon chains at 14.6 

min and compare them to the 19 carbon chain internal standard at 15.9 min. For Phase II 

femur this is easily seen since almost all of the samples were run in splitless mode on the 

GC. For the other sample types, it is more difficult to see the comparison to the internal 

standard since increasing the split decreased the amount of the internal standard and scaling 

to the tallest peak in the figure reduced the size of the other peaks. In most of the sample 

types though, the 16 and 18 carbon peaks are below the internal standard intensity in the 

beginning of the decomposition study and then they start to increase in intensity with time. 
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Although some differences in internal standard intensity were due to known 

variations in the volume of the internal standard and effects of how the data is described in 

the above paragraph, there was additional variation whose origin was less clear. This 

variation was more than expected based on the optimization of the extraction method. It 

was likely due to the samples being run at different times (the instrument is retuned every 

day for example), the varying nature of the samples themselves (soil versus bone tissue), 

and the soil sampling that was taken around the bone (it was not a specific location with 

respect to the tissue on the bone). Since the purpose of the internal standard was to apply 

normalization to account for sample differences, the variation was not seen as a significant 

problem. 

Twelve bones were buried for each phase and twelve soil samples were collected 

for each phase. Samples were completed in triplicate, so in total, there were 144 

chromatograms that were originally collected. Inspecting all these chromatograms 

individually while looking for changes between each sampling day can be overwhelming, 

so PCA was employed to take all the data and summarize it and uncover the patterns that 

are unobservable at first glance. The box and whiskers plots in Figure 33 are a fast and 

simple way to see the similarities and differences in the GC-MS data of the four different 

sample types. PC1 most likely computed the Phase II soil samples as having the smallest 

range in Figure 33 because it had the least variability in the degradation products lactic 

acid, glycerol, and the 16 and 18 carbon chains which were shown to be positive in the bar 

plot in Figure 34. This would suggest that the tissue surrounding the femur had more fat 

and glucose to break down and diffuse into the soil than chicken bone. Still, all of the 

sample types were positive for PC1 demonstrating that the sample types showed a trend in 
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these compounds, and the chicken bone had similar variation to the femur while the Phase 

I and Phase II soils had wider ranges for these compounds in PC1. Furthermore, all the 

identified monoacylglycerols are in the negative region of PC1 while their breakdown 

products stearic acid, palmitic acid, and glycerol are in the positive region suggesting ester 

hydrolysis and supports the IR data analyses.  

In the box plot for PC3 of Figure 33, the variation spreads into both positive and 

negative regions for all of the sample types implying that the GC-MS data has a lot of 

fluctuation and the PCA data could be trying to express the variability. In Figure 35, the 

compounds that are negative for PC3, pyridine, hexanoic acid, ethaneamine, hexadecenoic 

acid, stearic acid, oleic acid, and octadecadienoic acid appear to align with sample types 

Phase I chicken bone, Phase II femur, and Phase II soil since they are mostly negative while 

Phase I soil is mostly positive. The range of the box plots is wide for all of the sample 

types, but Phase I soil might be distinguishable for this set of compounds. This is one of 

the few PCs before PC15 in the dataset (see Appendix B) that show all three 18 carbon 

chains trending together, and Phase I soil has negative correlation with these compounds. 

It is possible that the decomposition trends of these compounds are more irregular in the 

Phase I soil than the other sample types.  

In contrast to the wide variation presented in PC3, the box plot for PC4 has small 

variation for the sample types except for Phase II human femur which has a larger range 

stretching into the negative region. The compounds that are negative for PC4 in Figure 36 

are ethaneamine, sebacic acid, pyridine, palmitic acid, and stearic acid. The combination 

of these compounds with decomposition could be distinguishing the Phase II human femur 

from the other sample types. Why this occurs, we do not know for sure, but it could have 
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something to do with the nature of the osseous tissue of the femur having a lower lipid 

content. The chicken bone powder had marrow in it and marrow has a higher concentration 

of lipids than osseous tissue. Phase I and Phase II soils were exposed to a higher degree of 

lipids through the tissue surrounding the bones. The unique set of these six compounds 

might be identifying this difference in Phase II femur. 

Something unexpected in this study is that the PCA did not accurately separate 

sample types but PC5 in Figure 33 might be explaining the differences between Phase I 

and Phase II. With the exception of wide ranges for Phase I soil and Phase II femur, Phase 

I samples are more negative and Phase II samples are more positive in PC5. Figure 37 

shows that pyridine, glycerol, lactic acid, octadecadienoic acid, oleic acid, ethaneamine, 

phloretic acid, hexadecenoic acid, benzenepropanoic acid, and hexanoic acid are negative 

for PC5. Since the Phase I samples are negative, the combination of these compounds 

possibly is a distinguishing factor between the two phases. The distinguishing factor is 

most likely weighted by the presence of pyridine, ethaneamine, phloretic acid, 

benzenepropanoic acid, and hexanoic acid since they can come from the bacterial 

degradation of proteins and most likely amino acids. Deamination of phenylalanine can 

give benzenepropanoic acid.37 Deamination via the Stickland reaction could also produce 

hexanoic acid from lysine and phloretic acid from tyrosine. Chicken meat is composed of 

roughly two times more protein than fat encouraging PC5 discrimination of Phase I. These 

results suggest that degradation reactions such as hydrolysis, dehydration, and deamination 

are occurring and most likely through microbial metabolism. 

For a second time, Phase II soil is separated from the other sample types in PC6 of 

Figure 33, but again there is a wider range for all of the sample types. Phase II soil is mostly 
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negative in its range while the other sample types are mostly positive. The compounds that 

are negative for PC6 in Figure 38 are stearic acid, glycerol, lactic acid, cholesterol, 

oleoylglycerol, ethaneamine, and sebacic acid. Once more, this might be indicating the 

breakdown triacylglycerides, the components of fat, since stearic acid and glycerol appear 

in the negative region. Breakdown of one triacylglyceride gives three fatty acid chains and 

glycerol. The most common triacylglyercerides are palmitin (16 carbon chains) and stearin 

(18 carbon chains) and the chains can be unsaturated too depending on how they were 

originally synthesized or metabolized. 2-Oleoylglycerol has oleic acid on the second 

carbon of glycerol and its abundance might indicate only partial hydrolysis has occurred.   

Moreover, the box plot of PC9 in Figure 33 might be describing how the two soil 

samples from Phase I and Phase II can be distinguished from their respective bone types. 

The range is large for all of the sample types but the medians are more negative for Phase 

I and Phase II soils. Degradation products that are negative for PC9 in Figure 39 are 

pyridine, lactic acid, octadecadienoic acid, stearic acid, benzenepropanoic acid, phloretic 

acid, and benzeneacetic acid. Benzenepropanoic, phloretic, and benzeneacetic acid can 

come from the Stickland reaction with deamination of amino acids which might be 

indicating that these products are more likely to be found in the soil. The PCA data shows 

a lot of variation within the sample types and similarities between the sample types which 

makes it hard to digest the information, but some of the key points are the compounds that 

were identified were found in all of the sample types leading to their association, fatty acid 

products of amino acids were found to be more abundant in chicken bone studies likely 

due to their protein content, and oscillatory patterns of abundance increase and decrease in 

the GC-MS data might explain why sample types cannot be accurately distinguished.   
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GC-MS Compounds Show Correlation 

One of the aspects of this study with GC-MS analysis is the ability to see the 

compounds have positive correlation with each other throughout decomposition. Figure 37 

shows compounds that are negative for PC5 and some have positive correlations with each 

other. Correlation plots in Figure 40 and Figure 41 display linear correlations between 

some of list of the positive compounds for PC5 and intensity correlations for the rest of the 

GC-MS data respectively. For example, oleic acid and octadecadienoic acid show 

correlation which makes sense since they differ by a double bond and probably form from 

hydrolysis of triacylglycerols. There either must have been a similar synthesis of 

triacylglycerols with these two fatty acids and/or they were similarly metabolized by 

bacteria. Also, glycerol monostearate (2) and monopalmitin (1) correlate well with each 

other which is another indication of the breakdown of fat. Most of the monoacylglycerols 

and longer chain fatty acids seem to show a good relationship in the corrgram of Figure 41 

implying degradation pathways of triacylglycerols are proportional. Additionally, the 

corrgram illustrates that the resin acids, abietic, callistric, and dehydroabietic acid have 

agreement with one another in a 3x3 square in the top left corner of the corrgram which 

makes sense as they are part of a lipid class called terpenes that normally originates from 

plants.38 The remarkable thing about the corrgram is the large amount of correlation. There 

is a particular 10x10 square at the bottom right corner that shows stronger correlations 

between lactic acid, hexanoic acid, linolenic acid, oleic acid, octadecadienoic acid, 

hexadecenoic acid, tetradecenoic acid, dodecanoic acid, pimaric acid, and 1,3-propanediol. 

Certain groups of these compounds are sensible: the 18 carbon chains differ by double 

bonds and less hydrogens. Dodecanoic, tetradecenoic, hexadecenoic, and oleic acid differ 
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by two carbons (and dodecanoic has two more hydrogens) which could indicate metabolic 

activity of microbes or small insects. 1,3-Propanediol could be glycerol minus one 

hydroxyl group which would make sense for fat decomposition, but the reason for pimaric 

acid to correlate with these compounds is unknown at this time. It is a breakdown product 

of abietic acid, so it could be correlating with decomposition products in general. Lastly, 

the data was not found to have any strong negative correlations. There are a few weakly 

negative correlations between boric acid and some of the compounds, ethaneamine and 

triethanolamine, and some of the resin acids but the reasons why are obscure. One reason 

why positive correlations are so abundant could be that the compounds are originating from 

the same source of protein or fat. Since protein is made up of amino acids in peptide bonds, 

a lot of decomposition reactions could end up with fatty acid products through enzymatic 

activity of bacteria and the Stickland reaction (Figure 5). So, if protein is breaking down 

into fatty acids and fat is breaking down into fatty acids, then what happens when to 

remains when all of the fat and protein are gone? This could not be answered in this study 

since most of the tissue was still intact for the femur at day 99 and a little bit of chicken 

bone tissue at day 77 remained. These correlations between the fatty acids might not have 

clear-cut time dependence, but they might provide a quality control-like tool for monitoring 

decomposition reactions: if normally benzeneacetic acid and benzenepropanoic acid are 

correlating, but in a different decomposition study they are not found to correlate, this could 

suggest that there is something in the protein of the sample that differs, or there could be 

something about the bacteria that would favor formation of benzeneacetic acid over 

benzenepropanoic acid. 
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GC-MS Data Provides Unorthodox Time Dependence 

Coming full circle, the aim of the study was to see if lipids could be molecular 

markers in a time-dependent manner for decomposition, and the method could progress 

into a PMI determination approach. Ester hydrolysis that was suggested in the IR data with 

increasing carboxylate signals is supported with GC-MS data. Figure 42 illustrates the 

representative pattern of the monoacylglycerols degrading from the chicken bone in a time-

wise fashion. A decrease of monooleoglycerol in the first 21 days of Phase I chicken also 

led to an increase in monooleoglycerol in the soil. This degradation pattern of lipid esters 

was likewise observed in another study involving IR analysis of T-shirt covered pigs as 

they decomposed.26 The ester peak was gone from the T-shirts after 31 days,26 which is 

close to this study where most of the esters are gone from the soil after 28 days. The pattern 

of abundance in the soil with time follows the pH data for the first 28 days: 

monooleoglycerol was found in soil on neutral pH days (day 9, 21, 28; see Figure 26). 

What is curious is that monooleoglycerol and the other monoacylglycerols have a rapid 

decrease in the soil when the chicken bone still has some monoacylglycerol signal at high 

pH. This could be due to basic ester hydrolysis in soil creating oleic acid and glycerol, but 

there is no increase in these compounds after day 28 (data shown in appendix B). 

Otherwise, the monoacylglycerols could be breaking down to another fatty acid product in 

the soil, or the time span between day 28 and day 42, a great deal of metabolic activity was 

occurring. In comparison to the chicken bone, Phase II femur does not have an overall 

decrease in monooleoglycerol to support the IR ester hydrolysis theory as it decreases and 

then increases in Figure 43 with a final decrease of day 99. In addition, there is an 

interesting pattern in its abundance in the soil: monooleoglycerol seemed to increase in 
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more acidic conditions following the pH data which could be due to optimal conditions for 

bacteria like Acidobacteria to metabolize the acylglycerols.  

As for one of the more abundant fatty acids, stearic acid was found to increase and 

decrease in the bone and increase and decrease in the soil for Phase I chicken. For the 

chicken bone, the abundance of stearic acid has the same oscillatory behavior seen in other 

parts of this study. For the Phase I soil, at the beginning, there is little to no stearic acid and 

then it starts to increase as time goes on following the nature of the pH curve for the Phase 

I soil until day 42 where there is a rapid decrease of stearic acid in the soil. For Phase II 

femur, the abundance of stearic acid is even more variable hindering its use in time 

dependent studies. The abundance of stearic acid in the Phase II soil has oscillatory 

behavior that is offset of the pH curve indicating complex relationship most likely between 

the amount of carbon and nitrogen nutrients from fat and protein and bacterial activity. 

With the first realization of the oscillating pattern in the infrared data, we thought 

that the pattern might be noise and that the number of data points was too low to verify if 

the pattern was real. However, the ATR-IR, pH, and GC-MS analyses all displayed the 

oscillatory pattern in the data, strongly supporting the conclusion that the pattern represents 

real changes during decomposition. Visually, the data fails the ‘runs test: if a line was 

drawn straight through the datapoints, there would be significant runs of datapoints above 

the line and then below the line in alternating patterns in almost all cases, indicating that 

residuals are not randomly distributed. The data presents a curve in the datapoints that 

appears systematic even though there is uncertainty in describing these as true oscillations. 

Fortunately, other decomposition studies have seen these types of oscillations,33,39 which 

supports the oscillatory behavior seen in the data presented here.    
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One surprising aspect of this study is that none of the compounds show any stability 

in the bone or in the soil. Compounds are increasing and decreasing and not always in a 

simple linearly time-dependent fashion, but it was expected that cholesterol would have 

some stability in the bone or in the soil. Two reasons this was expected is that it is extremely 

bulky and not as easy to degrade as straight chain fatty acids. Figure 45 displays cholesterol 

versus time of the four different sample types, and the pattern shows an increase and then 

decrease in Phase I chicken bone. There was hardly any cholesterol in the Phase II femur 

samples most likely due to the differences in cutting into the marrow of the chicken bone 

and not including the marrow in the femur samples. Cholesterol is not naturally found in 

the soil and the data from day 0 supports this with the lack of cholesterol signal. There are 

other types of sterols called phytosterols and bacteria have common derivatives of 

cholesterol that could be in the soil but these were not detected in the decomposition soils. 

Phase I soil has an increase in cholesterol to day 28 and then a rapid decrease just like 

monooleoglycerol whereas Phase II soil has more of an increase than decrease pattern. The 

source of cholesterol for Phase II is most likely coming from the tissue around the bone, 

and bacteria have enzymes called cholesterol oxidases that are responsible for the 

breakdown of cholesterol into carbon nutrient sources for bacteria.40 One last peculiarity 

with cholesterol detection by GC-MS was observed on day 78.1. A sample that was 

exposed to air in this study accidently, had a significantly higher concentration of 

cholesterol. This may indicate that aeration affected its decomposition and/or microbial 

activity was modified in a way that prevented cholesterol from being degraded. 

One last thing that should gain some attention in this study is how the soil was 

affected by the introduction of a large source of carbon and nitrogen. Of course pH changes 
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occurred as rates of fatty acid production increased and production of ammonia transpired 

to go from acidic to basic conditions. The oscillatory behavior of the pH curves and some 

of the decomposition products in the soil support a complex bacterial ebb and flow of times 

of saturation and rapid degradation of the fat and protein. What is curious though is how 

the resin acids abietic, dehydroabietic, callistric, and pimaric acid were affected by 

decomposition of chicken bones and human femora. Figure 48 represents the 

decomposition of dehydroabietic acid with time and notice how it seems to follow the 

changes in pH data for both of the soils. In addition, both the chicken bone and the human 

femur that do not naturally have this terpene exhibit increases in dehyroabietic acid with 

decomposition time. This could be due to improper cleaning of the bones, or it could be a 

diagenetic factor where the bone starts to uptake molecules from its environment. 

Otherwise, as bone porosity increases with time, some of these molecules could diffuse 

inside of the pores. In essence, this is one of the very few reciprocal ideas where the bone 

starts to become more like soil instead of the soil becoming more like bone. This would 

provide an interesting project for future research. 

Concluding Remarks 

Ultimately, the data from IR, pH, and GC-MS gives the impression that there is an 

intricate relationship between nutrient sources of carbon and nitrogen (from the chicken 

drumsticks and human femur) and soil bacteria. At first look, the IR and GC-MS stack 

plots have increasing and decreasing trends with time. The PCA data gives insight into 

these patterns and has assisted in distinguishing sample types and implies hydrolysis of 

triacylglycerols to carboxylates. Likewise, the pH data had oscillating trends which 

sometimes aligned with, and sometimes were off-set from, the trends of the data. All things 



98 
 

 

considered, the high presence of lipids in the soil could indicate vertebrate decomposition 

activity, but the method of analysis, understanding of microbial activity, and interpretation 

of chemical processes need more work for a time dependence to be determined. These 

complexities provide intriguing opportunities for more detailed studies.  
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CHAPTER V 

Possible Next Steps 

The complexity of the results in this study indicates a need for ongoing research on 

molecular marker determination. There will most likely be continued refinement and 

improvement of molecular marker methods as science progresses, and as better analytical 

techniques are developed to analyze and characterize compounds. The Haines lab started 

moving in the direction of forensic analysis studies about five years ago as more 

opportunities for collaboration developed with STAFS, the Forensic Science program at 

SHSU, and the Biology Department at SHSU.  

If the experiments in this thesis were to be replicated, they would be completed 

with a different experimental set-up and/or whole uncut bodies might be used. The Haines 

lab has now gone through two similar studies where a small fraction of buried chicken 

bones were lost in the soil. In this study, two of the femur samples were accidently dug up 

on the incorrect collection days. A new way to mark the buried samples is in order by 

possible use of a fluorescent tag or putting a metal piece with the sample, so it can be 

detected with a metal detector. Otherwise, the study could move to using whole bodies 

instead of sections and follow lipid degradation patterns from bone and in soil. There would 

be a need for quite a lot of bodies if the study focused on using the femora or else another 

body part would have to suffice. The group is already investigating lipid diffusion in soil 

from a mostly whole decomposing cadaver (2016-061, the cadaver in which the femora 

were taken from) placed on the ground. If the chicken bone decomposition study is to be 

reproduced, soil sampling should be done with more stringently controlled distance from 

the bone.  
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In addition to the experimental set-up, the method for lipid extraction and 

esterification for analysis should be probed. One method that was never tested was an 

extraction of lipids with the use of EDTA. EDTA as a ligand can bind metals in the bone 

extracellular matrix or metal in the soil that might be complexing lipids. This could help 

improve extraction efficiency and might allow more polar lipids to be pulled out of the 

bone and soil samples. In addition, other transesterification processes in producing methyl 

esters for GC-MS analysis are to be tested as another method to look at total lipid content. 

The last two things that should be revisited are the rapid disappearance of the lipid 

ester peak at 1740 cm-1 and experiments that investigate the change in soil pH throughout 

decomposition. Experiments will be done with the IR hours after bones are buried to 

determine if loss of lipid ester is a connective tissue issue or kinetically a truly fast 

decomposition reaction and to see if it is bacteria/enzyme-dependent. The pH of the soil 

was found to have an oscillating pattern with decomposition and there has been difficulty 

in determining the reasons behind the oscillatory trend.39 Mathematical modelling has 

suggested that the oscillatory trends are due to interactions of substrate availability and 

microbial decomposer biomass.39 Experiments will be completed with the purpose of 

trying to understand pH patterns and for resolving possible PMI studies with soil problems.  
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APPENDIX A 

The data analysis using PCA in R has accumulated over 150 pages of custom scripts 

explaining the coding that Dr. Haines completed for the analysis, graphs, and figures for 

the IR and GC-MS data. These scripts will be made freely available to anyone interested. 

Upon publication of this thesis, they will be deposited as supplementary files with this 

thesis in the Texas Digital Library (https://www.tdl.org/). Copies can also be obtained by 

contacting Dr. Haines at: 

Donovan C. Haines 

Department of Chemistry 

Sam Houston State University  

P.O. Box 2117 

Huntsville, Texas 77341 

Email: Haines@shsu.edu 

Phone: (936)-294-1530  

 

 

 

 

 

  Figure A.1: Email Permission from Matthew Danker for Figure Adaptation. 
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APPENDIX B 

The following information is selected figures that are referenced in this document 

from the larger data set that is not presented. Instructions for obtaining the full data set is 

found in Appendix A.  

 

Figure B.1: Zoomed-in Plot of Stearic Acid with Time. The data was normalized 
to the internal standard, nonadecanoic acid. 
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Figure B.2: Scores for PC2. 
 

 
 
Figure B.3: Scores for PC7. 
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Figure B.4: Scores for PC8 
 

 
 
Figure B.5: Scores for PC10 
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Figure B.6: Scores for PC11 
 
 

 
 

Figure B.7: Scores for PC12 
 



110 
 

 

 
 

Figure B.8: Scores for PC13 
 

 
 

Figure B.9: Scores for PC14 
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Figure B.10: Scores for PC15 
 

 

Figure B.11: Glycerol Decomposition with Time. The data was normalized to the 
internal standard, nonadecanoic acid. 
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Figure B.12: Oleic Acid Decomposition with Time. The data was normalized to 

the internal standard, nonadecanoic acid. 
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