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Abstract 

Toxicological and forensic applications of anal54ical chemistry provide both 

interesting and unique opportunities for analytical chemists to hone their skills and push 

their abilities. 

Modem analytical chemistry has afforded researchers the ability to probe into the 

intricate pathways of biochemical processes by systematic identification and 

characterization of biologically relevant compounds. Unfortunately, often due to the 

restrictive specifications of the instrumentation used, it is necessary to remove those 

compounds from their natural environments such that their structure and at the very least 

the significance of those compounds may not be fully recognized. The work described 

herein identifies and characterizes two biologically relevant arsenic and selenium 

containing species. These species were synthesized and identified in environments that 

are very similar to those found in vivo. 

The use of chemical information contained within a small arms cartridge has seen 

extremely limited use by forensic laboratories despite the wealth of chemical information 

that may be useful in differentiating between cartridges of various manufacturers. The 

study herein uses the elemental composition of small arms rifle primers to develop a 

multivariate model against which unknown primers were compared and ultimately 

classified. 

The FBI's practice of elemental analysis of small arms projectiles has recently 

come under fire as the result of an ex-FBI metallurgist's research study which concluded 
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that the trace elements analyzed were too rigidly controlled by Pb smelters and therefore 

not useful in distinguishing between batches of ammunition. The scientific community is 

now scrutinizing the practice with a National Academy of Science review of the FBI's 

practices. Unlike the trace elements utilized by the FBI for distinguishing between 

projectiles of various "origins" Pb isotopic signature is not controlled by smelters and 

should, even in the case of recycled Pb, vary when Pb from differing origins is utilized 

for the manufacture of small arms projectiles. The study described herein shows that Pb 

isotopic analysis of small arms projectiles from various regions of the world is useful for 

differentiating between small arms projectiles and in limited cases may even be useful in 

determining the geographic origin of projectile manufacture. 
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Chapter 1: Introduction. 

1.1 Introduction to forensic and toxicological analysis. 

Prior to established scientific techniques by which to investigate crime, the only 

tools available to investigators were torture, interrogation or "magical" practices with no 

basis in science. The history of forensic science dates back to 44 BC when Roman 

Antistius performed the post mortem examination of a murder victim (Julius Caesar) (1). 

The practice did not gain widespread acceptance in the west until the 1500's when 

Vesalius, known as the father of forensic pathology, published a set of guidelines where 

he suggested post mortems should be followed each and every time unnatural death was 

suspected (2). The abilities of pathologist of the time quickly advanced as more 

techniques for determining the cause of death were developed tested and accepted. 

The physical sciences were also developing rapidly at this time, and the resulting 

analytical techniques were quickly applied to the investigation of criminal misdeeds. The 

first reliable qualitative chemical test to be applied to forcnsic identification of unknown 

chemicals was the Marsh test, for arsenic (2). This test involved the addition of Zn and 

sulphuric acid to a solution suspected of containing arsenic, after which arsine gas was 

evolved and decomposed to elemental arsenic in a heated glass tube. The tube could be 

sealed and saved for use as evidence in court. Up to that point, arsenic, essentially 

undetectable, was suspected as being used frequently as a poison to commit murder. In 

fact, one family was suspected of deriving a living from the contracted use of the poison 

(2). The Marsh test was used well into the twentieth century, at which time it was 
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replaced by extremely sensitive instrumental techniques. 

In 1880, Dr. Faulds published a paper in Nature outlining the use of fingerprints 

for the identification of offenders at crime scenes. This development gave investigators 

an alternate means for identification of criminals and victims (3). Of course, this tool is 

still in use today, and the past 120 years have only seen development of one technique 

that supercedes it in terms of power for individual identification. That technique, of 

course, is DNA analysis. 

By the turn of the century criminal investigators had the means to dctect blood, 

semen, poisons and fingerprints. Advances in photography had allowed crime scenes to 

be c arcfully d ocumented w hile m icroscopy allowed the first ni atching of a b ullet to a 

given rifled firearm barrel; both techniques remain cornerstones of criminal 

investigations today (2). 

Throughout the 20'*^ century enormous leaps were made in the area of technology, 

and as with previous eras, subsequent application of that technology to criminal 

investigation improved the ability of investigators to de-convolute the data present in 

evidence in order to aid an investigation. Three such areas of technological 

advancement are elemental analysis by atomic spectroscopy; analysis of elemental 

isotopes, by mass spectrometry; and liquid chromatography with multi-element specific 

detection. 
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1.2. Identification of arsenic and selenium metabolites of toxicological interest. 

1.2.1 Arsenic. 

As previously mentioned, arsenic has been widely used as a poison and the 

development of an analytical method for its detection in the early 1800's was a great 

advance in the fields of analytical and forcnsic chemistry. Arsenic 

(As) is widely distributed in crustal mineral deposits, and subsequently naturally present 

in groundwater (4-7). Arsenic is also a common byproduct of industry, being used widely 

in alloys, as a dopant in the semiconductor industry, as a rodenticide and pesticide as well 

as a medicine (4-7). Arsenic is believed to act by binding with intracellular thiols, thereby 

interrupting cellular metabolism, and eventually causing death (4, 5, 7). Much more is 

known about the mechanisms of acute As poisoning than those of chronic As poisoning, 

yet chronic As poisoning threatens the lives of tens of millions of people currently 

throughout the world, with the disaster in Bangladesh being the most widely publicized 

(6). Despite the lack of knowledge of the biochemical mechanisms involved, chronic As 

poisoning has been linked to such illnesses as anemia, gangrene of the extremities, skin 

lesions of the extremities (leading to cancerous lesions), as well as leukemia and lung, 

kidney, liver, bladder and skin cancer (4, 5, 7). Fortunately, modem analytical chemistry 

has afforded chemists and toxicologists instrumental techniques that allow investigation 

into the mechanisms of As toxicity. In order to do so, one must investigate the toxicity of 

each of the environmentally abundant As species. 
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Arsenic is found in multiple states, inorganic tri- and pentavalent as well as mono-

and dimethylated As (III) and As (V) species (4-7). The methylated arsenicals are 

proposed metabolites produced following ingestion of inorganic As. One proposed 

pathway shows arsenate (As^ , AsO(OH)3) being reduced to arsenitc (As'", As(0H)3), 

after which it undergoes oxidative methylation to mono methyl arsonic acid (MMA^, 

CH3AsO(OH)2); this process is catalyzed by means of a methyltransferase and a methyl 

donor (S-adenosylmethionine) (8). Following reduction to monomethyl arsonous acid 

(MMa'", CH3ASOH2), most likely accomplished by glutathione (GSH), further oxidative 

methylation to dimethyl arsinic acid (DMA^, (CH3)2AsO(OH)) occurs which is then 

reduced to dimethyl arsinous acid (DMA'", (CH3)2As(OH)) (8). Of the species detected 

in the urine of mammals, inorganic species are observed to be most toxic, with trivalent 

inorganic As identified as the most toxic and teratogenic of all the naturally occurring As 

species. However, the methylated arsenicals have not been well studied and skepticism 

exists as to them being labeled byproducts of detoxification. Additionally it has been 

noted that further investigation is necessary into the reactivity of the methylated 

arsenicals, an area that is explored in this document (8). Studies presented herein, and 

elsewhere, have linked mctabolic byproducts of arsenic with selenium and glutathione, so 

a brief background of each of these compounds will be presented (9-12). 
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Arsenate (As'*') 
^ GSH/Enzyme 

Arsenite (As'") 
^ Methyltransferase/S-adenosylmethionine 

Monomethylarsonic Acid (MMA^, CHiAsO( 011)2) 
I GSH/Enzyme 

Monomethylarsonous Acid (MMA"", CH3ASOH1) 
^ Methyltransferase/S-adenosylmethionine 

Dimcthylarsinic Acid (DMA^, (ClI;))2AsO(OH)) 
^ GSH/Enzyme 

Dimethylarsinous acid (DMA'", (CH3)2As(OH)) 

Figure 1.1. One proposed metabolic pathway of arsenic. 

1.2.2 Selenium. 

Selenium is an essential element, which has been linked to prevention of many 

diseases (6, 13). When ingested, both organic and inorganic selenium species 

metabolized to selenide, and following biochemical reactions, is either methylated to 

form dimethylselenide or the trimethyiselenonium cation ((CH3)3Se^), or utilized in 

selenoproteins by metabolism of the intermediate selenophosphate (HSeP(0)(0H)2) to 

selcnocystine (6). Selenocystine has been identified as the 21®' amino acid, and is present 

at the active site of many of the selenoproteins; at this time, 35 selenoproteins have been 

identified (13). Another selenoamino acid that has been identified is selenomethionine. 
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which along with selenocystine is foimd in Allium plant species (onions and garlic), yet is 

not incorporated into selenoproteins, and therefore must first be catabolyzed before 

selenium is useful in mammalian biochemical systems (13,14). 

Glutathione peroxidases have been foimd to contain selenocysteine at their active 

site (13, 14). This class of enzymes protect cell membranes from oxidative damage due to 

peroxides formed in the cell (14). l-Iodothyronine-5'-deiodinase is another crucial 

selenoprotein; its function is to activate thyroxin (15). Similar enzymes have been 

identified as essential for reproduction such as spermatid mitochondrial selenoprotein and 

DNA bound spermatid selenoprotein. These exhibit similar antioxidant behaviour, y et 

also regulate such activities as spermatozoa motility and structural integrity of flagella 

(mitochondrial selenoprotein)( 13-15). Selenium deficiency has also been linked to 

miscarriages in humans (13). Selenium is hypothesized to stimulate cancer and viral cell 

apoptosis (programmed cell death, essentially a triggering of cell suicide), with both 

hepatocellular carcinoma (liver cancer) and acquired immune deficiency syndrome 

(AIDS) patients responding favorably to selenium treatment (13). 

Although selenium is so crucial to life, and must be consumed at levels of 

approximately 70 jag per day for humans, ingestion of selenium at levels of greater than 

1000 \ig per day have been determined detrimental to human health, and linked to many 

illnesses. Selenium is a common environmental pollutant, usually associated with 

agricultural waste, which accumulates with the greatest affinity in fish and vegetation. 

Someplants, such as the commonly named westem 1 ocoweed {Astragalus bisulcatus), 

have extremely high affinities for selenium. Following acute ingestion of these plants. 
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common side effects include delirium, loss of motor skills, and long term nervous system 

damage (16, 17). Chronic ingestion of large doses of selenium, such as occurred in the 

Chinese province of Humbei in the 1960's, leads to permanent connective tissue damage, 

since it is in the proteins that make up these tissues that selenium is most apt to replace 

sulfur (18). Birth defects, skin lesions and hepatocellular carcinoma were also commonly 

encountered (18). 

1.2.3 Glutathione. 

Glutathione (y-glutamyl-cysteinyl-glycine, GSH, Figure 1.2), a tripeptide made up 

of the amino acids glutamate, cysteine and glycine, is an endogenous antioxidant, and is 

found in microorganisms as well as plants and animals (19, 20). The reduccd thiol (-SH) 

present on cysteine is the reactive site of GSH, and acts as a powerful reducing agent to 

harmful oxidants (Equation 1.1). Those oxidants are most commonly endogenous 

reactive oxygen species (ROS) such as the peroxy radicals produced in the mitochondria, 

but GSH is also effective against exogenous toxins such as heavy metals, and metalloids 

(19, 20). 

GSSG + 2H' + 2e' • 2 GSH 8° = - 0.26 V (1.1) 

In order to accomplish the aforementioned task glutathione functions in unison with 

reducing enzymes such as glutathione peroxidase (which contains Se), whereby 

glutathione is itself oxidized (the oxidi/.ed form of glutathione is represented GSSG). 
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The redox cycle is completed when GSSG is reduced by the enzyme GSSG reductase in 

order to replenish the protective stockpile of GSH (19). Cytoplasm concentrations of 

glutathione in mammals are in the low millimolar range, with concentrations being 

highest, in the range of 10 mM, in the cytoplasm of hepatocytes, this is most likely due to 

the level of toxins to which the liver is exposed. Poor diet, certain drags (such as 

acetaminophen), toxins and pollutants or UV and Xray radiation may induce Glutathione 

depletion (19, 20). Following glutathione depletion, cell homeostasis is disrupted after 

which cell death is imminent. Cell health is therefore directly tied to high GSH/GSSG 

ratios. 

a 

/ * 
\ 

a-A 

\ 

/ & 

Figure 1.2. The tripeptide, glutathione, in its reduced form. 

The oxidative stress resultant from low GSH to GSSG ratios has been linked to 

multiple diseases and disorders (19-24). Patients with diseases of the immune system. 
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such as arthritis, acquired immune deficiency sjmdrome (A.I.D.S) and lupus exhibit 

oxidative stress (a lowered GSH to GSSG ratio) during flare-ups of these diseases (19). 

Oxidative damage to organs such as the eyes and the liver cause cataracts and cirrhosis, 

respectively, and have also been linked to out of balance GSH-GSSG redox systems (19-

24). Liver, lung and colorectal cancer have been linked to oxidative stresses, and 

subsequent depletion of GSH, caused by ROS released by common toxins, most 

commonly caused by alcohol and cigarette smoke (19-24). Researchers opine that the 

etiology of neurological disorders such as Altsheimer's Disease and Parkinson's Disease 

is the depletion of GSH by mechanisms distinct to each disease, leading to neurological 

degradation and cell death (19). 

1.2.4 Arsenic, selenium and glutathione, biochemically interconnected. 

As with most biological systems, the homeostatic redox cycle necessary to 

maintain cellular health is complex and highly interdependent. As has been discussed. 

GSH is imperative for a healthy cytosolic redox environment, while Se is known to be 

associated with the enzyme glutathione peroxidase, necessary for the use of GSH for the 

reduction of harmful oxidants. A removal or attenuation of either of these species in the 

cell will result in increased oxidative stress, perhaps leading to apoptosis, but at the very 

least resulting in a reduction in cell health. Towards this end, it has been hypothesized 

that the formation of Se species that are not available for metabolism would lead to an 

increase in oxidative stress due to the decrease in availability of glutathione peroxidase 

(21). 
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Research as far back as the 1930's has shown that there may be a link between 

toxic metalloids, such as arsenic and selenium. Moxon and co-workers discovered that 

the addition of arsenite to drinking water (5.0 mg As/1) completely prevented the 

symptoms of selenium poisoning caused by either dietary selenite or the same 

concentration of selenium as seleniferous wheat (11.0 mg Se/kg) (9, 10). Subsequent 

studies revealed that arsenite greatly increased the biliary excretion of selenium (given as 

sodium selenite) and vice versa (25, 26). The first molecule that conclusively links the 

metabolism of arsenite with that of selenite was finally identified in rabbit bile as the 

seleno-bis (S-glutathionyl) arsinium ion, [(GS)2AsSe]" (11, 12, 27). This discovery and 

structural elucidation was accomplished by the research team who collaborated on the 

research described herein, prior to the author's inclusion in this line of research. The 

previously utilized synthetic route, which adequately mimics what is proposed to occur in 

vivo, is described in greater detail in the section one of chapter two to maintain 

continuity. The problem with the synthesis utilized for these initial studies is the large 

excess of oxidized glutathione (GSSG) present in the final reaction mixture, and the 

absence of a reliable method for purification of the species. The research presented in 

chapter two describes a high yield s3mthesis and purification technique for the newly 

discovered and biologically relevant [(GS)2AsSe]" that will aid toxicological studies of 

this newly discovered compound. 

1.2.5 The use oflCP-AES as a chromatographic detector for bioinorganic molecules 
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The Thermo instruments IRIS high-resolution, echelle based inductively coupled 

plasma atomic emission spectrometer is an extremely powerful chromatographic detector 

capable of simultaneous multi-element specific detection. Unlike the coupling of mass 

spectrometry to chromatographic systems, where the identity of molecular species exiting 

the column is conclusively determined, ICP-AES only provides the researcher with an 

empirical formula of all elements present within the molecule that are detectable by the 

system. However, again unlike the coupling of mass spectrometry to chromatographic 

systems, ICP-AES is an extremely rugged technique, which can handle high salt buffer 

solutions and matrices contaminated with high molecular weight biomolecules. ICP-AES 

is also capable of accepting chromatographic effluent at flow rates commonly 

encountered in both SEC and standard HPLC on the order of 0.5 to 2 ml min"', without 

the need for flow splitting. If one intends to probe the molecular species present in vivo 

creating a high salt buffer environment (PBS buffer is often used) is necessary, and 

therefore it is clear that ICP-AES might provide important advantages to the investigating 

scientist. In reviews of current literature, it is clear that many have largely abandoned the 

use of atomic techniques for anything but routine analysis in favor of the exclusive use of 

molecular mass spectrometry, which is a mistake in the author's opinion. The elegant 

application of ICP-AES to analyze the effluent of a SEC column has clearly provided 

insight into molecular species (previously found in vivo), in an environment very similar 

to that found in vivo, which might not have been possible utilizing only molecular mass 

spectrometry. 
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1.2.6 Dimethylarsinic acid study. 

It has not yet been shown whether environmental arsenic compoimds other than 

arsenite also react with selenite and glutathione (GSH), thereby potentially affecting the 

metabolism and excretion of simultaneously ingested dietary selenium. One such 

environmentally abundant arsenic compound is dimethylarsinic acid, which occurs in 

fresh and saline waters, in seafood and is frequently used as an insecticide, pesticide and 

herbicide as the sodium salt (28-32). Additionally, dimethylarsinic acid is one of the 

major urinary metabolites following the ingestion of inorganic arsenic by mammals (8, 

33). The object of research described within is to investigate if dimethylarsinic acid will 

react with selenite and GSH (conditions of physiological significance), in a manner 

similar to that observed when arsenite was exposed to the same conditions, as is 

described in chapter two. Additionally these studies aim to separate and structurally 

characterize any novel arsenic-selenium species synthesized under these conditions. 

1.2.7DMA HPLC Study. 

An additional study described herein is focused on the development of a high 

performance liquid chromatographic technique for the separation of the novel species 

formed by the reaction of dimethylarsinic acid with selenite and GSH; that species was 

shown to have the structure [(CH3)2AsSe2]". An analytical method was needed for the 

rapid purification, and identification of [(CH3)2AsSe2]"in biological samples. Since 

[(CH3)2AsSe2]' and [(GS)2AsSe]" have very similar selenium XAS K-near edge spectra, 

which would make this technique unsuitable to distinguish these compounds in biological 
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samples, the development of a high performance liquid chromatographic (HPLC) method 

for the identification of [(CH3)2AsSe2]' was highly desirable (34). In view of the 

successful identification of [(GS)2AsSe]" in rabbit bile by size-exclusion chromatography 

(SEC) (appendix c) coupled on-line with ICP-AES and since [(CH3)2AsSe2]" also contains 

selenium and arsenic, ICP-AES appears as the ideal choice to detect [(CH3)2AsSe2]" in 

biological samples. 

During the development of a SEC-ICP-AES method to identify [(GS)2AsSe]" in 

aqueous solutions (this procedure is described in chapter two), it was noted that the 

stationary phase has to be carefully chosen in order to prevent the decomposition of this 

species during the chromatographic separation. In view of these findings and with regard 

to the similar chemical properties of [(68)2AsSe]" and [(CH3)2AsSe2]" (both are oxygen 

sensitive and decompose below pH 7.0), the development of an HPLC method for the 

identification of [(CH3)2AsSe2]" requires that it can be passed through a stationary phase 

intact (12, 34). [(CH3)2AsSe2]' contains two As-C and two As-Se single bonds. Since As-

C bonds are known to be stable covalent bonds, the structural element (CH3)2As in 

[(CH3)2AsSe2]" is expected to remain unchanged during the migration of this compound 

through a chromatographic bed at ambient temperature (35). Despite the fact that the 

stability of the two As-Se single bonds in [(CH3)2AsSe2]" cannot be predicted during a 

chromatographic separation, the detection of a peak in the column effluent with an As:Se 

molar ratio of 1:2 would provide an elegant means to demonstrate that [(CH3)2AsSe2]' did 

not decompose or rearrange during the chromatographic separation process. 

To develop an HPLC method for the separation and identification of 
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[(CH3)2AsSe2]', the investigation of numerous aqueous mobile phase/stationary phase 

combinations was undertaken, and as with previous studies in this area an ICP-AES was 

used as the simultaneous arsenic, selenium and sulfur-specific detector. Since 

[(CH3)2AsSe2]" contains a negative charge and two methyl-groups, both Hamilton PRP-

XI00 anion-exchange and Hamilton PRP-1 HPLC columns were investigated. 

13 Analysis of firearms cartridge components. 

1.3.1 An overview of the chemically complex small arms cartridge. 

Firearms have seen ever-increasing use in criminal acts over the past century, and 

many scientific studies have been conducted in an attempt to establish a link between a 

given firearm and crime. 

A complex set of events occurs each time that conventional small arms are 

discharged. When the firing pin or striker is sent forward into the priming cup, a small 

amount of priming compound is compressed to a point that the priming compounds 

detonate. This initiating wave ignites other chemicals in the priming compound and the 

wave continues into the cartridge case with sufficient brisance and temperature to ignite 

grains of propellant. The propellant deflagrates, and when the pressure within the 

cartridge builds to the point that it overcomes the force of the crimp holding the projectile 

within the cartridge, the projectile is forced into the fi-ee-bored throat of the barrel. Just 

past the throat, the rifling of the barrel is ramped to a maximum height, and as the 
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projectile moves into this area, the lands and grooves of the rifling grip it. It is at this 

point that pressure within the chamber is at its highest, approximately 40,000 psi (36). 

As the projectile moves down the barrel with increasing speed, the rifling imparts a spin 

onto the projectile, for gyroscopic stabilization diiring flight. 

Commonly, when a firearm is discharged during the commission of a crime, 

certain evidence is collected in order to link a firearm to the crime. Rifled barrels on 

small arms contain unique fine striations, which are the result of machining imperfections 

from steel chips or rifling tool wear (37, 38). When projectiles are forced down the bore, 

those fine machining marks are imparted onto the projectile. If a projectile is recovered 

from a crime scene, it is possible to link that projectile to a given barrel, or firearm, using 

microscopy (37, 38). Cartridge cases may also be recovered from a crime scene, 

allowing the possibility of linking the firing pin indentations as well as extractor and 

ejector markings to a given fireann (based on the same principle, that unique machining 

marks maybe present) (37, 38). Unfortunately for investigators, projectiles and casings 

may not aIways yield infomiation that could assist in 1 inking the projectile to a given 

firearm. 

Factors that often prevent identification of projectiles by microscopy are: rusty or 

damaged bores, unrifled bores, heavily chrome plated bores, polygonally rifled bores and 

damaged projectiles (37-39). In instances when these techniques yield little information, 

it is necessary to exploit other means of analysis in order to glean useful information 

from samples resultant from the criminal use of a firearm, specifically chemical analysis 

of components comprising a small arms cartridge (40, 41). A firearm cartridge is a rather 
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complex unit, consisting of four main components, each of extremely varying chemical 

composition; the primer, the powder (propellant), the case and the projectile. 

1.3.2 Propellant. 

"Gunpowder" i s primarily c omprised o f p ropellants. P ropellants are a c lass o f 

chemicals which bum at a rate slower than the speed of sound, a process known as 

deflagration (42). Gunpowders contain a vast array of propellants, stabilizers, 

plasticizers, flash suppressants and sensitizers (43). 

Two major classes of gunpowder exist, known as single and double based 

powders (43). Single based powder contains nitrocellulose as the major propellant, 

whereas double-based powders contain both nitrocellulose and nitroglycerin as the major 

propellants (44). A third, less common class is the triple based powder, which in addition 

to nitrocellulose and nitroglycerin also contains nitroguanidine salts; this class of 

propellant is found more commonly in military than in civilian arenas (44). 

A number of studies have been performed to separate and identify the various 

components of smokeless powder (36, 44-53). Andrasko used high performance liquid 

chromatography (HPLC) and gas chromatography (GC) in order to determine the 

concentration of seven compounds found in gunpowder of four manufacturers (Eley, 

RWS, Winchester and Sellier & Bellot) (44). The study explored the possibility of using 

these separation techniques to classify powders, both fired and unfired, as being a 

member of one of those four manufacturers. Classification was accomplished by use of 

Euclidian distance measurements, which is the first reported use of a chemometric 
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technique applied to gunshot residue analysis. The results were promising and 

established that c lassification of gunshot r esidue w as p ossible (44). In a 1 997 NIST 

study, MacCrehan explored the possibility of using micellar capillary electrophoresis to 

determine the respective amounts of chemicals present in a given powder brand (46). 

MacCrehan was able to develop a database of 38 different powders from seven 

manufacturers, using nine common powder constituents. His ultimate goal was to use 

such a database in order to develop a method for identification of the manufacturer of 

propellant detected in unknown gunshot residue (46). 

1.3.3 Priming compounds. 

The primer is composed of inorganic, shock sensitive primary (initiator) 

explosives such as metal azides, barium nitrate and until approximately thirty years ago, 

mercury fulminate (43). The initiators, unlike propellants, are true explosives, and they 

detonate regardless of whether or not they are contained (as opposed to the process of 

deflagration, w hich o ccurs w ith s mall a rms p ropellants) ( 42). T hey aIso c ontain b um 

extenders such as fine mesh p ovvdered antimony sulphide a long with various oxidants 

such as potassium chlorate in order to sustain the combustion of the burn time extenders 

(42). The common components of primers have changed drastically over the years, from 

mercury styphnate and various chlorates to currently produced heavy metal free primers 

(54-56). Since the majority of chemicals used in small arms primers are inorganic 

compounds, elemental detection techniques are most commonly used for primer residue 
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detection (43, 49, 53-59). Current techniques accepted in the field of forensic science 

tend to utiHze the detection of inorganic gunshot residue as a method of determining 

whether or not a given individual has discharged a firearm, as well as an approximation 

of firearm to target proximity at the time of discharge (57). Colorometric techniques, 

such as the sodium rhodizionate test, are simply uni-elemental indicators, and offer little 

more than a binary indication of the presence of primer residue (43, 49, 60). Another of 

the techniques widely used to determine the presence of elements indicative of primer 

residue (Pb, Ba and Sb) is graphite furnace (tlameless) atomic absorption spectroscopy 

(GFA A) (43, 60). The detection of Pb, Ba and Sb above a threshold level (49 jag for Pb, 

0.22 ).ig for Sb, 1.8 )ig for Ba) signifies the prcsencc of inorganic gunshot residue (43). 

Some limited studies have attempted to use the chemical information contained 

within small arms primers in order to classify them. Wenz et al. discuss the possibility of 

using the various elements present in GSR in order to eliminate suspect ammunition 

sources in 1991 (61). Using scanning electron microscopy coupled to energy dispersive 

X-ray detection (SEM/EDX), Wenz detected Al, Si, Pb, Sn, Ca, Ba, Fe and Cu (61). This 

analysis was used to differentiate between Dynamit Nobel Sintox 9 millimeter 

ammunition (from Germany), and Sellier and Bellot 9 millimeter ammunition (Czech 

Republic). The study was successful, albeit rather limited. Another study, performed by 

Wrobel, Millar and Kijek of the Victorian forensic science headquarters in Australia, 

detennined that it was possible to differentiate among five brands of .22 caliber 

ammunition from SEM/EDX analysis of the gunshot residue (57). A similar 

investigation by the Jerusalem Police Laboratory detennined the possibility of using 
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SEM/EDX for elimination of samples of .22 caliber ammunition based on the presence or 

absence of antimony in the priming compound (56). However, in his seminal publication 

on the subject of SEM/EDX analysis of gunshot residue, Wolten discusses the 

shortcomings of the technique: its poor quantitative abilities and the inhomogeneous 

nature of the particles (58, 59). Based on this information, it is clear that if classification 

studies are to be performed on the basis of the inorganic components of gunshot residue, 

a quantitative technique that is not dependent upon surface concentration of analyte must 

be employed. 

1.3.4 Chemical "fingerprinting" of cartridge components. 

Most currently accepted detection techniques in the area of inorganic gunshot 

residue analysis tend to be utilized in a univariate manner which is less than ideal for 

determination of a possible source of such residue due to the large number of chemical 

species present in small anns primers and propellant. As previously discussed, the 

possibility of a qualitative classification of these products exists, however due to the large 

number of chemical variables present in gunshot residue, a multivariate analysis which 

allows full utilization of those variables should be employed. 

To determine the viability of a classification scheme for gunshot residue, to aid in 

the ability of investigators to discriminate between GSR resultant from cartridges of 

various manufacture, it is necessary to determine to what extent the various components 

that comprise gunshot residue, that is primer and propellant, differ from manufacturer to 

manufacturer. Andrasko and MacCrehan accomplished this to a certain degree with 
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propellant; however, such a treatment of priming compounds has yet to be attempted (44, 

46, 48). The study presented within this document describes a technique for the 

classification of one of the components that contribute chemically to gunshot residue, that 

is the elemental signature of small arms primers. This is accomplished using inductively 

coupled plasma atomic emission spectroscopy utihzing multivariate data analysis. 

1.4 Projectile Analysis. 

1.4.1 Previous studies and current issues associated with projectile analysis. 

Forensic scientists have determined that it is possible to link a given projcctilc to 

other bullets manufactured at a similar period of time by detecting other elements present 

within projectile Pb at low concentrations (62-66). These analyses have led to this 

technique gaining general acceptance within the forensic community, and being used as a 

tool in many prosecutions by providing the ability to link a single projectile found at a 

crime scene to a box of suspect ammunition. This information is not used as a conclusive 

factor in an investigation moreover it is recognized as a circumstantial piece of evidence 

that may aid in assisting prosecutions. However, a research study led by the former 

Federal Bureau of Investigation laboratory chief metallurgist, William Tobin, has sparked 

a rather large controversy surrounding bullet lead analysis (62). 

Tobin, who retired from the FBI in the wake of the Whitehurst shakeup of FBI 

labs, has severely criticized the agency for its support of trace elemental analysis of lead 

containing projectiles as a means of successful prosecution of suspccts, stating that the 

application of the technique "offended me as a scientist" (62, 63). The study aimed to 
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prove this by tracking the concentration of six elements in lead from two refineries over a 

two-year period (1999 -• 2001), and a 13-month period twelve years prior (August 1987 -

October 1988). Those refineries supply four major bullet manufacturers. The results of 

his study show that lead homogeneity varied within a given batch, and that batches may 

be indistinguishable when the six elements detected are compared. Tobin concludes that 

results from this study show that elemental analyses can not adequately track significant 

variation when employed for the analysis of lead produced by refineries for bullet 

manufacturing, therefore precluding any definitive conclusion as to whether a given 

bullet shares a similar "source" as a given box of ammunition (62). A question left in 

the mind of the reader at the end of this study is, would an alternate analysis, one that 

does not depend on the measurement of elements strictly controlled by the lead smelters, 

such as Pb isotopic analysis, be useful for distinguishing between Pb contained in 

projectiles of various batches of ammunition (62). 

Even though Tobin's study casts doubt on any analysis of bullet lead, it should be 

noted that his conclusions were not a damnation of the technique. It was however a 

rebuttal of conclusions drawn in previously published research on the topic for ill-

conceived experimental design. Tobin states that using the elements in his study little 

potential for bullet classification exists, since some batches displayed indistinguishable 

elemental character due to controls in the refining process. Battery manufacturers are the 

largest consumers of Pb, and demand control of many trace elements during Pb refining. 

The conclusion of Tobin's potentially explosive study leaves some questions in 

the mind of the reader. If the commonly accepted method of elemental analysis is not 
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always a reliable indicator of lead "source," would an alternative analysis, specifically 

lead isotope analysis of lead extracted from small arms projectiles, provide the necessary 

ability to distinguish between bullets of various "sources?" Tobin et al. do not address 

this question, and in a personal communication, they also prefer not to (67). 

1.4.2 Background on Ph dating. 

The isotopic composition of lead found in nature varies substantially due to the 

decay of uranium and thorium radioactive isotopes (Table 1.1 and Figures 1.3-1.5) (68). 

The abundance of uranogenic and thorogenic leads is well studied and routinely used by 

geochemists as a technique for determining the age of geological materials. 

Pb"*^ was the least common species present in primordial lead (the lead present at 

t=0 of earth's creation), and its relative abundance has, due to radioactive decay of 

uranium and thorium parents, only decreased with time (69). ^°^Pb is the most plentiful 

isotope, having gained in abundance approximately 33% due to decay of its radiogenic 

parent ('"^"Th), followed by '^Pb, which increased its abundance by 100% due to decay 

238 207 of U (69). Pb is the least abundant radiogenic Pb isotope, its abundance having been 

increased by 50% from primeval to modern times due to the decay of (69). ^^'Pb, 

707 '708 
Pb and Pb abundances continue to vary as a function of these decay paths. 
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Decay Path Vz life (years) 
238u ^206^ 4.468 X 10® 

2 3 5 u — 7 . 0 3 8 X 1 0 ®  

232Th > 208p[j 14.010X10® 

Table 1.1. Decay rates of radiogenic parents of isotopes and ~^^Pb. 
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Figure 1.3. decay series. 
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Figure 1.5. ~^'Th decay series. 
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Alfred O. Nier, in 1938, conducted some of the preliminary research, which aided 

the development of geologists understanding of the meaning of abundance variations of 

Pb isotopes (70). He noted that the Pb ores he analyzed contained very small amounts of 

U and Th such that their presence could not have added significantly to the abundance of 

radiogenic Pb present once the analyzed ore had been finally deposited in the earth's 

crust. He theorized primeval Pb (he referred to it as "uncontaminated" Pb) had fixed 

ratios of radiogenic and non-radiogenic Pb, and was situated in the proximity of high 

levels of U and Th. As Pb, U and Th remained in this state, the isotopic abundance of 

"'^^Pb, ""^Pb and ""''Pb was increased as a function of both time and initial abundance of 

^^"Th, and respectively. Once Pb was deposited (Nier analyzed deposits of 

galena (PbS), cerussite (PbCO;) and wulfenite (PbMo04)) it was removed from U and Th 

rich environments and the isotopic abundance of Pb was essentially frozen. Extremely 

"old" deposits were identified as having low levels of radiogenic Pb, relatively " new" 

deposits, high levels of radiogenic Pb. 

Geologists have since refined theories as to why leads from various regions differ 

in isotopic abundance; theories attempting to explain such observations seem as 

numerous as the studies (69. 71-75). These theories state that processes such as diffusion, 

mixing and mobilization through oxidation (in the case of uranium, which in an oxidative 

environment is oxidized to U02^^, a water soluble species mobilized in aqueous 

environments) are commonprocesses under whichthe relative abundance ofuranium, 

thorium and lead are further varied (68, 69, 72). 

Pb isotope ratio studies have been used by geoscientists for many years for 
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prospecting, and determination of large ore sources (68, 76). Since ores from a common 

source share isotopic genetics, it is possible to determine whether ore in one location is a 

continuation of larger deposits in the vicinity (68, 76). Due to the time dependant decay 

of uranium, the isotopic abundance of Pb is a valuable tool used by geologists to decipher 

the geological history and development of a given land mass (68, 76). Additionally 

isotopic abundance measurements have been used by U.S. Customs laboratories in order 

to distinguish between products from various geographic origins, and by environmental 

chemists for determination of the origin of airborne pollutants (77, 78). 

Due to this variation of the isotopic composition of Pb depending on ore source, 

regardless of the theories as to how this variation came to be, it is reasonable to expect 

this variation to present itself in Pb projectile alloys from various countries of origin, or 

various Pb refmeries. Forensic investigators have used the variation in the isotopic 

composition of the small arms projectile alloys to associate fragments of projectiles to 

ammunition and weapons, or recovered lead residue. 

1.4.3 Pb Isotope ratio studies of small arms projectiles. 

Several techniques have previously been investigated for use in examining lead 

isotope ratios of lead alloy found in small arms projectiles (65, 79, 80). Thermal 

ionization mass spectrometry (TIMS) was utilized by Andrasko to examine lead smears 

and bullet fragments recovered from a homicide, demonstrating the applicability of Pb 

isotope ratios to an actual field investigation (65). The investigation illustrated the ability 

of TIMS to provide high precision isotope ratios of Pb, a necessity for discerning bullet 
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samples. Andrasko examined more than 90 bullets of the same caliber and was capable 

of observing clear differences and similarities in the lead isotope ratios of the samples 

(65). While TIMS is capable of providing high precision Pb isotope ratio measurements, 

it requires that the lead be separated from other elements prior to analysis, due to varying 

mass bias effects generated during ionization of Pb in varying matrices. Andrasko 

achieved this pre-sample cleanup by electro-anal5^ical deposition of the previously 

dissolved Pb onto an anode as PbOa . Re-dissolution of the purified lead was then 

performed prior to analysis. Andrasko stated the analysis was extremely taxing to the 

laboratory resources, and would be difficult to implement on a routine basis (65). 

Additionally, in order to maximize the accuracy and precision possible with TIMS, it is 

necessary to implement extremely precise multiple spike techniques that arc tedious and 

time consuming to perform, and it is unclear whether any of these techniques were 

implemented in the Andrasko study (65, 81). 

Inductively coupled plasma-mass spectrometry (quadrupole) has also been 

utilized for the determination of Pb isotope ratios in bullets. The advantage of ICP-MS is 

its ability to perform an array of analytical measurements, including isotope ratio 

analysis, without the need for extensive sample pretreatment, other than sample 

dissolution. Dufosse and Touron utilized a quadrupole ICP-MS as a comprehensive 

technique in order to discern the suspected shooter in a hunting death (79). They used a 

combination of trace chemical analysis of the bullet lead, as well as antimony percentage 

and Pb isotope ratios to determine the likely shooter (79). The repeatability of the ratio 

measurements by this technique was reported to be better than 1 %, with the accuracy 



45 

within 2% of a Pb standard reference material, which is greater than one order of 

magnitude worse than is possible using TIMS (79). 

Stupian used 02^ ion beam ablation as an ionization source coupled to a scanning 

magnetic sector mass analyzer with electron multiplier detection (80). Using this 

instrument, he was able to achieve accuracy of approximately 2% and precision of 0.5%. 

The aim of his research was to determine whether ammunition fotmd on two suspects was 

similar to that found at crime scenes. He concluded that the ammunition found in the 

possession of the suspects was dissimilar from ammunition recovered from the crime 

sccnes. Stupian states in his conclusion that this analysis is best suited to comparisons of 

two volumes of ammunition, in order to assure valid statistical certainty (80). 

1.4.4 Utilizing the advantages of both ICP-MS and TIMS for isotopic analysis of small 
arms projectiles from geologically varied origins. 

The use of a multicollector ICP-MS (MC-ICP-MS) should combine the analytical 

advantages of TIMS and quadrupole ICP-MS for performing Pb isotope ratio 

measurements of bullet alloys. The multicollector arrangement of TIMS instrumentation 

allows for the simultaneous measurement of the isotopes of interest, resulting in high 

precision ratio measurements, yet time consuming sample preparation requirements make 

its use somewhat impractical for routine forensic applications (65). On tlie other hand, 

the use of a quadrupole ICP-MS circumvents the need for such extensive sample 

preparation, thus allowing for high sample throughput, yet suffers from relatively poor 
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precision, since individual isotopes are measured sequentially rather than simultaneously 

(79). Lead isotope ratio determinations with MC-ICP-MS allow for simultaneous 

measurement of each of the relevant isotopes, utilizing the advantages of TIMS, while 

also capitalizing on the advantages of quadrupole ICP-MS by not requiring a need for 

isolation of the Pb from other elements in the sample prior to analysis. 

The study described in this document established the possibility of using MC-

ICP-MS for the analysis of lead extracted from military small arms projectiles. Samples 

were collected from a far broader geographic distribution than had been previously 

attempted: from twelve manufacturers, in ten countries (65, 79, 80). The fact that these 

samples originated from such varied geographic locations allowed us to determine if 

isotopic differences between samples from different locations are great enough to be 

useful for distinguishing between samples of different geographic origin, and whether 

lead used in the manufacture of projectiles retains any isotopic character native to the 

country of manufacture. Since geochemists have spent more time than any other branch 

of the scicntific community analyzing isotopes of Pb, we also aimed to utilize comparable 

procedures, with the same level of rigor, such that our results could be compared to those 

previously reported. To reach this end, we conducted a review of currently available mass 

discrimination correction techniques, and upon determination of the most accurate and 

precise method for that correction, employed it for correction of all data collected using 

MC-ICP-MS. 
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Chapter 2: Studies of arsenic and selenium species of possible 

toxicological interest 

2.1. Synthesis and purification of the seleno-his (S-glutathionyl) arsinium anion 

2.1 .1 .  Introduction. 

As was previously mentioned, the discovery of the novel seleno-bis(S-

glutathionyl) arsinium anion conclusively linked, for the first time, the metabolism of 

arsenic and selenium. Studies into the toxicity of this species required a method of 

synthesis that would produce a high yield seleno-bis (S-glutathionyl) arsinium anion; 

such a method is described herein. Additionally, a method of separation of this species 

from synthetic byproducts is described. 

2.1.2. Previous synthesis of the seleno-his (S-glutathionyl) arsinium anion. 

In vitro, equimolar arsenite and selenite (HSeO.f at physiological pH) react with 

eight or more mole-equivalents of GSH to yield [(GS)2AsSe]" as shown in Equation 2.1. 

As(0H)3+HSe03"+8GSH •=> [(GS)2AsSe]"+3GSSG+6H20 (2.1) 

The negative charge on [(GS)2AsSe]' was confirmed by the author and 

collaborators in a previous study utilizing micellar size-exclusion chromatography, using 
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arsenic, selenium and sulflir-specific detection by inductively-coupled plasma atomic 

emission spectrometry (ICP-AES) (1). This study also confirmed that two glutathionyl 

entities are bound to the ion. While the formal oxidation state of the arsenic atom remains 

unchanged during the reaction, selenite is reduced from a formal oxidation state of+iV to 

-II, with concomitant oxidation of six mole-equivalents of GSH to GSSG. The 

mechanism of the reaction is currently unknown, but by chemical analogy a two-part 

mechanism appears reasonable. In the first part arsenite would react with two GSH to 

form (GS)2AS-0H (Scheme 2.1), which would then react with a product of the reduction 

between HSCO3" and GSH. Two alternative mechanisms for this are feasible, as shown in 

Scheme 2.1. 

m 

AsfOKij + aesH > + 2HjO 

HSeOj'̂  5<3SH SS-Sii* * IGSSG + SĤ O 

(GSJ2A8.̂ -0N  ̂GS-S# io (Gsyts-se-.se + OH* 

(mijAS-Se-SB * aSH > |(.e.S)gMS«r + GSSG • 

HSeOj"* SSSH —> HSe* $SSS{3 3HjO 

IjSSJjAs-OH + HSs* —> {{QSIjAsSel* • MgO 

Scheme 2.1 

According to mechanism 11a, selenite would react with 5 GSH to form GSSe' (as 

proposed by Seko ct al.), which could then react with (GS)2As-0H to form (GSjzAs-Se-

SG (2, 3). The latter would then be reduced with one additional GSH to form 

[(GSjaAsSe]". Alternatively, according to mechanism lib, HSeOa" would react with 6 
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GSH to yield HSe" (also proposed by Seko et al.), which would then react directly with 

(GS)2AS-0H to produce [(GS)2AsSe]" (3). If the overall reaction proceeds via mechanism 

IB) (Scheme 2.1), then it should be possible to synthesize [(GS)2AsSe]" from seienide and 

(GS)2AS-0H. In the present study, this possibility was investigated and the products 

analyzed by X-ray absorption spectroscopy (XAS) and size exclusion chromatography 

coupled to ICP-AES. 

As has been mentioned, the in vivo formation of [(GS)2AsSe]' links, for the first 

time, the biochemical cycles of arsenic and selenium with that of sulfur (in the form of 

glutathione) (4). In addition, the fonnation and biliary excretion of [(GS)2AsSe]" may be 

one of the first detoxification mechanisms by which ingested arsenite is removed from 

the mammalian body (5). However, the metabolism, toxicity, and fate of [(GS)2AsSe]" are 

currently unknown. Studies to determine toxicity in mammals will require chemically 

pure [(GS)2AsSe]". This will be difficult to achieve with the previously reported synthetic 

route, because the three-fold excess of GSSG produced cannot be easily separated (4, 6). 

In order to overcome these problems the new synthetic route described herein should give 

a high yield of [(GS)2AsSe]' and a byproduct that is easily separated chromatographically 

yielding chemically pure [(GS)2 AsSe]". 

2.2. Alternate synthesis of seleno-bis(S-glutathionyl) arsinium anion. 

2.2.1. Synthesis. 

Synthesis of the seleno-bis(S-glutathionyl) arsinium anion was performed by Dr. 

Juergen Gailer, an Alexander Von Humboldt fellow of the Institute for Ecological 
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Chemistry, Neuherberg, Germany. All reactions were performed under an N2 atmosphere 

at room temperature. A colorless sodium hydrogen selenide solution was prepared 

according to the scheme laid out by Klayman, by addition of a 2:1 molar ratio of NaBH4 

to elemental selenixmi (both purchased from Aldrich (Milwaukee, WI, USA)) in water, at 

a pH of 9.0; the reaction is shown in Equation 2.2 (7). 

4NaBH4 + 2Se + 7H2O • 2NaHSe + Na2B407+14H2 (2.2) 

A solution containing (GS)2As-0H was prepared by mixing aqueous GSH (1.882 

g, 6.0 mmol, purchased from Sigma (St. Louis, MO, USA)) and aqueous sodium arsenite 

(0.378 g, 2.9 mmol, purchased from GFS Chemicals (Columbus, OH, USA)), and 

adjusting the pH to 7.6 by dropvvise addition of 4.0 M NaOH (purchased from MCB 

Reagents (Cincinnati, OH, USA)). An aliquot of the selenide solution (5.0 ml; 2.9 mmol 

sodium hydrogen selenide) was mixed with 10 ml of the (GS)2As-0H solution, yielding a 

solution of final pH 8.55. A 100 |il aliquot was immediately transferred to a Lucite 

sample holder and frozen in liquid nitrogen for analysis by XAS. XAS data were 

collected by Graham George of the Stanford Synchrotron Radiation Laboratory, and are 

not presented in this document; please see reference (8). 

2.2.2. Discussion of the most probable reaction mechanism. 
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The reaction proceeded according to Equation 2.3. 

(GS)2As-0H+HSe" [(GS)2AsSc]"+H20 (2.3) 

This reaction involves nucleophilic attack of the hydrogen selenide ion on the 

arsenic atom, with the displacement of the OH group, which is similar to the nucleophilic 

displacement by GSH on arsenous acid to give (GS)2As-0H. The mechanism for these 

displacements is analogous to the mechanism of ^^O exchange between arsenite ion and 

solvent water, where nucleophilic addition to arsenic to yield a four-coordinate 

intermediate is suggested, as illustrated in Equation 2.4 (9). 

SeH 
+ HSO- ^ JGS-TE-OH 

(2.4) 

Collapse of this intermediate to the product requires proton transfer from selenium to 

oxygen. For the ^^O exchange between arsenous acid and solvent water, the required 

proton transfer is suggested to occur in the transition state via a second water molecule 

(the first acts as the nucleophile), as shown in Figure 1 (9). 
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SG 

H'' M SG 
LSe 

H O n H 

Figure 2.1. Transition state as proposed by Copenhafer (modified for [(GS)2AsOH]), 

nucleophilic attack of HSe- coupled with proton transfer. 
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2.3. Purification of seleno-bis(S-glutathionyl) arsinium anion. 

2.3.1. Discussion of separation. 

While the reaction shown in Equation 2.3 is a simple and high jdeld method for 

synthesizing [(GS)2AsSe]", residual Na^ and borate [B(0H)3 at the final pH of the 

reaction], left over from the s>Tithesis of sodium hydrogen selenidc, remain in the product 

solution. Fortunately, the substantial size difference between these species and 

[(GS)2AsSe]' may allow separation by size-exclusion chromatography, which should 

minimize the cleavage of fragile As-Se bonds. ICP-AES has long been identified as a 

powerful detector for liquid chromatographic separations of inorganic compounds and 

was therefore selected as an online multielemental detector, thereby providing some 

qualitative confirmation of the identity of species exiting the column (10). 

2.3.2. LC specifications. 

A Beckman 110 B Solvent Delivery Module HPLC pump in conjunction with a 

Rheodyne six-port injection valve (200-|il loop) was used. A Pharmacia HR10/30 column 

(i.d. 1.0 cm) was packed with Sephadex G-10 to a height of 29.0 cm and was maintained 

at 4 °C. After equilibration of the column with 60 ml of 0.1 M tris-buffer (pH 8.0, 

purchased from Eastman Kodak Company (Rochester, NY, USA)), 200 f.il of the 

obtained reaction mixture (and aqueous sodium borate) was injected at 1.0 ml min '. 
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2.3.3. ICP-AES specifications. 

As, Se, S and B-specific detection was achieved with a Thermo Jarrel Ash 

(Franklin, MA, USA) IRIS HR radial view ICP-AES at 189.042, 203.985, 180.731 and 

249.678 nm (order 178,165, 186 and 135), respectively. Time-scans were performed 

using software (Thermospec version 2.10.09), and the multitasking controller allowed the 

processing of one atomic line every 0.02 s. The nebulization gas was maintained at a flow 

of 1.5 dm^ min '. The SEC column was coupled to the IRIS using a 3 cm length of 

polyethylene peristaltic tubing (Figure 2.2). Four minutes after the injection of the analyte 

onto the column, monitoring of the emission lines was initiated. In addition to the 

obtained analyte mixture, a solution containing aqueous sodium borate was 

chromatographed for standardization purposes. 
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Figure 2.2. Coupling of SEC column to the IRIS ICP-AES. 

2.4. Results. 

Figure 2.3 shows the results of chromatography using a Sephadex G-10 column, 

simultaneously monitoring the arsenic, selenium, sulfur and boron emission lines. A 

slight orange-red coloration on the column head following loading suggested that 
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marginal decomposition of [(GS)2AsSe]" had occurred, possibly due to small amounts of 

residual O2 in the mobile phase, with the red color most likely arising from oxidation of 

Se"" to elemental Se. A single peak containing arsenic, selenium and sulfur eluted in the 

void volume of the column, followed by a very broad boron peak, which was identified 

as borate after calibration with the aqueous sodium borate solution. The intensities of the 

As, S and Se peaks were calibrated with reference to standard solutions of mixtures of 

sodium arsenite, selenite, and sulfate. This gave an As:S:Se stoichiometry for the peak of 

1.1:1.9:1.1, which is in excellent accord with the 1:2:1 stoichiometry expected for 

[(GS)2AsSe]". Data (not shown) collected using XAS confirm these results, and were 

used to calculate the structure of [(GS)2AsSe]", shown in Figure 2.4. 
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Figure 2.3. Size exclusion chromatography of the reaction product using arsenic, sulfur, 

selenium and boron-specific detection by ICP-AES at wavelengths of 189.042, 180.731, 

203.985 and 249.678 nm for As, S, Se and B, respectively. A sharp coincident peak for 

As, Se and S was observed, followed by a broader B peak. 
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Figure 2.4. Structure of [{GS)2AsSe]' . C and H atom labels have been omitted for 

clarity. 

2.5. Conclusion. 

This study concludes a line of chemical research that was initiated by the 

discovery of the seleno-bis (S-glutathionyl) arsinium anion by Gailer et al., and provides 

toxicologists with the tools by which they may determine the toxicity and fate of the 

seleno-bis (S-glutathionyl) arsinium anion (4). To summarize, this study describes an 

efficient aqueous solution synthesis and chromatographic purification of [(GS)2AsSe]". 

Use of As, Se and S standards to qualitatively identify the species separated using SEC 

and detected by ICP-AES gave stoichiometry which was in agreement with what was 

expected (As:S:Se of 1.1:1.9:1.1). Additionally, the structure of [(GS)2AsSe]"was 

confirmed utilizing XAS. The synthesis of [(GS)2AsSe]" by a high yield and high purity 

synthetic route allows for future testing of its toxicity. Additionally, these results provide 
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evidence for the mechanism of formation of this novel and biochemically important 

compound by the previously reported route (4). 
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Chapter 3: Synthesis and structural characterization of the dimethyl 

diselenoarsenate anion. 

3.1. Synthesis and structural characterization of the dimethyl diselenoarsenate anion. 

3.1.1. An overview of the significance of this study. 

Although inorganic arsenic (arsenite and arsenate) is a well established human 

carcinogen and its mammalian metabolism has been extensively studied, strikingly little 

is known about the molecular form(s) of arsenic inside cells (1, 2). Therefore, it is not 

surprising that the mechanism of arsenite-induced carcinogenesis in humans is not well 

understood (3). One way to gain insight into the molecular mechanism(s) is to 

characterize the arsenite metabolites that are formed in vivo. Subsequent toxicological 

evaluation of these metabolites could then reveal the actual carcinogenic species. 

Arsenite, which exists at pH 7.4 as neutral arsenous acid [As(0H)3], has a high 

chemical affinity for thiols and reacts with GSH under physiological conditions to give 

(GS)3As (4, 5). Conversely, dimethylarsinic acid is reduced by 2 mole-equivalents of 

GSH to dimethylarsinous acid which reacts with one more GSH to yield S-

(dimethylarsino)glutathione (6). The biochemistry of selenite is also largely determined 

by its interactions with thiols, but in contrast to arsenite, selenite undergoes a redox 

reaction with 4 mole-equivalents GSH to give GS-Se-SG and GSSG (7). In vivo GS-Se-
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SG is further reduced to HSe" (by glutathione reductase and NADPH), which is then used 

either for the s3mthesis of methylselenium compounds or for the formation of 

monoselenophosphate which is then used for selenoprotein biosynthesis (7, 8). 

As was discussed previously, the discovery by Moxon et al. in 1934 of a striking 

mutual detoxification between arsenite and selenite in mammals indicated that the 

metabolism of arsenite is somehow intertwined with that of selenite (9). At the time of 

Moxon's study, the lack of appropriate analytical techniques to structurally characterize a 

potential detoxification compound severely hampered the elucidation of the molecular 

mechanism. As was mentioned, the use of XAS and SEC-ICP-AES by the team of 

researchers undertaking the studies described herein allowed a previously unknown As, 

Se and S-containing detoxification specics to be detected in vivo and identified the 

species as [(GS)2AsSe]' (10-12). 

In the previous chapter it was illustrated that [(GS)2AsSe]" can be formed by 

nucleophilic attack of HSe- on the arsenic atom of (GS)2As-0H followed by 

displacement of the OH-group. Consequently, it was shown that the chemistry of arsenite 

in a biological environment is driven not only by its interaction with thiols, but also by its 

interaction with intracellularly generated, highly reactive selenium metabolites, such as 

hydrogen selenide (HSe") (13). Accordingly, other arsenicals may react in a similar 

fashion. It has been determined that dimethylarsinic acid plays a role in the 

carcinogenesis of inorganic arsenic, and selenium has been linked to a decrease in the 

activity of that role (14,15). Therefore, in order to determine whether there exists a 

molecular species that links dimethylarsinic acid (DMA^^) and Se, in an analogous 
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fashion to that which was the case with the discovery of the seleno-bis(s-glutathionyl) 

arsinium anion, the currently described systematic investigation of the reaction between 

dimethylarsinic acid, selenite and GSH was undertaken. 

3.1.2. Synthesis of arsenic-selenium species. 

Initial conditions used were similar to those chosen for the sjmthesis of the 

biologically significant [(GS)2AsSe]' anion. Since preliminary experiments showed that 

at least 8 mole-equivalents of GSH were required to obtain a colorless reaction mixture 

with cquimolar dimethylarsinic acid/selenite (less resulted in a rust brown precipitate, 

indicating incomplete reduction of selenium and the formation of elemental selenium), 10 

mole-equivalents of GSH were used to protect any potentially oxygen sensitive arsenic-

selenium species that may have been formed. A solution containing equimolar 

dimethylarsinate and selenite was prepared by dissolving (CH3)2As(0)0Na-2.5H20 (213 

mg, 1.038 mmol) (otherwise known as cacodylic acid) and Na2Se0r5H20 (275 mg, 

1.045 mmol) in 1.0 ml of distilled water (solution A). Then GSH (254 mg, 0.827 mmol) 

was dissolved in distilled water, the pH was adjusted to 7.5 and the solution was diluted 

to 1.0 ml (solution B). All chemicals were purchased from Sigma, except 18 MQ Milli-Q 

purified water, which was donated by Mark Baker of the University of Arizona 

Geosciences Department. After incubation of solution B for 20 min at 37°C (body 

temperature), an aliquot of solution A (80 jil) was added. A red-brown precipitate (likely 

elemental selenium) formed. The solution was then lightly agitated by cupping the 2 ml 

snap cap container in the palm of the hand, and rotating the wrist as would someone 
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attempting to wind up a mechanical self winding watch. The red-brown precipitate 

dissolved after approximately 10 min. to yield a colorless and clear solution ofpH 8.7 

with a garlic aroma commonly encountered with volatile organo-arsenic species. 

Addition of HCl to this solution produced a rust-brown precipitate, which indicated that 

the Se species contained within was oxidized (from its current Se"") to form elemental 

selenium. 

3.2. Separation of any As - Se species ofpotential biological significance. 

3 .2.1 .  Size exclusion chromatography (SEC). 

In order to determine whether any species of potential biological significance 

were formed following the addition of 10 mole-equivalents of GSH to an equimolar 

solution of selenite and dimethylarsinate, it was necessary to develop a separation scheme 

that would not significantly degrade any products of this reaction. As was noted by 

Cullen in the 1960's, As-Se bonds are labile, and as a result, must be handled gingerly in 

order to prevent decomposition (16). As a result of these fi ndings, a scheme that was 

previously used successfully (and described in the previous chapter) was chosen for 

chromatographic separation of As-Se compounds, to minimize decomposition. The 

technique chosen was size exclusion chromatography utilizing Sephadex's G-10 media. 

In order to collect some qualitative information about species formed, which may 
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possibly contain As, C, S and Se, the Thermo instruments IRIS ICP-AES was again 

utilized for simultaneous multi-element specific detection of SEC effluent. 

3.2.2. Instrumental specifications. 

A Beckman HOB Solvent Delivery Module HPLC pump was used for solvent 

delivery in conjunction with a Rheodyne six-port injection valve (200 fil-loop). A 

Pharmacia HR 10/30 column (i.d. 1.0 cm) was packed with Sephadex™ G-10 

(Amersham Pharmacia Biotech AB, Uppsala, Sweden). The mobile phase was prepared 

by mixing 0.05 mol dm ' solutions of KH2PO4 and K2HPO4 to obtain a solution with pH 

8.0. After equilibration (column height; 29.4 cm), the column exit was connected to the 

Meinhard TR-30-K2 concentric nebulizer of the ICP-AES with polyethylene tubing (as 

-2 1 

shown in Figure 2.2). A flow-rate of 1.0 cm min" was used throughout the study and all 

chromatographic procedures were carried out at 25°C. The G-10 column was size-

calibrated with rat hemoglobin (Fe-specific detection at 259.940 nm {order 130}), GSSG, 

GSH (S-specific detection, 182.624 nm {order 184}), Na2S04 (Na-specific detection at 

330.237 nm {order 102}), sodium selenite and sodium arsenite (As specific detection at 

228.812 nm {order 147} and Se-specific detection at 206.279 nm {order 164}). The 

retention times of the column calibrants were 8.7, 9.0, 11.6, 12.0,13.4 and 21.5 min, 

respectively. 

Simultaneous arsenic, selenium, sulfur and carbon-specific detection was achieved 

by monitoring emission lines at: As, 228.812 nm {order 147}; Se, 206.279 nm {order 

164}; S, 182.624 nm {order 184}; C, 247.856 {order 136} nm. Time-scan functions were 
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carried out by Thermo-SPEC/CID software (version 2.2.1.cl; one atomic emission line 

was processed every 0.02 s), data work-up (smoothing and conversion to tab delimited 

text files) was possible by utilizing custom written LABVIEW software. The nebulization 

3  1  gas flow was 2.0 dm min" , the plasma forward power was 1150 W, and the CID 

temperature was maintained at -85°C. 

3.2.3. Results. 

Following analysis of the reaction mixture by SEC-ICP-AES using simultaneous 

four-element-specific detection of As, Se, S and C resulted in the chromatogram shown 

in Figure 3.1. The sulfur and carbon-specific chromatogram contained two unresolved 

peaks with retention times of 10.1 and 12.1 min, compared with 9.0 and 11.6 min. for 

GSSG and GSH standards, respectively. 

Although the retention times of the standards do not exactly match the retention times 

of the observed peaks (possibly due to the complex matrix of the reaction solution), the 

first sulfur/carbon peak is tentatively identified as GSSG, since the previous study 

described herein showed redox chemistry is likely, and since GSSG was also formed in a 

similar redox reaction involving selenite and GSH (11, 12). The arsenic-specific 

chromatogram revealed the elution of 54% of the injected arsenic in a peak with a 

retention time of 13.0 min and the balance in a second peak at 34.0 min (Figure 3.1). 

Since the first arsenic peak co-eluted with a sulfur/carbon peak, this peak is tentatively 

identified as an arsenite-GS (one singly bound, oxidized glutathione bound to a single 

As) species. The selenium-specific chromatogram showed only one peak with a retention 
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time of 34.0 min., which co-eluted with the second arsenic peak and did not contain 

sulfur (Figure 3.1, inset). Although the carbon-specific chromatogram was very noisy, 

the presence of carbon in this arsenic-selenium species is indicated by the slightly 

increased emission at the peak maximum compared to the beginning and the end of the 

peak (Figure 3.1, inset); the atmospheric background of carbon limits the utility of this 

element. 
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Figure 3.1. Size-exclusion chromatography of the reaction product 

using arsenic, sulfur, selenium and carbon-specific detection by ICP 

AES at 228.812 nm {order 147}, 182.624 nm {order 184}, 206.279 nm 

{order 164} and 247.856 nm {order 136}, respectively. 
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At this point in the study, the focus of the study shifted to the As, Se and C containing 

species eluting at 34 min., as it appeared to offer insight into the reaction of As and Se, 

since no other Se containing species were present. In order to determine the empirical 

As;Se ratio of this species, the arsenic and selenium emission intensities (at the peak 

maximum) were compared with those of aqueous solutions with As:Se molar ratios of 

1:1, 1 ;2, 1:3 and 2; 1 (these solutions were prepared by dissolving appropriate amounts of 

sodium arsenate and sodium selenate in distilled water). The AsiSe intensity ratio 

revealed an As:Se molar ratio of 1:2, which is consistent with the observation that 

approximately half of the injected arsenic eluted in this peak, since equimolar selenite 

and dimethylarsinic acid were reacted. To determine the recovery, column effluent was 

collected for 40 min (in triplicate, post injection), diluted to 50-cm^ with mobile phase 

and quantified against stock solutions of As, Se and S prepared in mobile phase. The 

respective recoveries of As, Se and S were 83±3, 89±5 and 86+4%. 

It was apparent that a new species containing As and Se (with an empirical ratio of 

1 ;2) and most likely carbon (although this was not completely apparent until subsequent 

mass spectral analysis was completed), of possible biological relevance may have been 

discovered. The next step was to collect this species and elucidate its structure using 

multiple instrumental analytical techniques to which the University of Arizona Chemistry 

Department has access (as well as some that are available as a result of collaboration with 

Stanford). 
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3.3. Structural characterization of As, Se and C species. 

3.3.1. EXAFS and NMR. 

NMR was performed by Dr. Richard Glass of the University of Arizona 

Chemistry Department and X-Ray absorption fine structure spectroscopy (EXAFS) and 

subsequent molecular modeling was calculated was performed by Dr. Graham George of 

the Stanford Sychrotron Radiation Laboratory. These analyses were performed on the 

reaction mixture, without any chromatographic separation. Since these analyses were 

conducted independently, these data will not be presented in this document, they may be 

in 
reviewed in a manuscript published on this work (17). Results from the ' Se NMR 

indicated a single resonance at 112.8 ppm, which indicative of a single As-Se species 

being present in the reaction mixture. EXAFS results indicated a single species with an 

arsenic atom containing C bonds and two Se bonds; each selenium was singly bound to 

an arsenic atom. 

3.3.2. Electrospray ionization mass spectrometry (ESI-MS). 

Substitution of the mobile phase with distilled water was attempted, since the PBS 

buffer was unsuitable for electrospray mass spectral analysis. DIH2O still provided 

adequate separation of the arsenic-selenium species from the preceding sulfur and 

carbon-containing peak, and allowed the collection of this peak (from 15.0-16.6 min) for 

subsequent ESI-MS analysis (Figure 3.2). 
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Dr. Arpad Somogyi of the University of Arizona mass spectrometry facility 

conducted the mass spectral analysis. A Finnigan LCQ ion trap instrument was used to 

detect negatively charged ions in the solution. An aqueous solution of the sample 

(concentration w200 |xmol dm") was introduced into the ESI source with a flow rate of 20 

p,l min '. The needle voltage was 4.5KV and the capillary voltage was 50V. 

The ESI-MS spectrum in the negative ion mode showed peaks (m/z 258-269) that 

were consistent with a formula of C2H6AsSe2 (Figure 3.2; inset a shows the theoretical 

isotope distribution). The ion with the highest intensity at m/z 264.9 was then selected 

and collided with He at 27% relative energy in the mass spectrometer. The selected ion 

fragmented via two main pathways: (1) loss of CH? (leading to m/z 249.7) and (2) loss of 

(CH3)2As (leading to m/z 159.9). Thus, the ESI-MS-MS fragmentation spectrum (Figure 

3.2., inset h) together with the SEC-ICP-AES results suggested the structure of the 

arsenic-selenium solution species to be [(CH3)2AsSe2]". 
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3.3.3. Results. 

Taken together these data conclusively indicate the formation of the dimethyl 

diselenoarsinate anion, [(CH3)2AsSe2]'. Figure 3.3 depicts the molecular structure of the 

dimethyl diselenoarsinate anion, calcxilated using EXAFS data collected by Dr. Graham 

George of the Stanford Sychrotron Radiation Laboratory (data not shown). 

Figure 3.3. Structure of [(CH3)AsSe2]' 
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Previously, the mechanism of formation of [(68)2AsSe]" from selenite, arsenite 

and GSH was shown to involve the nucleophilic attack of HSe" on (GS)2As-0H, the 

formation of [(013)2AsSe2]" (from selenite, dimethylarsinic acid and GSH) most likely 

involves a similar reaction mechanism. Since [(CH3)2AsSe2]" contains trivalent arsenic 

(Figure 3.3), dimethylarsinic acid was first reduced by 2 mole-equivalents GSH to the 

trivalent arsenic species dimethylarsinous acid, as reported (5, 16, 18). Consecutive 

nucleophilic attack of 2 HSe" molecules (formed from selenite and 6 mole-equivalents 

GSH) on the arsenic atom followed by displacement of the OH-group of 

dimethylarsinous acid (with a proton transfer mechanism as previously outlined) most 

likely yields [(CH3)2AsSe2]' (Figure 3.4). 

72 {(CH3)2As(0)0H + 2GSH • (CH3)2As-OH + GSSG + 2H2O} 
HSeOs" + 6GSH • HSe + 3GSSG + 3H2O 

OH" + (CH3)2As-OH + 2HSe" • [(CH3)2AsSe2]" + 2H2O 

Figure 3.4. Possible reaction pathway. 

3.4. Simultaneous arsenic and selenium-specific detection of the 
dimethyldiselenoarsinate anion by HPL C-ICP-A ES. 

3.4.1. Overview of the necessity of HPLC separation. 
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The synthesis of the novel and possibly biochemically relevant 

dimethyldiselenoarsinate anion ([(CH3)2AsSe2]') was straightforward, and exhibited 

acceptable yield (approximately 89% of the limiting reagent, seleniirai, reacted to form 

this species); however, the purification was accomplished by size exclusion 

chromatography that was slow (40 min.), and exhibited significant peak broadening (12 

min.) (19). These factors make utilization of this separation scheme for detection or 

purification of [(CH3)2AsSe2]' on a routine basis unsatisfactory due to low sample 

throughput and poor detection limits. Therefore, the development of a separation scheme 

for [(CH3)2AsSe2]' that is both fast, and exhibits acceptable detection limits is described 

herein. 

3.4.2. Synthesis of dimethyldiselenoarsinate anion. 

Synthesis of [(CH3)2AsSe2]' for this study followed the scheme previously 

described in this chapter. 

3.4.3. Separation strategy. 

To develop an HPLC method for the identification of [(CH3)2AsSe2]' in aqueous 

solutions, two retention mechanisms appear chemically feasible. The negative chargc on 

[(CH3)2AsSe2]" could be exploited to retain this species on an anion-exchangc column, 

provided that the compound can be passed through the column intact. On the other hand, 

the metliyl-groups on [(CH3)2AsSe2]" should render this molecule sufficiently 
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hydrophobic to be retained on a hydrophobic stationary phase. Additionally, the latter 

retention strategy would most likely minimize possible decomposition of [(CH3)2AsSe2]" 

during the chromatographic separation process as was previously observed with the 

structurally related [(GS)2AsSe]'" on anion-exchange columns (10, 13, 20). Since the 

ultimate goal was to develop a chromatographic method for the identification of 

[(CH3)2As(Se)2]' in biological samples, PBS-buffers (0.01 mol dm"^) were investigated as 

mobile phases (to prevent potential decomposition of [(CH3)2AsSe2]" on the 

chromatographic system, all mobile phases were degassed with N2). The decomposition 

of [(CH3)2AsSe2]" below pH 7.0 required a mobile phase with pH>7.0. 

3.4.4. Chromatographic specifications. 

The HPLC system consisted of a Beckman HOB Solvent Delivery Module, a 

Rheodyne 6-port injection valve (50 (.iL-loop) and either a Hamilton PRP-1 column 

(Reno, NV, USA; 250 x 4.1 mm ID.; spherical, lO-jam particles of a styrene-

divinylbenzene copolymer) or a Hamilton PRF-XlOO colunm (Reno, NV, USA; 250 x 

4.1 mm ID.; spherical lO-jim particles of a styrene-divinylbenzene copolymer). Both 

columns were operated with guard cartridges filled with the same stationary phase. The 

effect of methanol on the retention behaviour of [(CH3)2AsSe2]" was studied on a 

Hamilton PRP-1 column (Reno, NV, USA; 100 x 4.1 mm I.D.). Each column was 

3  * 1  equilibrated with the corresponding mobile phase at a flow-rate of 1.0 cm mm" for at 

o 1 

least 1 hour. All separations were carried out at 25°C and a flow rate of 1.0 cm min" was 

maintained throughout the study. The void volume of the PRP-1 column was determined 
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with aqueous arsenite (50 mg As dm"^) and was 1.90 min. The retention times of 

methylarsonate, sodium selenite, GSH and dimethylarsinate were 2.03, 2.06, 2.41 and 

2.78 min, respectively. 

3.4.5. ICP-AES detection specifications. 

Simultaneous arsenic, selenium and sulfur-specific detection was achieved with 

the Thermo Jarrel Ash IRIS HR radial-view ICP-AES (Franklin, MA, USA). A 

ThermoSPEC/CID (version 2.2.1.cl) provided the necessary time-scan functions and the 

multitasking controller allowed the processing of one atomic emission line every 0.02 

sec. The integral, proprietary data files were read using custom written LABVIEW 

software, which also provided the ability to perform the derivative as well as third order 

3 * 1  polynomial smoothing. The nebulization gas-flow was maintained at 2 dm mm" , the 

plasma forward power at 1150 W, and the CID temperature at -85°C. The column exit 

was coupled to the Meinhardt TR-30-K3 concentric glass tube nebulizer (J.E. Meinhard 

Assoc. Inc., Santa Ana, CA, USA) with a polyethylene tube (length 12 cm). 

Accumulating charge on the detector of the ICP-AES from arsenic was monitored at 

228.812 nm {order 147), from sulfur at 182.624 nm {order 184} and from selenium at 

206.279 nm {order 164}. 

3.4.6. Results and discussion. 
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Since a Hamilton PRP-XlOO anion-exchange column had already been 

successfully used to retain arsenic-containing anions, such as arsenate, methylarsonate 

and dimethylarsinate, the retention behavior of [(CH3)2AsSe2]' was investigated on this 

stationary phase (6). Unfortunately neither a sodium phosphate buffer of pH 7.4 nor 8.5 

(both 0.03 mol dm" and degassed with Na) allowed [(CH3)2AsSe2]" to pass through the 

column intact, which was indicated by the fact that no selenium whatsoever eluted from 

the column. Due to the decomposition of [(CH3)2AsSe2]" on this stationary phase at the 

investigated mobile phase pH-values, 0.01 mol dm"^ GSH was added to the sodium 

phosphate buffer (the pH was re-adjusted to pH 7.4 using NaOH after the addition of 

GSH), this was done in an attempt to protect selenide from being oxidized to Se", if this 

were the case GSH would be performing a similar function to that exhibited in vivo. 

Unfortunately, the results were similar to the experiments with PBS-buffer alone. Even 

thougli the specific mechanism for the on-column decomposition of [(CH3)2AsSe2]' on 

this particular stationary phase is unknown, the positively charged trimethylammonium 

exchange sites arc likely involved. Use of the Hamilton PRP-XlOO anion exchange 

column was abandoned. 

Using a Hamilton PRP-1 column and a PBS-buffer (0.01 mol dm""\ pH 7.4) as the 

mobile phase, a peak containing an arsenic and selenium compound eluted from the 

column (Figure 6). The sulfur-specific chromatogram revealed a rather broad sulfur-

containing double peak that essentially eluted in the void volume of the column and 

corresponds to GSSG and unreacted GSH, which may be complexed to unreacted 

dimethylarsinate. The arsenic-specific chromatogram revealed two major peaks. The first 
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had a retention time of 2.24 min and accounted for 43% of the arsenic that eluted from 

the column. Its peak-shape clearly indicated the presence of more than one arsenic-

containing compound and most likely corresponds to a mixture of free dimethylarsinate 

(retention time 2.78 min) and GSH-complexed dimethylarsinate (GSH alone had a 

retention time of 2.41 min). 
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Figure 3.5. Arsenic, selenium and sulfur-specific chromatogram of a solution containing 
[(CH3)2AsSe2]" (0.038 mol dm"^), oxidized glutathione (GSSG) and dimethylarsinate by 
HPLC-ICP-AES. Column: Hamilton PRP-1 column (250 x 4.1 mm I.D. with guard 
column); Mobile phase: PBS-buffer (0.01 mol dm"^, pH 7.4); Flow-rate: 1.0 cm^ min"'; 
Loop: SO-jiL. 
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The second peak (which eluted simultaneously with selenium) had a retention 

time of 4.65 min, accounted for the remaining 57% of total arsenic and was extremely 

broad in comparison to chromatographic peaks that were previously obtained with a 

similar column using a comparable flow-rate (21, 22). Preliminary experiments were 

undertaken to determine to what extent slow washout of the Meinhardt nebulizer and 

cyclonic spray chamber affected tailing and peak broadening. The Rheodyne 6-port 

injection valve was coupled directly to the Meinhardt nebulizer (with a 3 cm piece of 

polyethylene tubing). Injections of 50 pL of 50 ppm As (prepared from sodium arsenite) 

and 50 |.iL of As solutions of 2/3 and 1/3 the original strength were monitored. The 

results show that with immediate introduction, rise time is approximately 10 seconds 

from peak minima to maxima, and there is a lag time necessary for signal response to fall 

of approximately 30 seconds (assuming the peak should be represented by a gaussian 

response). The tailing mimics what is observed in the chromatogram and indicate that it 

is most likely due to instrumental memory effects and not caused by the HPLC column 

itself (Figure 3.6). The reason this was not encountered in the SEC experiments is most 

likely due to slow elution times encountered when using SEC, such that the sample 

introduction system washout was not challenged. Additionally, it should be mentioned 

that the previous analyses (utilizing the PRP-1 for As speciation) referred to above were 

not collected in real time, and therefore did not suffer from any hysteresis problems 

encountered here. Regardless of the cause, the peak shape indicates a single arsenic-

containing compound. 
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The selenium-specific chromatogram revealed two peaks with retention times of 

2.62 and 4.65 min., respectively. The first peak accounted for only 5% of the total 

selenium that eluted fi:om the column and the second for 95%. This second peak also co-

eluted with the second arsenic peak and indicates [(CH3)2AsSe2]". Direct experimental 

evidence in favor of the elution of imchanged [(CH3)2AsSe2]" could be obtained by 

calculating the Se:As emission intensity ratio at the peak maximum from this 

chromatogram. The comparison of this ratio with ratios that were obtained for standard 

solutions with different molar Se:As ratios (1:1, 2:1 and 3:1) clearly demonstiated that 

the Se:As molar ratio of this chromatographic peak was 2:1 and that [(CM3)2AsSe2]' had 

migrated through the chromatographic bed structurally unchanged. 

In order to gain insight into the chromatographic retention mechanism, the effect 

of methanol on the retention time of [(CH3)2AsSe2]' was investigated. Increasing the 

concentration of methanol in the pH 7.4 PBS-buffer mobile phase in 5% increments up to 

15% brought about a pronounced decrease of the retention time of [(CH3)2AsSe2]' using a 

100 X 4.1 mm ID. PRP-1 column (the k' decreased from 1.45 with PBS-buffer alone to 

0.82 with 15% methanol). This indicates that hydrophobic interactions between the 

methyl-groups of [(CH3)2AsSe2]" and the hydrophobic (styrcne/divinylbenzene) backbone 

of the stationary phase are involved in the retention mechanism. 
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Figure 3.6. Preliminary washout experiment using 50 |li1 of 50 ppm As solution prepared 

from sodium arsenite, followed by injections of 2/3 and 1/3 concentration. 
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Using a calibration curve in which the concentration of [(CH3)2AsSe2]" (in the 

solution injectcd into the sample loop) was plotted against the selenium emission 

intensity (the 206.279 nm emission line) of the peak corresponding to [(CH3)2AsSe2]', the 

absolute detection limit of this HPLC-ICP-AES method (50 |xL-loop, flow-rate: 1.0 cm 

min ^) was 29 [ig [(CH3)2AsSe2]'' (5 0 of background). The utilization of a 250 fiL-loop 

would decrease the absolute detection limit to approximately 6 |ig [(CH3)2AsSe2]' or 14 

mg Se dm'^. Compared with the arsenic and selenium concentrations of approximately 20 

mg (As and Se) dm"^ that were previously measured in bile after the intravenous injection 

of rabbits with selenite and arsenite, the detection limit of the developed HPLC-ICP- AES 

method is sufficient to analyze biological fluids after similar animal experiments (4,16). 

3.5. Conclusion. 

The reaction of equimolar dimethylarsinic acid and selenite with 10 mole-

equivalents GSH yielded a novel arsenic-selenium solution species. Structural elucidation 

of the reaction product by SEC-ICP-AES, ESl-MS-MS, '^Se-NMR, and arsenic and 

selenium EXAFS spectroscopy unequivocally revealed that the dimethyldiselenoarsinate 

anion, [(CH3)2AsSe2]', had been formed. Since dimethylarsinic acid is an 

environmentally abundant arsenic compound, and in light of the fact that another 

structurally related arsenic-selenium specics, the scleno-bis (S-glutathionyl) arsinium ion, 

[(GS)2AsSe]', was previously detected in rabbit bile, further studies are necessary to 

investigate whether the [(CH3)2AsSe2]" anion is formed in vivo (10, 11, 18, 23). 
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Additionally, for future toxicological studies to be conducted on [(013)2AsSe2]', 

purification of [(CH3)2AsSe2]' was necessary following its synthesis, while the ability to 

detect its presence in vivo using a fast and sensitive technique was also imperative. 

Towards this end, the first HPLC method for the rapid identification of [(CH3)2As(Se)2]" 

in aqueous solutions using an ICP-AES as the simultaneous arsenic and selenium-specific 

detector was accomplished. With a Hamilton PRP-1 column and using a PBS-buffer 

(0.01 mol dm'^, pH 7.4) as the mobile phase, [(CH3)2As(Se)2]" was identified in the 

column effluent by its arsenic:selenium molar ratio. Interactions between the methyl-

groups of [(CH3)2As(Se)2]" and the hydrophobic stationary phase retained this compound 

to allow its baseline-separation from dimethylarsinate, methylarsonate, selenite, GSH and 

GSSG. 
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Chapter 4: Rifle Primer Classification Study. 

4.1 Initial study. 

4.1.1 Detection of elements commonly present in primers. 

Small arms rifle primers manufactured by Federal, Winchester and CCI, for the 

purpose of reloading ammunition, were purchased from Slash K ammunition reloading 

store, Tucson AZ. The primer makes and models can be viewed in Table 4.1. 

NliikC ^ 

Federal Small Rifle Primer (#205) 

Winchester Small Rifle (Copper plated) 

Winchester Small Rifle (Nickel plated) 

CCI Small Rifle Primer (BR#4) 

Table 4.1. Primer models initially studied. 

4.1.2 Sample preparation. 

It was .necessary to disassemble the primer (remove the anvil) in order to collect 
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samples of the priming compound. The priming compound is a pressure sensitive 

explosive, and after numerous initial detonations it was apparent that a great level of 

finesse, and protection beyond standard the laboratory protective outfit would be 

necessary. 

A lexan 22"X18" blast shield was built, in order to protect from accidental 

detonation during disassembly. A primer cup holding device was fashioned from a pair of 

stainless steel hemostats by recessing a small hemispherical region of their jaws. A 

stainless steel dental exploratory tool was used to gently pry out the anvil. Once the anvil 

was removed, a pair of a stainless steel forceps was used to remove the wax-paper wad 

that is sandwiched between the priming compound and the anvil (Figure 4.1). A round 

nosed spatula was used to carefully remove the priming compound without 

contaminating the sample with metals used in the manufacture of the cup. In between 

each use, the tools were flushed with trace metal grade 5% HNO3 followed by 18 MO 

H2O, and allowed to dry. 
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Primer Cup 

Anvil 

Paper Wad 
Priming Compound 

Figure 4.1. Components of conventional "boxer" type small arms primer. 

The priming compound was removed and dissolved in 5 mL 12 molar trace metal grade 

nitric acid, and left overnight. The samples were then diluted to 100 mL 

4.1.3 Instrumental parameters. 

The Thermo instruments High Resolution IRIS, echelle based inductively coupled 

plasma atomic emission spectrometer was prepared for analysis by allowing the echelle 

spectrometer to purge with argon for 2 h. prior to analysis to increase throughput in the 

short wavelength UV spectral region. The charge-injection device (CID) was allowed to 

cool for 45 niin. (after 1 h. 15 min. of purge, to preclude any ice formation on the CID), 
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after which the plasma was ignited and allowed to stabilize for 15 min. The plasma 

power was set at 1350 Watts, with the carrier gas set at 30 psi and the auxiliary gas set at 

1.5 L/min. Samples were introduced by a peristaltic pump running at 120 revolutions per 

min. 

4.1.4 Line search. 

Exposures of varying duration were taken for both on and off axis wavelength 

coverage. The Echellograms were viewed and methodically searched for the most 

intense emission lines of elements both typically and atypically found in small arms 

primers. The on axis echellogram of Winchester rifle primer can be seen in Figure 4.2. 

Between the five samples, Al, Ba, Ca, Fe, Pb and Sb were initially detected. 
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Figure 4.2. On axis echellogram of Winchester small rifle primer used for detection of 

various elements present in the priming compound. 



4.1.5 Initial quantitation. 

For initial quantitation, standards of 1, 5,20 and 100 ppm for Al, Ba, Ca, 

Fe, Pb and Sb were prepared using stock purchased from High Purity Standards. 

The lines chosen for quantitation of these elements can be viewed in Table 4.2. 

i-i-: -icti- / 1  ('nn-; (n:i; 

Al 396.2 

Ba 455.4 614.1 

Ca 393.3 396.8 

Fe 238.2 259.9 

Pb 182.2 220.3 

Sb 206.8 231.1 

Table 4.2. Wavelengths and orders usedfor initial 

quantitation. 
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Three samples of each of the primers listed in Table 4.1 were dissolved as previously 

described. The initial semi-quantitative results of the first set of samples can be viewed 

in Table 4.3. 

At . Ba 03 Fe Fo Sb 
5-15 ppm 30-40 ppm 0.5-1.5 ppm 0.1-0.3 ppm 30-40 ppm 5-30 ppm 

Table 4.3. Concentration ranges of elements found in initial, semi-quantitative analysis of 

nine primers. 

4.2 First classification model. 

4.2. J Standards preparation . 

A stock standard solution was prepared with initial concentrations of: A120 ppm, 

Ba 125 ppm, Ca2.0 ppm, Fe 2.0 ppm, Pb 125 ppm, Sb 125 ppm. Dilutions ofVz and 1/10 

were subsequently prepared. 
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4.2.2 Initial analysis. 

Five of each of the rifle primers listed in Table 4.1 were prepared and analyzed as 

previously described; the atomic emission data can be viewed in Table 4.4. Initially, it is 

possible to see slight differences between sample classes; however, the groups cannot be 

distinguished using a monothetic scheme. 

AI Ba Ca Fe Po Sb 
wnsrp ni 1 11.100 30.713 0.107 0.282 36.260 25.557 
wirsrp ni 2 11 340 36.017 0.130 0.384 36.380 37.437 
winsrp n, 3 10.225 31.463 0.105 0.243 31.967 22.970 

iwinsrp ni 4 11.465 33.077 0.083 0.276 36.270 25.340 
winsrp 11 5 10.550 32.867 0.092 0.270 32.070 25.693 
•ed 205 1 7.577 41.030 0.004 0.215 39.313 7.417 
-ed 205 2 7.922 42.747 0.002 0.235 41.263 6.601 
fed 205 3 7.461 40.037 0.004 0.241 39.873 6.193 
fed 205 A 8.486 44.400 0.012 0 269 45.773 9.357 
fee 205 5 6.778 34.047 0.033 0.211 35.940 5.352 
CCi 1 4.927 45.370 0.096 0.226 36.243 22.350 

:CC i?  4.655 44,793 0.100 0.207 32.863 22.873 
•CCi 3 4.788 46.320 0.098 0.231 35.483 23.950 
ZOA 
CC. 5 

3.972 41.740 0.082 0.196 27.777 18.320 ZOA 
CC. 5 4.351 39.683 0.099 0.266 28.973 26.850 
VvS" CsJ " 8.973 31.603 0,109 0.227 28.567 21.273 
.'•'S- C"j 2 10.465 30.157 0.121 0.236 32.413 23.200 
•A'S" CJ 3 10.485 29,837 0.129 0.231 33.993 22.517 
|"/£- C'J 

C'J b 
9.882 34.073 0.117 0.239 30.110 22.937 |"/£- C'J 

C'J b 10.100 33.593 0.140 0.235 29.863 22.957 

Table 4.4. Initial study raw data (two lines each, averaged). 
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Rather, the data matrix contains six variables, and 20 samples, and the ability to classify 

these samples is hindered by our failure to visuaHze data in more than three dimensions, 

hi order for accurate characterization of the data set, it is necessary to employ a technique 

that possesses ability for data reduction, while not losing information or falsely weighting 

variables present in the data set. Such techniques are available, and two of them are 

principal component analysis (PC A) and hierarchical cluster analysis (HCA). Both PC A 

and HCA are exploratory, unsupervised techniques, in which no pre-disposed knowledge 

of the sample set is necessary for successful analysis. 

4.2.3 Hierarchical cluster analysis, theory. 

Quite simply, HCA uses the proximity of a sample set in multi-dimensional space 

in order to determine whether distinct classes arc present within that data set (1). In this 

case, sample distance measurements are made using the Mahalanobis distance (squared). 

The Mahalanobis distance (D') is defined by: 

D^(r„ rj) = (r, - rj) cov"' (rj-rj)^ (4.1) 

T T 
where cov' is the inverse of the covariance matrix and (ri-rj) is the 

transpose of the vector resultant from the subtraction of vectors rj and 

rj(2). 
Covariance measurements track the correlation between variance of multiple 

features simultaneously, throughout a data matrix. For instance, it may be used to view 
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how lead and barium concentration change in relation to one another when a multi-

elemental analysis is performed on small arms primer samples. In other words, for the 

matrix X, with n samples and 2 variables (lead and barium): 

{x(l,Pb), x(2,Pb),..., x(n,Pb)} (4.2) 

are the concentrations of lead present in n number of samples, and 

{ x(l,Ba), x(2,Ba),..., x(«,Ba) } (4.3) 

are the concentration of barium present in n samples (2). Then the co variance (c) of Pb 

and Ba is characterized by; 

cov(Pb,Ba) = f [x(l.Pb) - m(Pb) 1 f x(l.Ba) - m(Ba) 7  4- . . .  [xfn.Pb) - mfPb) 1 f x(n.Ba) - m(Ba) ]} 
( n - 1 )  

(4.4) 

where m(Pb) is the mean concentration of lead throughout the sample set, and m(Ba) is 

the mean concentration of barium throughout the sample set (2). 

Although HCA is a simple technique, it is a powerful tool for analysts conducting 

initial investigations into trends present in data sets. The data are displayed using a 

dendrogram allowing for straightforward viewing of the relation of samples in 

multivariate space. There are multiple methods for linking samples; a commonly used 

one is k-means, otherwise known as the centroid link method. With the centroid link 

method, the dendrogram is successively plotted by first linking samples that are most 
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closely related, in other words, the closest proximity in multivariate space (3). The 

method goes on to calculate the distance between samples not yet linked to the centroid 

of those samples that have been linked. As the dendrogram is viewed from left to right 

the data are more loosely clustered (1,4). 

4.2.4 HCA of initial dataset. 

The data collected from the initial primer study, fifteen samples from three 

manufacturers analyzed for six elements, were analyzed by HCA, in PLS_Toolbox (a 

third party collection of chemometric algorithms for use in the MATLAB environment), 

with no data preprocessing. Figure 4.3 depicts the resultant K-means dendrogram. Three 

distinct clusters are visible, which correlate with the three primer manufacturers. By 

viewing the branches connecting the leaves of the dendrogram, it is apparent that the 

Federal primers and Cascade Cartridge, Inc. (CCI) primers are both very closely clustered 

in two distinct groups; while the Winchester samples are clustered, but more loosely. 

This technique is very useful as a diagnostic for sample-poor environments, and 

references insist upon the necessity of using HCA for initial analysis of unknown data 

sets. The representation of results by means of 



105 

10 12 14 16 18 

(a)i 

(b)^ 

r 

(cK 

10 

3 

7 

8 

6 

2 

15 

14 

12 

13 

11 

4 

1 

16 

5 

18 

17 

3 

20 

19 

Figure 4.3: Results of K-means hierarchical cluster analysis on initial 15 sample data 

set. (a) Federal Cartridge Company, small rifle primers (#205). (b) Cascade Cartridge, 

Inc., small rijle primers (bench rest #4). (c) Winchester Arms, small rifle primers (copper 

and nickel plated). Sample number 2 is an outlier. 
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a dendrogram is rather cumbersome when expanded to large data sets, and it is more 

useM to employ other techniques for such analyses. A technique of great use in 

development of chemometric classification models, necessary to complete the goals of 

this study, is principal components analysis. 

4.2.5 Principal components analysis theory. 

PCA is a factor analysis technique that uses a linear combination of variables (in 

this case, elements such as Al, Ba, Pb, Sb) contained in a given data set to decrease the 

data dimensionality of that set (1). Each linear combination of variables is termed a 

principal component (PC). One could think of each PC as a new axis, i.e., instead of an 

axis representing "Ba concentration," it now represents, for example, "67% Ba + 12%Sr 

+ 8%Sb." Commonly, fewer PCs than original variables describe any multivariate data 

set (2). If the investigating scientist selects too many PCs, the least significant (as a rule 

of thumb, known as the Jolliffe cut off, those representing less than 2% of data variation) 

often attempt to describe noise associated with the data, which is counterproductive (4). 

However, if too few PCs are selected, the data are not fully or accurately described (3). 

PCA allows for an accurate yet more efficient description of data, while also 

accommodating visual analysis and classification by the investigating scientist. 

PCA is achieved by calculation of the covariance matrix of the n x m (n rows, or 

samples; and m columns, or variables) data set, as described in Equation 4.4. The 

resultant matrix is decomposed to three matrices by a technique known as singular value 
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decomposition (SVD): 

X = USV'' (4.5) 

where U is an n x n matrix of left singular vectors (row vectors), known as the scores 

matrix, which describes how the samples relate to one another ; is the transpose of the 

m X m matrix of right singular vectors (column vectors), known as the loadings matrix, 

and describes how the variables relate to one another; and S is an a x a (a = m-1 if m < n 

or a = n if m > n) identity matrix whose diagonal vector contains the singular values (?li; i 

= l,....a) of the original matrix, decreasing in value as one views from the upper left to 

lower right corner (5). The data are then reconstructed as the sum of the vectors: 

X = tivV...tav\ + E (4.6) 

where tk = Uk-Sw- (where k is the number of principal components retained in the model) 

(5). The data matrix is essentially factored into three matrices, then recombined in order 

to decrease the rank of the matrix, and approximate the data very closely. The original 

data can be redefined on new, more "economical" axes, with those axes successively 

decreasing in relative importance (6). 

In order to determine how well these PCs describe a data set, each data point is 

recalculated using the PCs defined by the model, and a residual error is thereby 

determined (3). The sum of the squares of residual error across all samples in a set is 

defined for that set by the term Q; the lower the Q, the more accurately the model 

describes the data set (7); 
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0 = e.ei^ = x,(I-PkPkW (4.7) 

tV> • 
where Cj is the error of the i sample, Pk is the retained loadings matrix (7). Q is also the 

square of the Euclidian distance from a given sample to the area defined by the loadings 

included in a model. 

PCA also provides a measure of the distance of any sample included in the model 

from the multivariate mean, defined Hotelling's T^, which is a multivariate extrapolation 

of Student's t-test (2). A small T" represents samples that are tightly clustered within the 

model (3, 7). This value is calculated using the relationship: 

= « (X - |.i)S''(X-|.i) ' (4.8) 

where X is a scores vector, p is the true population multivariate mean and S"' is the 

inverse of the singular value matrix, truncated to the dimensions dictated by the number 

of principal components retained in the multivariate model. 

4.2.6 Analysis of initial data set by PCA. 

The data set containing elemental concentration information for fifteen small arms 

primer samples was analyzed using principal components analysis, using the 

PLS Toolbox in MATLAB. 
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Figure 4.4. Singular value decomposition of covariance matrix of original data. 
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The data were mean centered, to minimize the affect the multivariate mean has on the 

first principal component (4). Figure 4.4 displays the covariance matrix of the data set 

(Table 4.4), which was decomposed to matrices USV. Viewing Table 4.5, showing the 

eigenvalues of the cov(X) matrix, as well as the amount of variance captured by each 

successive PC, it is apparent that the data is fully described with the selection of three 

PCs, within the error of the instrumental technique. 

The scores matrix of the model can be viewed in Table 4.6. When the principal 

component one and principal component two are plotted against one another (Figure 4.5). 

three distinct classes are apparent, defined by the three rifle primer manufacturers. 

Winchester, Cascade Cartridge, Inc.. and Federal. 

Principal Eigenvalue % Variarce % Var ance 
. Componer'; Captured Capturea 
i Number Cov{X) this PC Total 

8.73E+01 65^43 6543 
2 3.04E+01 22.81 88.24 
3 1.50E+01 11.27 99.52 
4 6.45E-01 0.48 100 
5 5.65E-04 0 100 
6 1.15E-04 0 100 

Table 4.5. The eigenvalues, and % variance captured allow the analyst to determine how 

many PCs to retain in the model. Three PCs were retained for this 20 sample data set. 
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7 15.8104 -0.0292 1.9045 
8 14.8447 2.4038 0.5187 
9 15.3994 -2.6195 6.7818 

10 12.3316 7.911 -3.1658 
11 1.6011 -9.1487 0.4979 
12 -0.1465 -8.7512 -2.4288 
13 0.285 -10.5991 0.1628 
14 1.1849 -4.2498 -8.2828 
15 -6.6007 -5.7855 -4.6652 
16 -5.1049 4 8477 -4.4371 
17 -6.16 5.5844 0.1187 
18 -5.1461 6.0466 1.3555 
19 -5.3166 2.2581 -2.3959 
20 -5.6027 2.7463 -2.5055 

Table 4.6. Recomtructed scores matrix of 20 sample, three principal component model. 
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Figure 4.5. Results of principal component analysis on initial 20 sample data set. (a) 

Federal Cartridge Company, small rifle primers (#205). (b) Cascade Cartridge, Inc.. 

small rifle primers (bench rest #4). (c) Winchester Arms, small rifle primers (copper and 

nickel plated). 
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Sample 2 can be easily identified as an outlier; it should be grouped with (c) -

Winchester Primers. Since this study was purely an investigation as to the viability of 

elemental determination of small arms primers as a means of identification, it was not 

necessary to remove sample 2. However, when PCA based techniques are used for the 

development of classification models, the abiUty to single out and eliminate outliers from 

the training classes is useful. 

4.2.7 Summary of initial study. 

Sample clustering after both HCA and PCA analysis of the initial 20 sample data 

matrix showed an ability to differentiate between primers of differing manufacture. This 

study was intended to be purely an exploratory study, since no previous attempt to 

classify primer samples utilizing elemental composition had been reported. 

4.3 Continuance of study, 80 primers. 

4.3.1 Introduction. 

It was apparent that in order to continue this study in a direction that may one day 

be applied and useful in the realm of Forensic investigation, two criteria had to be 

satisfied: one, row space had to be expanded to include a greater number of primer 
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manufacturers and a greater number of primers from each manufacturer; and two, column 

space had to be expanded, since a greater number of variables were necessary in order to 

capture all the variance present between primers. Analysis of pistol primers (data not 

included) exhibited a conspicuous absence of A1 (which makes sense, since there is no 

need for bum extenders in small cartridge cases) so the following chemometric model 

was limited to rifle primers. 

4.3.2 Analysis preparation. 

The expanded rifle primer sample set can be viewed in Table 4.7, nine samples of 

each primer make/manufacturer were designated the training class, and one sample from 

each make/manufacturer was designated an "unknown." Each primer was disassembled, 

as previously outlined, and massed; the masses of these samples can be viewed in Table 

4.8. To the priming compound 5 mL of 12 molar trace metal grade nitric acid was added, 

and allowed to dissolve overnight. The samples were then diluted to 100 ml. 

A further line search was completed, after which an additional four more elements 

were included in the analysis. A custom calibration standard was prepared by High 

Purity Standards containing the following elements (concentration, ppm): A1 (15.0), Ba 

(200), Ca (2.00), Cu (5.0), Fe (2.0), Mg (2.0), Pb (200), Sb(lOO), Sr (0.5), and Zn (2.0). 

The concentration values of the standards used may be viewed in Table 4.10. 
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Federal Magnum Rifle 

Federal Rifle # 205 

Remington Large Rifle 

Remington Magnum Rifle 

Winchester Small Rifle (Nickel plated) 

Winchester Small Rifle (Copper plated) 

CCI Mil. Spec. Large Rifle 

CCI Small Rifle (Bench Rest # 4) 

Table 4.7. Primer models studied in 80 sample expanded study. 
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Sample Wt (g) j Sample Wt(g) 
RLR' 0Q273.WS=?C:j' 0 0-. ?2 
RLR2 0.0223 WSRCu2 0.021 
RLR3 0.0236 WSRCu3 0.0182 
RLR4 0.0221 WSRCu4 0.0174 
RLR5 0.0233 WSRCuS 0.0186 
RLR6 0.0272 WSRCu6 0.019 
RLR7 0.0214 WSRCu7 0.0192 
RLR8 0.0273 WSRCuS 0.02 
RLR9 0.0259 WSRCu9 0.02 
RLR10 0.0189 WSRCulO 0.0174 
-•VIRI 0 0244 WSRNi' 00'7 
FMR2 0.033 WSRNi2 0.0159 
FMR3 0.0323 WSRNi3 0.0199 
FMR4 0.0282 WSRNi4 0.0177 
FMR5 0.0287 WSRNi5 0.0188 
FMR6 0.0401 WSRNie 0.0173 
FMR7 0.033 WSRNi7 0.0202 
FMR8 0.0302 WSRNiS 0.0214 
FMR9 0.0206 WSRNi9 0.0199 

0.0303 WSRNilO 0.021 
=^VR'S 0C24 CCIi 0G2^ 
RMR2 0.026 CCI2 0.0216 
RMR3 0.0266 CCI3 0.0203 
RMR4 0.0213 CCI4 0.0179 
RMR5 0.0303 CCI5 0.0203 
RMR6 0.0368 CCI6 0.02 
RMR7 0.0222 CCI7 0.0207 
RMR8 0.0267 CCI8 0.0163 
RMR9 0.0313 CCI9 0.0194 
RMR10 0.0261 CC110 0,0167 
CC ,v,S1 ' FSR1 0 C'f i -2 
CCIMS2 0.0345 FSR2 0.0177 
CCIMS3 0.0315 FSR3 0.0155 
CCIMS4 0.0286 FSR4 0.01 
CCIMS5 0.0234 FSR5 0,0172 
CCIMS6 0.0217 FSR6 0.0184 
CCIMS7 0.016 FSR7 0,0092 
CCIMS8 0.0206 FSR8 0,014 
CCIMS9 0.0208 FSR9 0,0171 
CCIMS10 0.0206 FSR10 0,0156 

Table 4.8. Mass ofpriming compound extracted from the expanded, 80 primer, 

sample set. 
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Ci - •* / J.-* ri *' \ y M > STC 2 (pD.T) S-.c. 3 (pp r.) Stcl 4 ;pp~.) 
;A 5.CG0 2 50G ' .250 \J .KJ \J\J 

Ba 200.0 100.0 50.0 20.0 
Ca 2.000 1.000 0.500 0.200 
CIJ 5.000 2.500 1.250 0.500 
Fe 2.000 1.000 0.500 0.200 
•vlg 2.000 1.000 0.500 0.200 
Fb 200.0 100.0 50.0 20.0 
Sb 100.0 50.0 25.0 10.0 
Sf 0.500 0.250 0.125 0.050 
Zrr 2.000 1.000 0.500 0.200 

Table 4.9. Concentration values for standards 1,2,3 and 4. In addition, a blank of 18 MO 

milli-Q water was used. 
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Subsequently, stable emission lines with adequate LDR for all samples were 

chosen; these lines may be viewed in Table 4.10. It should be noted that although barium 

lines at 230.4 nm appear to be recorded in duplicate, the two lines are of differing orders 

(146 and 147). Many barium lines exist within the detection window; Ba is a strongly 

emitting element present in high concentrations in all samples, and only the chosen lines 

provided necessary sensitivity and dynamic range for these samples. 

4.3.3 Instrumental settings. 

The IRIS was prepared for analysis by allowing the echelle spectrometer to purge 

with argon for 2 h prior to analysis to increase throughput in the shorter wavelength UV 

spectral region. The charge-injection device (CID) was allowed to cool for 45 min (after 

1 h 15 min of purge, to preclude any ice formation on the CID), after which the plasma 

was ignited and allowed to stabilize for 15 min. Each of the 30 emission lines was 

individually selected for adequate subarray backgroxmd correction, after which 

calibration standards were run. 

Instrumental settings for data collection allowed for simultaneous analysis of the 

10 elements, with a total of 30 emission lines. Each sample was run in quadruplicate. 

After every 5 samples, a quality control standard was analyzed in order to determine the 

extent of instrumental drift, and re-calibration was performed after a drift of greater than 

3%. The raw emission data for this study are presented in Tables 4.11 and 4.12. 
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/ 1  { 'T I ;  {z CB ' - yj'-n p~,\ 

308.215 {109 > 309.271 {109} 396.152 {8-

230.424 {146} 230.424 {147} 649.690 { 52} 

317.933 {106} 393.366 { 86} 396.847 { 85} 

224.700 {150} 324.754 {104} 327.396 {103} 

238.204 {142} 259.837 {130} 259.940 {130} 

V.g 279.553 {120} 280.270 {120} 285.213 {118} 

Ob 182.203 {185} 216.999 {156} 220.353 {153} 

î P 206.833 {163} 217.581 {155} 231.147 {146} 

346.446 { 97} 407.771 { 83} 421.552 { 80} 

ZP 202.548 {166} 206.200 {164} 213.856 {158} 

Table 4.10. Emission lines chosen for elements commonly present in small arms priming 

compound. 
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Sample Al Ba Ca Cu Fe Mg Pb Sb Sr Zn 
-41 R mmm « . .  

RLR2 9.123 47.35 0.0463 0.13845 0.0795 0.00555 35.8 11.27 0.0224 0.0919 
RLR3 9.9015 50.58 0.0445 0.07815 0.0791 0.0059 38.655 10.55 0.02165 0.058 
RLR4 9.254 46.335 0.03605 0.15365 0.0776 0.0054 36.925 10.145 0.01945 0.1029 
RLR5 9.835 50.85 0.0308 0.1031 0.0759 0.0048 38.88 10.735 0.0198 0.06765 
RLR6 1 .055 55.65 0.018 ,0.12365 0.0913 0.00535 43.51 12.33 0.0226 0.0957 
RLR7 8.8825 43.455 0.03235 0.1399 0.0729 0.0048 35.755 9.829 0.0226 0.09305 
RLR8 10.955 58.52 0.0228 0.0737 0.08555 0.00595 43.865 14.345 0.02455 0.0401 
RLR9 10.96 53.435 0.0168 0.1309 0.0809 0,0057 42.845 11.335 0.02225 0.09375 
RLR10 7.551 41.67 0.02635 0.0424 0.0584 0.004 31.03 8.2585 0.01615 0.0213 

mmm - r QJOm 
FMR2 8.5065 68.845 0.09685 0.0489 0.1347 0.0037 75.94 5.597 0.0407 0.02425 
FMR3 8.219 65.585 0.0808 0.0511 0.20565 0.0039 74.5 5.509 0.03755 0.0224 
FMR4 7.2805 59.935 0.074 0.05165 0.1579 0.00365 65.845 5.066 0.03525 0.0169 
FMR5 7.56 61.715 0.06595 0.01165 0.16575 0.00435 67.345 4.5185 0.03765 0.00265 
FMR6 10.505 83.83 0.1333 0.0686 0.2622 0.00735 89.08 8.452 0.04785 0.0219 
FMR7 8.235 67.055 0.09135 0.0208 0.22305 0.00355 76.06 5.825 0.0385 0.009 
FMR8 7.784 62.19 0.0768 0.0166 0.15805 0.00415 68.055 5.3455 0.03945 0.00425 
FMR9 6.838 53.08 0.06175 0.0446 0.1129 0.0045 61.055 3.9855 0.0318 0.03545 
FMR10 7.865 63.3 0.06385 0.0674 0.1586 0.00415 68.885 4.8515 0.0333 0.0354 
RMR1 ' 
RMR2 10.78 54.575 0.10265 0.0467 0.06865 0.0045 42.135 9.066 0.03795 0.03825 
RMR3 11.07 56.095 0.1012 0.0714 0.06905 0.0046 43.215 9.04 0.03785 0.0633 
RMR4 9.062 45.735 0.08035 0.06465 0.063 0.00315 35.945 7.649 0.0305 0.0444 
RMR5 13.2 61.455 0.08555 0.1459 0.07615 0.0049 47.86 9.1055 0.0434 0.0664 
RMR6 15.78 75.845 0.08395 0.1327 0.0835 0.0054 59.83 14.3 0.05065 0.074 
RMR7 9.717 46.46 0.09045 0.0599 0.0632 0.0032 37.23 8.406 0.03145 0.0388 
RMR8 11.14 55.4 0.1032 0.07285 0.06865 0.00425 42.965 8.8575 0.0376 0.0542 
RMR9 13.79 65.955 0.08995 0.20155 0.0743 0.0054 53.475 9.4985 0.04615 0.1072 
RMR10 10.8 54.03 0.09985 0.24595 0.0788 0.00405 42.415 9.173 0.03745 0.16345 

mmm 114 ilW* 
CC1MS2 16.285 53.025 0.12095 0.1008 0.1005 0.01845 58.485 4.548 0.0416 0.08485 
CCIMS3 13.625 50.995 0.21465 0.0215 0.22555 0.0154 53.205 17.64 0.03905 0.0578 
CCIMS4 12.435 46.76 0.08645 0.01075 0.0835 0.0131 46.805 3.545 0.0351 0.0235 
CCIMS5 10.91 35.995 0.19165 0.0686 0.1609 0.0116 39.99 13.925 0.0283 0.0909 
CCIMS6 9.185 35.85 0.1486 0.0039 0.13905 0.00845 35.93 12.865 0.027 0.0594 
CCIMS7 8.009 30.27 0.12655 0.0074 0.12765 0.00775 29.17 11.455 0.0221 0.05295 
CCIMS8 9.4705 32.2 0.16025 0.00395 0.14115 0.00875 35.79 12.525 0.02475 0.06065 
CCIMS9 8.991 32.35 0.14975 0.0139 0.1371 0.00855 35.545 10.625 0.02505 0.05945 
CCIMS10 8.9415 34.34 0.1499 0.01345 0.1318 0.009 34.82 12.245 0.025 0.0652 

Table 4.11. Emission data for the 

samples were set aside as "unknowns. 

expanded, 80-primer investigation. Highlighted 
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Sample Al Ba Ca Cu Fe Mg Pb Sb Sr 2n 
5^815 .32 ~ 0.039i . ? '1' 0-. 

WSRCu2 6.7685 34.82 0.14145 0 0.1718 0.01 36.32 11.935 0.0065 0.0203 
WSRCuS 6.05 28.125 0.0873 0.02135 0.12755 0.01 34,935 7.3735 0.0047 0.0296 
WSRCu4 5.685 26.61 0.07475 0,0121 0.1156 0,00445 30.9 6.752 0.0042 0.00325 
WSRCuS 6.16 29.14 0.0825 0.0029 0.12755 0,00755 34.98 8.336 0.00475 0.01305 
WSRCu6 6.0795 29.325 0.08615 0.00255 0.1263 0,01115 36.27 7,5 0.005 0.0139 
WSRCu7 5.8595 32.52 0.1137 0.00605 0.13045 0,01065 33.63 8.4125 0.0056 0.01575 
WSRCuS 6.6 30,45 0.1074 0.05125 0.13835 0.00815 36.695 8.8945 0.00535 0.0481 
WSRCu9 6,28 32.615 0.10605 0,02315 0.13945 0.0128 35.555 8.9955 0,00585 0.02265 
WSRCulO 5.64 30,08 0.0799 0.00015 0.115 0.0072 30,355 7.456 0.005 0.00795 

> 283? . 0.<il235 -• O'fOS -• • • 33.5r7 0.0212 QQzrrs 
WSRNi2 5.5845 26.045 0.06015 0.0104 0,0942 0.0108 30,805 4.719 0,01915 0.0268 
WSRNi3 6.3235 30,77 0.0872 0.00755 0.1478 0.0182 36.085 5,711 0.02285 0.04075 
WSRNi4 5.856 29.29 0.08345 0,02835 0.13035 0.00885 33.24 5.676 0,02135 0.04245 
WSRNiS 6.4825 31.35 0.08385 0.00765 0.134 0.0086 35,335 5.2755 0,02275 0.03355 
WSRNiS 6.3145 32.95 0.08825 0.065 0.15265 0,0102 35,995 6.287 0.0235 0.07175 
WSRNi7 6.968 29.615 0.09525 0,033 0,1537 0.0122 38.835 7.2755 0.02235 0.05665 
WSRNiS 7.2365 34.58 0.1388 0.0278 0.18805 0.01365 38.655 10.525 0.02515 0,0583 
WSRNiS 6.348 31.615 0.09306 0.020(» 0.1581 0.0103 35.105 7.3395 0.0233 0.0462 
WSRNilO 7.223 32.08 0.0929 0.0281 0.16425 0.01485 38.97 8,344 0.02415 0.06015 
CC'1 3 ::n 52165 01659 09015 0.i6««S 0.0J155 4t45 J WC'« oo&r/ 
CC12 2.858 49.255 0.1347 0.11275 0.12705 0.02595 38.44 8.725 0.03655 0,06775 
CCI3 2.791 45.655 0.1095 0.0237 0,1178 0.02485 34.37 7.2255 0.0341 0.01145 
CCI4 2.468 40.925 0,0994 0.05225 0.1083 0.025 33.415 6.162 0.03065 0.021 
CCi5 2.732 45.23 0.1155 0,09865 0.11245 0.0205 35.6 7.4435 0.03345 0.04905 
CCI6 2.8725 46.48 0,1216 0.0158 0.1274 0.0243 37.205 8.55 0.0351 0.01095 
CC17 2.788 47.05 0.10235 0.0836 0.1246 0.02545 36.43 6.1375 0.0355 0.03495 
CC18 2.3385 41.105 0.089 0.09705 0.10325 0.0201 28.74 5.6815 0.0304 0.04915 
CCI9 2.806 47.445 0,12025 0.0708 0,1179 0.02465 36.205 7.0085 0.0345 0.03255 
CC110 2.91 44.425 0.1212 0.08475 0.12065 0.0224 37.275 8.029 0.03365 0,04095 
I 34 22 69125 oAmn 0 06685 0.0014 « 1^8 Q047 0 0751 
FSR2 5.1505 42.42 0,0209 0.3446 0.0934 0.00215 43.965 2-3605 0.05955 0.19245 
FSR3 4.3115 33.845 0.00965 0.0269 0.09285 0.0016 37.7 1.3345 0.04845 0.0153 
FSR4 4.159 32.62 0.0153 0.07785 0.0729 0.0013 35,21 1,711 0.04635 0,0418 
FSR5 5.0395 40.98 0.016 0.0845 0.0937 0.0014 40.495 1.773 0,0577 0.02225 
FSR6 5.3535 43.2 0.0182 0.06305 0.09635 0.0019 45.425 3.0045 0.06035 0-01315 
FSR7 3.2825 29.265 0.0089 0.03815 0.07615 0.0011 29,3 1.1525 0.03985 0.0197 
FSR8 4.798 38.055 0,0124 0.ffi67 0.09615 0.0013 41.01 1,741 0.0536 0.016 
FSR9 5.1265 40.585 0,0088 0.0037 0.09545 0.0013 41.635 1.6915 0.0554 0.01965 
FSR10 4.6125 34.315 0.00815 0.0343 0.076 0.0014 38.39 1.26 0.048 0.0186 

Table 4.12. Emission data for the expanded, 80-primer investigation. Highlighted 

samples were set aside as "unknowns. " 
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4.3.4 Discussion of shortcomings ofHCA and PCA. 

Both PCA and HCA are primarily exploratory algorithms, whose goal is to 

determine the presence or absence of data clustering in initial studies. HCA, while 

assisting the analyst by reducing the dimensionality of data, fails to recognize the 

variables which contribute most to the variance present in the dataset. Whereas PCA 

allows for a great level of data reduction, visualization of matrices with increasing 

dimensionality (of both row and column space) still remains difficult. Both PCA and 

HCA are unsupervised learning techniques, which traditionally do not allow the 

construction of models against which unknown vectors can be compared (3). A PCA-

based technique that does allow construction of models against which unknowns may be 

compared and classified is known as soft independent modeling of class analogy 

(SIMCA). 

4.3.5 Supervised learning by SIMCA, theory. 

SIMCA is a PCA-based classification technique that utilizes a sample set 

containing multiple distinct classes of known composition (6). A PCA algorithm is used 

to determine PCs, with 95% confidence interval values of Q and for each distinct class 

(3). A method of cross-validation, in this case, leave-one-out cross-validation (LOOCV), 

is utilized in order to create a class space that is able to correctly describe samples that 

belong in that space, and to minimize the effects training sample outliers have on the 

model (7). LOOCV removes a vector in row space (an m sized matrix is resized to m-1), 
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then recalculates the principal component model without that vector, subsequently 

projecting the removed vector into the model and thereby creating a faux validation 

sample, or unknown (7, 8). LOOCV allows the scientist to estimate the validity of the 

PCA model calculated for the class in question, and also allows the training set to be used 

for validation purposes (7, 8). The average score over the successive partitions and 

recalculations is reported for acceptance into the model. 

While building the model, the investigating scientist may also view samples from 

all classes plotted in PC space defined by the class that is best described by the selected 

PC's, allowing a visual indicator of the magnitude of separation between classes being 

distinguished. Once the training class is projected into the model created in order to best 

describe it, the residuals are used to create a confidence boundary (Q) for that class 

(Figure 4.6) (3). 

Once the model is finalized, unknown samples are compared to this training set 

and ultimately classified. During classification of unknown samples, the Q and T' limits 

set for each class in the training set are compared to the Q and T" values generated for 

each unknown (3). An unknown sample can be classified as being within the boundaries 

of a single training class, in multiple classes, or in none of the classes (9). 
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Class c (2 PCs) 

Class b (3 PCs) 

Class a (3 PCs) 

Figure 4.6. SIMCA classification of 3 classes. Multivariate, PC A boundaries are set 

around each of the classes. SIMCA permits single and multi-class assignments, as well 

as identifying samples that are not members of any class. 
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4.3.6 Classification of the 80 primer data set, using SIMCA. 

The expanded study contained nine samples each of eight rifle primer models 

from four manufacturers. All samples were originally characterized simultaneously using 

the principal components analysis algorithm in MATLABs "PLS Toolbox." The PC A 

results indicated four major data clusters corresponding to the four primer manufacturers. 

A SIMCA model was subsequently built using prior knowledge of the primer 

manufacturer, which formed the four classes in the SIMCA model. Principal components 

were included in the model if they described 2% or higher of the variation found in the 

sample set. Error of reconstruction of the training set using the number of PCs selected 

to approximate the given class may be viewed using the predicted residual sum of squares 

(PRESS) plot display in PLS_Toolbox. The PRESS plot should be at a minimum at the 

number of PCs selected for the model, although a balance must be struck between the 

information provided by the PRESS plot (Figure 4.7) and the information provided by the 

model eigenvalues. It is this "guesswork" associated with the determination of matrix 

rank which is commonly identified as one of the weaknesses of the PCA-based 

classification techniques (4-6, 8). Table 4.13 contains the number of PCs selected for 

SIMCA modeling of each class and their associated statistics. 

A validation set of eight samples (one sample per primer model) was used to 

determine the efficacy of this technique. Unknown samples were compared to each of 

the class models defined by the training set. The Q and T^ values were calculated for the 

unknown sample once projected into each model and compared to the values calculated 

during the learning process. If the quotients of both Q and T (termed reduced Q and 
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7 0 
reduced T , abbreviated rQ and rT ) fell below unity, the sample in question was deemed 

'y 

to belong to the class defined by that model. Q vs. T plots are used during model 

construction to determine how well separated each class is from one another, yet another 

indicator of the number of PCs to select for adequate class description. Figure 4.8 shows 

a Q vs. T" plot for class 1 (Federal primers); it is apparent that selection of 2 PCs affords 

the SI MCA model adequate ability to differentiate among these four classes. 

Class Primer Make # PCs Q (95%) T (95%) % Var. Capt. 

~1 Federal 2 0.524301 7.72727 99^97 
2 Remington 3 0.161755 19.7839 99.96 
3 CCI 3 0.047412 15.1181 99.57 
4 Winchester 3 0.115694 11.1797 99.81 

Table 4.13. Principal components and statistics for SIMCA model of 80 sample set of 

small arms primers. 
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PRESS Plot for Class 1 

4 5 6 
Number of PCs 

Figure 4.7. Leave-one-out cross-validation, predicted residual sum of squares (PRESS) 
plot for class 1 (Federal primers). The number of PCs selected that minimize error of 
prediction must be weighed against the amount of variance that captured by that number 
of PCs (described by the eigenvalues). 
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4.3.7 Results of SIMCA classification of 80 primer data set. 

The results of the SIMCA four-class model applied to an eight-sample validation 

set are displayed in Table 4.14. All eight samples in the validation set were classified 

correctly. 

When statistics Irom each class are viewed it is apparent that when the validation 

samples were projected into models other than those to which they belong, reduced T^ 

and Q values are significantly increased. This behaviour indicates that these classes are 

clearly separated, as is illustrated in Figure 4.8, the Q vs. T^ plot. 

Sample 3 from class 2 is the most poorly described of the validation samples, with 

2  . . .  .  
an rT of 1.18, indicating a distance from the modeled multivariate mean outside of the 

95% confidence interval; despite this, sample 3 was classified correctly as belonging to 

class 2. Additionally, the rQ value for this sample is well within the 95% confidence 

interval defined for this class. It should also be noted that rT' and rQ values for this 

sample, when projected into each of the three other classes were notably higher, far 

outside the 95% confidence interval. 

Judging from these four distinct classes, one could conclude that there exists 

enough chemical information in small arms primers to allow the investigator to 

distinguish among rifle primers of various makes. 
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rSample"rr(C1) rC"(C:"n ?3iC2) -~"{C2; -CiCo)' !£•) rQiC-^; Classifif 

1 

2 
.5 

A 
5 
e 
7 
8 

0 1522 0 851 I 6'^;'12 147 08 " 2.6171 1 2 2273 1 2 9478 37 8981 1 
0 059- 0 017S : IS 0763 ^33 048 5 1155 3 67S6 18 0962 110 574 1 
9.3714 267.2G5 1 -.825 0 1121 3.3363 6.4666 9.644 54.7859 2 
7.1207 105 858 0-852 0 0605 2.1666 1.4251 8.3755 58.2625 2 
0 5384 345.621 13.4672 6.6638 0 23S2 2.2122 100.468 3 
9 0987 294.914 1.2896 277.042 0 8209 0 6953 8 3053 186.54 3 
0 2778 44.8589 9.8666 30.7898 1 6204 1.2785 0 3 0 3342 4 
0.6463 36.649 11.6199 35.7812 2.4858 1.2283 1 0 015 4 

Table 4.14. Results of SIMCA analysis of unknown samples. Highlighted cells depict the 

class into which the validation sample was classified as being a member of (rQ and rT 

less than unity), or most closely associated with (rQ and rT~ minimized when the 

validation sample was projected into a given class). 
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Q VS. for aB Data Projected on Model of Class 1 

*il *-1 f 

1 

10" 10' 

Value of 

Figure 4.8. Q vs. 7^ plot prepared during the construction of the class I (Federal) 

SI MCA model. 
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4.3.8 Discussion of the loads plot. 

To determine what variables (elements) contribute most heavily to this model, it 

is necessary to view the loads plot. The loads plot for PC 1 on a PCA model built using 

the complete sample set (80 samples) is shown in Figure 4.9. 

0.4 r 
Loads Plot 

3 r "T —r 

0-2 • 

S -0.2 • 

O-0.4t 

-0.6 

-0,8 

Al Ba Ca Cu Fe Mg Pb Sb Sr Zn 

Figure 4.9. Loads plot for complete sample set. 

The loads plot shows that Al, Ba, Pb and Sb contribute most significantly to the 

construction of PC axis for adequate description of the primer samples. When the data 

set was split up into four classes and the loads plot for each class was viewed, the amomt 
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each of these variables contributed to each successive PC differed (such as to allow 

differentiation among classes), however, it was apparent that Al, Ba, Pb and Sb 

contributed most heavily to each of these classes. Fe and Sr were minor contributors to 

PCs in CCl and Federal models. 

4.3.9 Summary of SIMCA analysis of SO primers. 

These results show that the source of much of the inorganic component present in 

gunshot residue, that is the chemicals that makeup priming compound, differ sigirificantly 

from manufacturer to manufacturer. This study can be directly applied to situations where 

a reloaded or custom-loaded cartridge is recovered and the primer manufacturer differs 

from the case manufacturer. As previously mentioned, Andrasko and MacCrehan 

initiated similar studies using organic analysis of small arms propellant, which is one 

major component of gunshot residue (10-12). The addition of inorganic analysis to any 

classification scheme should incorporate the other major component of GSR, that 

originating from the primer. Towards this end, the next logical step to this line of 

research is to determine whether this analysis will be robust enough to withstand a 

variation in concentration, since this is most likely the condition under which gunshot 

residue will be detected . 
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4.4 Expansion of model to variation in concentration. 

4.4.1 Introduction. 

Krishnan, in 1973, determined that the logarithm of the concentration of elements 

present gunshot residues vary inversely with the distance from muzzle to target (13). 

Krishnan 's research fbcussed on the effects of distance from muzzle to target while 

viewing barium, and also compared the applicability of GFAA and NAA for this 

analysis. Leszczynski viewed lead and copper concentrations with XRF after firing a 

Kalashnikov rifle at distances from 50 to 110 cm and determined that the concentrations 

of Pb and Cu (y) varied according to the function: 

y-A*e^-^*^' (4.9) 

where x is distance measured in cm and A and B are constants (14). Lichtenberg, in his 

1983 study of new ammunition with less toxic primer compounds, detected Cu, Zn and 

Pb with XRF after firing a 9 mm Sig Sauer at increasing distances (15). Sb, Ba, Cu, Zn 

and Pb concentrations all followed eqn 4.9. An Indian study of radial GSR distribution 

from point ofbullet impact the using PIXE analysis of Fe, Cu, Pb and Ba showed a semi-

logarithmic decay of all elements studied (16). All of these investigations concentrated 

on collecting GSR from concentric rings surrounding, but were very careful not to 

include, the bullet wipe ring (13-17). The bullet wipe is the region on a target where the 

bullet has physically rubbed against the target as it passes through; this region has been 

determined not to be of use to the investigator for distance determinations due to the 
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number of variables determining its elemental makeup, such as bore condition, including 

the presence of corrosion and bore cleanliness (13-17). These studies suggest that all 

priming elements will disperse and decelerate at similar rates, when measured 

simultaneously with similar variables (weapon, caliber, propellant charge and projectile 

composition) (13-17). 

Of the studies reviewed, the maximum reported distance at which Sb, Ba and Pb, 

expelled by the discharge of a firearm were detected was 4 meters (all used the low 

powered 9X19 mm parabellum cartridge, which is loaded with a small volume primer 

cup) (13-17). Since approximately 50% of shootings occur within 1.7 meters, while 70% 

occur within 3.4 meters, it stands to reason that detection of these elements in commonly 

encountered cases is possible (18). 

4.4.2 Experimental conditions for concentration variation. 

In order for the SIMCA technique to be of use for classification of fired gunshot 

residue, it was necessary to develop models that could discern class variation while those 

classes vary in concentration. 

The next iteration of the primer classification study was to perform serial dilutions 

on the SIMCA model 80 sample set. The first four samples from each primer make and 

model were serially diluted to Vi, %, 1/8 and 1/16 of their original concentration, for a 

total set of 160 samples. Instrumental parameters remained unaltered from those 

previously reported. Another standard was made, a 1:100 dilution of the original stock. 

Raw results from the analyses can be viewed in Table 4.15. 
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4.4.3 Initial failure ofSIMCA analysis of 160 sample data set. 

Twenty samples were removed from the dataset prior to Matlab analysis, three 

from each of the classes (one at each of the three dilutions) resulting in a 20-sample 

validation set. Pre-processing of the dataset was performed using the PLS_Toolbox mean 

centering algorithm. The data were dissected into 4 classes, to represent each make 

throughout the defined concentration range. Classes exhibited severe overlap, and the 

validation set failed to be classified correctly. One explanation as to why this occurred is 

that the variation in concentration forced SIMCA to model class space that was too large. 

Lower concentration primer samples forced SIMCA to create PC axes that were far too 

similar to other classes to allow for distinction among classes. In an attempt to improve 

these SIMCA models, normalization of all samples using Ba concentration was utilized. 

Ba was chosen for its ubiquity throughout commonly encountered primers, and since it 

was seen to contribute heavily to the construction of PCs in the previous SIMCA model 

(see loads plot. Figure 4.9). Additionally, due to the concentrations of Ca, Fe, Mg and Zn 

reaching the detection limits of ICP/AES, and their low contributions to the constmction 

of PCs in the SIMCA model, these values were also excluded. 

4.4.4 Normalization of data for creation of SIMCA model. 

The parameters used to construct the PC boundaries for each of those four classes 

are displayed in Table 4.16. The 20-sample validation set (Table 4.17) was projected into 
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the model, results of which can be viewed in Table 4.18. 

A typical q vs. t^ plot, representing the degree of class separation when samples 

are reconstructed using the "new" PC axis developed, may be seen in Figure 4.9. The Ba 

normalization step provides SIMCA with enough class to class variation to allow 

definition of four classes when samples in those classes vary in concentration. 



A. hi i:- Cu '•7). h Pb 

ftj]r4_t ;i6 0.6441 3.9060 0.0175 0.0151 0.0243 0.0002 4.1537 
fmr3_1 16 0.7517 5.1157 0.0026 0.0229 0.0380 0.0003 5.3023 

FllX 1 0.8287 4.8153 0.0012 0.0118 0.0279 0.0001 5.1133 
1.1148 6.2967 0.0095 0.0221 0.0270 0.0001 6.0790 
0.7878 4.6070 0.0088 0.0100 0.0331 0.0002 4.7100 

fillF'l 1 1fl 0.9167 5.6560 0.0191 0.0221 0.0291 0.0003 5.6527 
ftnrCO 1.4327 8.3527 0.0144 0.0241 0.0480 0.0004 8.8527 

1.7690 9.7543 0.0094 0.0220 0.0547 0.0001 10.3727 
hTir_,1 8 1.1231 6.7943 0.0319 0.0298 0.0319 0.0000 6.9413 
f'in-i i t, 2.3583 12.4133 0.0055 0.0413 0.0139 0.0008 11.9833 

1.6760 9.2587 0.0240 0.0202 0.0644 0.0001 9.4820 
"*r> 1 o 2.1133 11.6133 0.0296 0.0405 0.0606 0.0002 11.4900 
fmr4ir4- - 3.1083 16.6867 0.0194 0.0442 0.0952 0.0003 17.7400 
fmr3_ 1..4 3.6697 20.7167 0.0145 0.0603 0.0473 0.0002 21.5600 
.-iiii.; ."4 3.7890 18.9433 0.0148 0.0434 0.1030 0.0001 20.6100 

2.5587 13.8533 0.0384 0.0551 0.0656 0.0001 14.1633 
' 4 3.4990 18.7633 0.0398 0.0349 0.1266 0.0003 18.9533 

fnim_l_4 4.8003 23.1700 0.0494 0.0779 0.1236 0.0005 23.3433 
im4 1 2 6.5527 31.8300 0.0357 0.0865 0.1886 0.0001 35.8667 
fmr2J 2 7.8517 37.6167 0.0335 0.0937 0.2048 0.0001 41.8000 

5.6937 27.5300 0.0344 0.1093 0.1339 0.0001 28.4300 
fm(n4^'t_2 9.4240 45.8567 0.0835 0.1172 0.3034 0.0011 47.9200 

7.5057 35.6367 0.0780 0.0692 0.2501 0.0005 37.9533 
fiisrn_1_2 10.2000 45.8633 0.0910 0.1646 0.2585 0.0005 47.4200 
fmr4_1 13.6967 63.2167 0.0655 0.1854 0.4050 0.0005 71.9600 

16.3767 77.7133 0.0664 0.2305 0.3946 0.0002 87.2900 
fmr2_1 16.1367 72.5567 0.0655 0.1846 0.4050 0.0003 82.2500 
tfr!tti4_ 1 20.3167 87.6833 0.1874 0.2443 0.6014 0.0063 96.4667 

23.0033 88.3433 0.1856 0.3377 0.5762 0.0124 94.5167 
fmm2_1 15.2300 70.9867 0.1568 0.1510 0.5253 0.0017 76.1533 

r!r3„1J6 1.0810 3.5043 0.0097 0.0156 0.0571 0.0000 2.4267 
rtrajjie. 0.9696 3,5153 0.0692 0.0142 0.0022 0.0002 2.2253 
rir_1_i6 0.9671 3.5650 0.0097 0.0143 0.0052 0.0005 2.6200 
rr^_1_10 1.1268 3.8857 0.0344 0.0086 0.0054 0.0001 2.7060 
rmr2_l_16 0.9290 3.4213 0.0271 0.0146 0.0048 0.0004 2.3840 
mir 1 IS 0.9449 3.4423 0.0112 0.0322 0.0144 0.0014 2.3517 
rir4_1_6 1.8970 6,4597 0.0127 0.0342 0.0175 0.0009 4.7983 
f!r3J 8 2.3147 7.0307 0.0057 0.0269 0.0491 0.0004 4.8393 
rlTiJ~8 2.0123 7.0623 0.0151 0.0255 0.0102 0.0003 4.5517 
rmcS^l 8 2.3737 7.7243 0.0324 0.0181 0.0089 0.0001 5.4897 
rmr2jl8 - 2.2537 7.3957 0.0352 0.0246 0.0076 0.0004 5.1530 
rmr„1_8 2.0647 7.0567 0.0184 0.0433 0.0176 0.0015 4.7747 
|i.4 1 4 4.0623 13.0133 0.0144 0.0652 0.0338 0.0010 9.6523 
rlr3„1_4 4.9540 13.9033 0.0021 0.0489 0.0278 0.0004 9.6303 
rir2 1 4 4.0840 14.3300 0.0629 0.0535 0.0252 0.0003 9.1440 
ilr 1 4 4.9663 14.4200 0.0259 0.0498 0.0290 0.0004 10.8533 
nW4_1_4 3.7833 13.0200 0.0080 0.0390 0.0588 0.0003 9.0380 
rmf2_1 4 4.9750 14.9267 0.0409 0.0436 0.0128 0.0006 10.4433 
.1:4.; J. 8.6597 25.5733 0.0220 0.1345 0.0786 0.0005 19.6933 
rl..< 1 : 10.2573 26.3833 0.0028 0.0926 0.0039 0.0008 19.2300 
-'i2 l'2 8.7220 28.4200 0.0718 0.1131 0.0551 0.0002 18.4100 

; 10.8600 28.7200 0.0233 0.0958 0.0592 0.0005 21.9800 
rmr2_1_2 10.8077 29.4133 0.0594 0.0819 0.0222 0.0006 20.9067 
Frwrll_2 9.6957 28.3167 0.0317 0.1148 0.0328 0.0012 19.7067 
rrr4_i 27.8911 33.4819 0.1435 0.2092 0.0881 0.0022 31.5200 
rif3_f 21.0100 52.1667 0.0252 0.1913 0.0742 0.0018 38.2000 
• 1? i 17.5333 55.0100 0.0562 0.2422 0.1159 0.0000 36.6867 
r:r_1 22.1600 55.5300 0.0284 0.2056 0.1224 0.0001 44.4067 
nnr4, ' 16.8333 50.0333 0.0519 0.1525 0.0265 0.0001 36.6600 
rmr_1 19.8100 56.1800 0.0483 0.2241 0.0570 0.0014 39.4633 

Sb S-
0.6518 
0.88S1 
0.8182 
1.0657 
1.0478 
1.0557 
1.3643 
1.6683 
0.9622 
2.0743 
2.1103 
2.1600 
2.7323 
3.4307 
3.3123 
1.9740 
4.2797 
4.3880 
5.4683 
6.7403 
3.9680 
7.9053 
8.5553 
8.9743 

11.0333 
13.7200 
13.3467 
15.6567 
15.6767 
17.1900 

1.1587 

1.1897 
1.2987 
1.3903 
1.3577 

1.4093 
2.1563 
2.2817 
2.4337 

2.8233 
2.8643 
2.7600 
4.3207 
4.5083 

4.8660 
5.3363 
4.4077 
5.7697 
8.7680 
9.0493 
9.7960 

10.7200 
11.4733 
11.1000 

11.5338 
18.0000 
19.6467 
21.8700 
17.8033 

22.5333 

0.0053 0.0041 
0.0094 0.0452 
0.0064 0.0008 
0.0595 0.0140 
0.0111 0.0029 
0.0189 0.0024 
0.0153 0.0063 
0.0139 0.0077 
0.0180 0.0013 
0.0592 0.0196 
0.0161 0.0082 
0.0257 0.0048 
0.0211 0.0107 
0.0275 0.0515 
0.0169 0.0110 
0.0260 0.0046 
0.0189 0.0091 
0.0387 0.0063 
0.0412 0.0171 
0.0424 0.0154 
0.0368 0.0078 
0.0552 0.0312 
0.0357 0.0144 
0.0674 0.0170 
0.0660 0.0351 
0.0637 0.0776 
0.0693 0.0320 
0.1062 0.0555 
0.1399 0.0815 
0.0729 0.0357 
0.0261 0.0123 
0.0018 0.0227 
0.0246 0.0012 
0.0169 0.0010 
0.0255 0.0027 
0.0157 0,0309 
0.0213 0.0151 
0.0338 0.0153 
0.0022 0.0218 
0.0124 0.0039 
0.0306 0.0006 
0,0047 0.0396 
0.0247 0.0254 
0.0326 0.0228 
0.0136 0.0158 
0.0302 0.0214 
0.0023 0.0301 
0.0358 0.0004 
0.0365 0.0536 
0.0480 0.0312 
0.0232 0.0047 
0.0424 0.0226 
0.0485 0.0049 
0.0282 0.0345 
0.0550 0.0750 
0.0604 0.0509 
0.0506 0.0406 
0.0636 0.0405 
0.0445 0.0595 
0.0700 0.0065 

Table 4.15 Raw emission data for the three concentration, 160 sample, primer 

classification study. 
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17.0733 

17.3800 

10.8033 
14.0800 
33.6200 
34.6633 
34.7133 
34.4767 
30.6233 
21.4133 
28.2200 
2.3090 
1.8177 
3.0433 
3.2830 
2.3740 
2.6233 
4.1863 
4.7060 
3.7067 
6.2697 
4.9003 
5.3547 
8.4110 
8.7480 
7.6070 

12.6067 
9.9900 

10.8767 
17.1167 
17.5600 
15.3767 
25.4000 
24.9500 
19.9767 
37.1867 
35.1467 
37.9800 
51.4967 
53.2767 
42.4333 

1.2920 
1.0116 
0.9141 
1.2470 
1.2250 
1.3323 
1.2787 
2.2630 
2.5567 
2.0623 
1.8837 
2.4963 
2.6747 
2.4863 
4.5153 
5.0807 
4.1703 
4.9200 
5.2567 
4.9350 
9.0340 

10.1260 
8.4560 
9.8253 
9.9713 

10.5967 
9.8147 

18.7933 
21.2433 
20.0000 
19.9700 
17.1400 
20.9867 
20.1867 
1.4417 
1.6177 
1.9673 
2.1310 
1.9947 
1.8420 
1.6537 
2.9033 
3.2137 
3.9797 
4.0350 
3.6780 
3.3287 
4.8917 
6.4777 
7.9413 
8.0917 
7,3763 
6.8027 
9.8103 

12.9767 
15.8867 
16.2933 
16.0900 
15.0067 
20.0133 

23.5033 
32.5667 
34.5567 
28.6133 

0.0269 
0.0028 
0.0238 
0.0048 
0.0029 
0.0354 
0.0320 
0.0224 
0.0309 
0.0108 
0.0279 
0.0025 
0.0313 
0.0348 
0.0266 
0.0333 
0.0142 
0.0006 
0.0005 
0.0287 
0.0338 
0.0411 
0.0262 
0.0042 
0.0023 
0.0041 
0.0322 
0.0573 
0.0638 
0.0198 
0.0100 
0.0309 
0.0129 
0.0346 
0.0220 
0.0156 
0.0028 
0.0110 
0.0305 
0.0202 
0.0094 
0.0220 
0.0258 
0.0011 
0.0336 
0.0247 
0.0151 
0.0088 

0.0044 
0.0059 
0.0382 
0.0320 
0.0278 
0.0057 
0.0242 
0.0264 
0.0093 
0.0437 
0.1840 
0.0346 
0.0789 
0.0587 
0.0399 
0.0703 

0.0126 
0.0353 
0.0046 
0.0966 
0.0052 
0.0037 

0.0430 
0.0097 
0.0140 
0,0353 
0.0074 

0.0084 

0.0003 
0.0388 
0.0156 
0.0196 
0.0336 
0.0462 
0.0016 
0.0334 
0.0266 
0.0295 
0.0236 
0.0562 
0.0257 
0.0067 
0.0274 
0.0516 
0.0478 
0.0824 
0.0554 
0.0098 
0.0221 
0.0062 
0.0433 
0.0198 
0.0284 
0.0045 
0.0022 
0.0428 
0.0057 
0.0369 
0.0289 
0.0336 
0.0046 
0.0383 
0.0132 
0.0073 
0.0227 
0.0396 
0.0074 
0.0339 
0.0275 
0.0162 
0.0084 
0.0492 
0.0092 
0.0196 
0.0850 
0.0328 
0.0271 
0.0689 
0.0359 
0.0148 

Table 4.15 (cont'd) Raw emission data for the three concentration, 160 sample, primer 

classification study. 
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Class Primer Make # PCs Q (95%) (95%) % Var. Capt. 

1 Federal 2 5.84E-06 9,54 99.9 
2 Remington 3 2.20E-05 9.54 99.86 
3 Winchester 3 7.73E-05 9.35 99.96 
4 CCI 3 3.57E-05 9.54 99.94 

Table 4.16. Parameters used for constructing the 4-class model with variation in 

concentration. 

Sample Al Ba Ca Cu Fe Mg Pb Sb Sr Zn 

ftTTm4_1_16 0.9712 5.8723 0.0254 0.0138 0.0379 0.0005 5.8737 0.9876 0.0149 0.0044 
fmm4_1„8 1.4327 8.3527 0.0144 0.0241 0.0480 0.0004 8.8527 1.3543 0.0153 0.0063 
ftmi3_1_4 3.6697 20.7167 0.0145 0.0603 0.0473 0.0002 21.5600 3.4307 0.0275 0.0515 

7.8117 39.4500 0.0330 0.1200 0.1553 0.0002 43.8567 6.8580 0.0399 0.0623 
fnvn_1 20.8667 87.5200 0.1714 0.3235 0.5493 0.0020 93.1767 17.7000 0.1034 0.0371 
rmr4_1_16 0.7859 3.2787 0.0033 0.0158 0.0662 0.0004 2.1747 1.0740 0.0028 0.0199 

2.2700 7.2143 0.0152 0.0264 0.0138 0.0008 5.3717 2.6557 0.0283 0.0075 
rmr_1_4 3.7833 13.0200 0.0080 0.0390 0.0588 0.0003 9.0380 4.4077 0.0023 0.0301 
rmr4_1_2 8.6597 25.5733 0.0220 0.1345 0.0786 0.0005 19.6933 8.7680 0.0365 0.0536 
rTnr3_1 21.1733 59.8367 0.0258 0.1607 0.0461 0.0003 44.2700 22.7233 0.0423 0.0354 
wsrpni4_1_16 0.5138 1.9950 0.0139 0.0079 0.0169 0.0009 2.0170 1.1463 0.0202 0.0077 
wsrCu4__1_8 1.1169 3.9443 0.0076 0.0169 0.0376 0.0003 4.1710 2.4550 0.0005 0.0401 
wsrcu3_1_4 2.6327 7.5643 0.0287 0.0269 0.0569 0.0002 8.7600 5.0193 0.0017 0.0145 
wsrpni2_1_2 4.9480 15.0467 0.0549 0.0290 0.1043 0.0002 15.6367 8.4560 0.0262 0.0236 
wsrpNi_1 11.1433 28.2100 0.0886 0.1073 0.2218 0.0012 31.5400 17.0667 0.0539 0.0328 
cci3_1_16 0.2718 2.9937 0.0198 0.0060 0.0166 0.0002 2.0760 1.1720 0.0157 0.0018 
ccims3_1_8 2.9463 7.2940 0.0104 0.0174 0.0465 0.0002 6.7020 4.3480 0.0071 0.0143 
ccims3_1_4 5.4360 15.0500 0.0082 0.0405 0.0804 0.0000 12.8233 8.7243 0.0040 0.0424 
ccims_1_2 10.6987 20.5100 0.1098 0.0955 0.1411 0.0010 19.9767 16.0900 0.0437 0.0196 
ccims2_1 5.1840 55.0867 0.0084 0.2363 0.2240 0.0129 37.9800 23.5033 0.0789 0.0271 

Table 4.17. 20 sample validation set. 
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Q vs. for ali Data Projected on Model of Class 1 

•f4 "i'S 

*f«*1 

+2+2 +4 

10^ 
Value of T® 

Figure 4.9. Q vs. of class 1 (Federal), containing 5PCs, 95% Q - 0.930886, 95% ^ — 

7.26665. 
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Sample rt'cl rQ c1 rt^c2 rQc2 i f  c3 rQ c3 r fcA rQ c4 Det'd Class. 

1 0 O'T 0 06i'J 23.2743 1.1066 2.3147 0.516 4.2508 0.0538 1 

2 0 ns 0 .rso 23.1809 1,5413 2.1856 0.56 4.1655 0.0088 1 
3 0 ,7132 0 23 1475 0.8632 1.8833 0.1439 4.3105 0.1337 1 
4 0 205' U 0^fi2 31.4755 2.9097 2.3823 0.4668 7.5572 0.0291 1 
5 0 4123 U0I63 22 9389 2.0965 1.6159 0.218 4.7709 0.0007 1 
6 13.8707 17.7906 0 3046 0 3490 1.7355 0.7205 2.5746 0.0214 2 
7 16.5153 1.8925 C 1908 0 0647 1.3294 0.0122 1.9251 0.7621 2* 

8 20.7137 9.8119 C 1963 0 (1^32 1.6562 0.0724 3.0628 0.1409 2 
9 17.9238 10.8453 OOK77 0 0833 1.7371 0.0704 3.1726 0.1871 2 

10 20.8197 7.5327 0 088 0 1167 1 6171 0.0022 2.7483 0.1598 2 
11 22.9828 22.287 16.3003 0.0955 0 1 0 2564 2.8112 0.9152 3 
12 28.9515 1.2335 21.505 4.1303 0 0862 0P714 3.8728 0.7647 3 
13 35.8595 4.5859 29.7351 5.3412 0 2G0- 0 C^65 6.0571 1.0324 3 
14 22.9747 1.9197 15.2384 1.9953 0 0(i J8 0C013 2,1115 0.1115 3 
15 30.27 5.4022 20.9188 2.4282 0 274 C 1188 3 109/ 0 1545 3 
16 12.8517 28.0175 1.6536 4.0523 1.3338 4.7325 0 1617 1 O&S) 
17 33.9327 0.6612 10.7842 2.0848 0.661 0.0002 0 07':5 02318 
18 12.8213 6.6288 2.1685 0.6802 1.7471 2.23 0 222 0 0105 4 
19 30.1446 3.8812 7.8534 0.6542 1.3948 2.3846 0 3886 0 0833 4 
20 76.5655 4.0954 35.1611 1.0627 2.6093 1.1707 0 3372 0 0507 

Table 4.18. Reduced Q and T values resultant from projection of the 20 sample 

validation set into each of the four classes. Shaded areas represent into which class the 

validation sample was classified. Samples marked with an * were correctly classified, 

with an exception (see text). 
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4.4.5 Discussion of normalized SIMCA results of 160 sample data set. 

All validation samples were correctly classified, with the exception of samples 7, 

and 17, which were determined to be members of two classes each. Sample 7 was 

determined to belong to both classes 2 and 3, yet closest to the center of class 2 (with 

both rt" and rQ minimized once projected into class 2), the correct class for that sample. 

Sample 17 was determined to be a member of both classes 3 and 4; however, model 

statistics were minimized once projected into class 4. 

rQ statistics, mostly very small, show that the classes utilize very similar PCs to 

define row space, which makes sense, since column space has decreased in 

dimensionality. It is the position of these samples (rt') which defines their class with this 

SIMCA model more so than how well the model describes them. Contrast this with the 

previous, 80-sample primer model, where rQ values varied greatly when samples were 

projected into successive classes. 

The removal of Ca, Fe, Mg and Zn from the model did not affect the utility of the 

model, since their contributions to variance among classes were minimal. This is helpful 

when one considers the possible application of this technique for the analysis of GSR. 

Ca, Fe, Mg and Zn are common elements, and due to their ubiquity are likely to 

contaminate samples. This technique was able to correctly classify primers of varjdng 

concentration into one of four groups. 
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4.5 Conclusion of primer study. 

The goal of this study, that is whether there exists a significant variation in the 

elemental makeup of primers from various manufacturers, was successfully completed. 

One may conclusively state that the results of this study indicate that when the SIMCA 

classification technique is applied to data collected by ICP-AES analysis of unfired, 

conventional rifle primers, both at a single and varying concentrations, it allows the 

classification of those primers as one of four manufacturers (Winchester, Remington, 

Federal or CCI). It has therefore been determined that significant variation exists from 

rifle primer manufacturer to manufacturer. 

The ability of the techniques employed throughout this study to build a 

classification database for conventional (heavy metal containing) small anns primers 

illustrates the potential of such techniques to differentiate among classes of samples 

exhibiting similar chemical characteristics. In fact, the number of variables determined 

useful in this study do not utilize the power of SIMCA to the fullest extent. The use of 

SIMCA is a greater necessity when one is analyzing much larger data matrices, which 

would be the case if the inorganic and organic components of gunshot residue were both 

used to develop a classification scheme. Researchers in forensic science continually strive 

to develop databases against which to compare unknowns for the remote chance that such 

information might aid them to piece together a thoroughly confusing puzzle. From 

databases of fingerprints to automotive paint, small arms cartridge headstamps, and 

primer firing pin indentations (a recent study from Japan even classified pre-paid bus 

passes by elemental composition) the needs of forensics to classify is ever increasing 
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(19). 
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Chapter 5: Lead Isotope Ratio Determination of Military Small Arms 

Projectiles by Multicollector Inductively Coupled Plasma Mass 

Spectrometry. 

5.1 Initial study experimentaL 

5.1.1 Sample collection. 

In order to make a case proving validity of this technique for distinguishing 

among projectiles of varying manufacturing origin, it would be necessary to analyze very 

large numbers of samples from each location, over an extended period. Clearly, this is 

not an undertaking which is possible in our laboratory, with current funding. However, 

since the aim was to evaluate whether this technique offered promise ofbcing useful for 

those in need of information as to the country of origin of batches of ammunition, a 

smaller sample set was used. 

Chilean ammxmition (nine samples, caliber 7.62 x 51 mm NATO) was taken from 

two cases of ammunition, from various boxes within each case. No identifying marks 

were present on boxes or cases. Headstamps indicated a date of manufacture of 1974. 

Turkish ammunition (three samples, caliber 7.92 x 57 mm) was collected from a single 

hennetically sealed case, from a single bandoleer. Case markings indicated a 

manufacture date of 1945; however, a round of ammunition dated 1942 was located 

within this sealed case. 
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5.1.2 Sample preparation. 

The ammunition was disassembled using a kinetic bullet puller (Dillon Precision, 

Scottsdale, AZ. Part # 17999). After reviewing the previous methods of Pb extraction 

(cutting, with a razor and machining, drilling with a lathe), it was determined that the 

most efficient and clean method of Pb extraction would result from heating the projectile. 

The projectiles were subsequently heated with a propane torch past the melting point of 

Pb, after which the molten core was poured into a beaker of 18 MO purified water. 

Approximately 10 mg of the recovered lead was weighed in to a clean, dry, 24 ml 

Teflon container (Savillex Corp., Minnetonka, Minnesota, Part # 0275R-SB). To each 

Teflon container was added approximately 10 ml of distilled 16 M nitric acid. The 

containers were capped and heated on a hot plate for several days before analysis. Prior 

to analysis, 1 ml of the sample solution was combined with 140 pi of 1000 ppm thallium 

SRM 997 and diluted to 125 ml with 18 MO, purified water. Thallium SRM 997 was 

utilized as an internal standard in order to model mass discrimination behavior. 

5.1.3 Instrumental conditions. 

Analyses were performed on the GV Instruments Isoprobe MC-ICP-MS. Details 

of the instrumental geometry of this system have been published (1, 2). Samples were 
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introduced by free aspiration with a Teflon low flow concentric nebulizer into a water-

cooled cyclonic spray chamber. Instrumental parameters are given in Table 5.1. Ion 

detection was achieved using six Faraday detectors. 

Table 5.1. Instrumental parameters of the GV Instruments Isoprobe. 

5.1.4 Data collection. 

Data was collected in three blocks of 30 -10 second integrations. Each block was 

initialized with a 30 second background correction. Between each lead sample NIST 

certified standard NBS 981 was run to monitor instrument stability. 

5.1.5 Data reduction and analysis. 

Mass bias occurs due to varying transport efficiencies from the point of sample 

introduction to the point of ion detection (2-8). The cause of this anomaly has been 

attributed to space charge effects resulting from the concentrated ion beam entering the 

Instrument Parameters GV Instruments Isoprobe MC-ICP-MS 

Rf power 
Accellerating voltage 

Nebulizer gas 

Coolant gas 

Intermediate gas 

AT collision gas 

1350 W 
- 6000V 

0.85 L min "^ 

14 L min 

1 L min 

1.3 ml min"^ 
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mass spectrometer, mainly at the skimmer cone and extraction lens region (7, 8). 

Additionally, ions entering the mass spectrometer from the plasma have greatly differing 

kinetic energies, and although the Isoprobe uses a hexapole collision cell to minimize 

these problems, they are still significant. As a result of these processes, heavier ions are 

preferentially transported through the inlet region as well as the mass spectrometer, 

resulting in a mass spectrum slightly skewed towards the higher mass isotopes at 

approximately 1 % per amu in the mass range of Pb (9). In order for results collected on 

this instrument to be correct and therefore comparable to published geochemical data, the 

employment of one of multiple mass bias corrections was necessary. 

As reported by Rehkaemper, Pb data may be mass bias corrected by assuming the 

dependence of bias to mass is controlled by a power function. The power law uses the 

offset observed in measurement of T1 :T1 , the internal standard of known isotopic 

abundance to correct bias present in Pb data (1, 2). 

The power law states; 

Rpb = rpb [1 + a]*^208 "^206  ̂ (5.1) 

where R and r are the real and measured ratios of Pb^^'^:Pb^°'', respectively, and M is the 

atomic mass of Pb, 208 and 206. a is the indicator of mass bias per unit mass, and can be 

determined using the known Tl^^^iTl^*^^ (Rti) and measured tP^^iTI^*^^ (rxi), using the 

following relationship; 

a = [Rn/r ri] '•^'''•'^205 '^203^^ - 1 (5.2) 

where again, M is the atomic mass of T1 and Tl . A competing correction states the 

mass to bias relationship is governed by an exponential function. The aptly named 
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exponential law states: 

Rpb = rpb[M'°W]^b (5.3) 

where the mass bias factor pxi: 

pri = [ln(RT|/rn)]/[ln(M'^^-VM^®-)] (5.4) 

The standard exponential law assumes that: 

Pn^ppb (5.5) 

In a Cu and Zn ICP - MS study by Marechal et al., the above assumption 

(equation 5.5) was challenged (10). Marechal explored the possibility that external mass 

correction of ICP data (using an element, differing from the analyte, with known isotopic 

abundances, to correct for mass fractionation) may introduce systematic error to corrected 

ICP-MS data (10). Marcchal concluded that differences in p values could be corrected 

from element to element by performing a regression on the natural log of the variation in 

similar mass ratios, for the two elements in question (the analyte, and the standard), the 

slope of which may be used for the p correction. The p value may be corrected using the 

relationship: 

ppb = pri * (In [M^®W°-Vln [M'"W^']) * S (5.6) 

where S is the slope of the regression previously discussed. 

5.1.6. Initial study results and discussion. 
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Shortly prior to the onset of this study, the Geosciences Department had acquired 

a Micromass Isoprobe inductively coupled plasma mass spectrometer for high 

throughput, high resolution isotope ratio analysis. Soon thereafter the study of isotope 

ratio analysis of small arms projectiles was initiated. Since no previous studies focusing 

on the differentiation of these samples by country of origin had been completed, and the 

instrument was a relatively new and unfamiliar irnit, it stands to reason that the initial 

sample runs were probes which aided decision making as to the future direction of the 

study. 

The data for the initial analysis of Chilean and Turkish projectiles after initial 

mass bias correction utilizing the exponential law are presented in Tables 5.2 and 5.3. 

The exponential law was initially chosen based upon the results published by 

Rehkaempcr (1). The standard deviation between samples originating from the same 

country, whether Chile or Turkey, was over an order of magnitude higher than the NBS 

981 data taken intemiittently throughout the analysis sessions, hi order to explain this 

high relative standard deviation, it was necessary to investigate the history of the 

ammunition, and under what conditions it was made, stored, and then resold on the 

surplus market. 

The Turkish ammunition was manufactured during World War II. And one may 

safely assume that the conditions were less than adequate to allow for consistent and 

reproducible lead manufacture. Lead, being necessary for a sustained war effort, is 

usually extracted from many sources, and as a war continues it is safe to assume that 

quality suffers. At the very least, one has little information as to the conditions of the 
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(re)-manufactiire of lead manufactured during a period such as a world war. 

Additionally, the investigators had very little in formation about the lineage of the Turkish 

ammunition, for even though the ammunition was removed from a hermetically sealed 

case, that ammunition was marked with headstamps that varied by years. 

The Chilean ammunition was manufactured during the early 1970's, at the time of 

great political turmoil in that country. The period saw an overthrow of a socialist 

government by the military and the seizure of power by a General Augusto Pinochet. 

The country was in a state of low intensity civil war. It is again safe to assume that lead 

was not manufactured in a reproducible nor controlled manner. At the very least, the 
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RI Pb208/206 RI 'Pb207/206 Ri Pb208/204 R, •Pb207/204 R, Pb206/204 

NBS 981 

Avg 
2 a 
% RSD (2a) 

2.166245 
2.16698 

2.167727 
2.167649 
2.166869 
2.166691 
2.166909 
2.166658 

2.16669 
2.167092 
2.168458 
2.169546 
2.167273 
0.00178 

0.082134 

0.914537 
0.914578 
0.914743 
0.914713 

0.91455 
0.914506 
0.914551 
0.914498 
0.914512 
0.914685 
0.914753 
0.915156 
0.914645 
0.000357 
0.03908 

36.6428 
36.65633 
36.69376 

36.6972 
36.68082 
36.68172 
36.69174 
36.6732 

36.68732 
36.68533 
36.75686 
36.78584 
36.69091 
0.080046 

0.218163 

15.46972 
15.47086 
15.48412 
15.48562 
15.48153 
15.48243 
15.48586 
15.47894 
15.48491 

15.48413 
15.50569 
15.51696 
15.4845 

0.027297 
0.176284 

16.91536 
16.91586 
16.92729 
16.92949 
16.92803 
16.92983 
16.93275 
16.92616 
16.93243 
16.92837 
16.95069 
16.95554 
16.92953 
0.024879 
0.146959 

Tab/e 5.2. Initial results of standard NBS - 981 analyzed during the analysis of Chilean 

and Turkish Pb samples. 
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Rpb208/206 Rpb207/206 Rpb20a/204 Rpb207/204 Rpb206/204 

Chile 
1 2.07297 0.83961 38.51150 15.59816 18.57791 
2 2.07347 0.84019 38.48309 15.59379 18.55979 
3 2.06234 0.84433 38.05953 15.58172 18.45451 
4 2.10854 0.86782 37.82971 15.56966 17.94117 
5 2.07432 0.84081 38.52686 15.61650 18.57326 
6 2.06643 0.84578 38.16406 15.62036 18.46857 
7 2.10706 0.86783 37.81515 15.57484 17.94686 
8 2.08779 0.85216 38.23517 15.60615 18.31373 

Mean 2.08162 0.84982 38.20313 15.59515 18.35447 
2 o 0.03551 0.02365 0,58133 0.03754 0.53537 
%RSD (2a) 1.70598 2.78240 1.52169 0.24070 2.91686 

Turkey 
1 2.09015 0.84639 38.77806 15.70294 18.55274 
2 2.07696 0.83850 38.80307 15.66530 18.68260 
3 2.11007 0.86516 38.11297 15.62694 18.06239 

Mean 2.09240 0.85002 38.56470 15.66506 18.43258 
2 o 0.03334 0.02740 0.78282 0.07600 0.65420 
%RSD (2a) 1.59327 3.22305 2.02990 0.48518 3.54915 

Table 5.3. Initial results of Chilean and Turkish ammunition. 
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manufacturing protocols are suspect. We also received the ammunition in an unsealed 

case, and although the boxes in which the ammunition was stored contained what 

appeared to be serial numbers, no correlation between headstamp and serial number 

could be determined. 

Although these initial analysis were not entirely successful since the data scatter 

seen in each class was larger than would be useful if this technique was applied to 

distinguish between pools of projectile samples, or for the correlation ofbullet alloy to 

source Pb, it did aid the researchers by alerting them to the possible limitations to this 

technique. Specifically, we realized the necessity to analyze and compare sample sets (as 

opposed to a single sample, as is commonly used in forensic applications) in order to 

assure a level of statistical certainty, which is in agreement with Stupian's view of Pb 

isotopic analysis (11). It did allow the researchers to determine that sample sets as small 

as three can indicate the inhomogeneity of lead contained in certain batches of seemingly 

similar small arms projectiles. These experiments allowed the analysts to conclude that 

the analysis technique was capable of extremely high precision, with NBS values having 

an external precision of just a few hundredths of a percent. 

5.2 Expansion of study to include projectiles manufactured over a greater geographic 
region. 

5.2.1 Introduction 
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The dataset was expanded to include an additional 10 classes of ammunition, 

from 8 countries. Additionally, as a result of extensive literature searches, it was 

determined that in order for the results of this study to be at all comparable to published 

geological readings (usually collected utilizing TIMS instrumentation), a thorough study 

of the most accurate and precise method of instrumental normalization and mass bias 

correction was necessary. 

5.2.2 Sample collection. 

American Eagle caliber 5.56 x 45 mm NATO ammunition (11 samples) was taken 

from four boxes within a single sealed case, dated 1999. Sellier and Bellot caliber 5.56 x 

45 mm NATO ammunition was collected from seven boxes within a single sealed case. 

Two of the boxes were marked "663" while five were marked "584;" there is no 

indication as to what these markings signify. Russian "Wolf caliber 7.62 x 39 mm 

ammunition was taken from a single sealed case dated 2000, from six separate boxes. 

South African caliber 7.62 x 51 mm NATO ammunition was taken from a single box 

within an unsealed case; headstamps indicate a manufacture date of 1970. Winchester 

caliber 5.56 x 45 mm NATO ammunition was collected from single case, four separate 

boxes, dated 1999. Lake City, US manufactured caliber 5.56 x 45 mm NATO 

ammunition was taken from three boxes, from an unsealed case, dated 1990. Korean 

(7.62 X 51 mm NATO), Chinese (9 x 19 mm NATO) and Egyptian (7.62 x 51 mm NATO 

) ammunition were taken from separate boxes, from unsealed cases, dated 1980, 1991 and 
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1975, respectively (five samples each). Romanian caliber 7.92 x 57 mm ammunition was 

collected from five separate boxes within a single hemietically sealed case, dated 1974. 

Sample preparation and instrument conditions were the same as outlined in the 

initial investigation. 

5.2.3 Thorough investigation into instrument stability and response. 

Since the Isoprobe is a relatively new instrument, and although its response is 

documented, a certain level of disagreement exists as to its abilities and the correct 

methods for data normalization (1,2, 10, 12, 13). Additionally, in order for these results 

to be at all comparable to the vast majority of Pb isotopic data collected on TIMS 

instruments, it would be necessary to determine the most accuratc and precise technique 

of measurement correction. Towards this end, we decided that a thorough investigation of 

the instrument's stability and accuracy, as well as evaluation of mass bias correction 

techniques, would be necessary. 

5.2.4 Raw results and internal precision. 

Internal error resultant from the analysis of a single sample is calculated by the 

isoprobe, which uses a measurement of percent standard error, defined for a given sample 

(x/): 
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.  100 Y. (x-Xi f  
%St.ErroH la) = 

X V n ( n - I )  

where n is the mimber of samples, xbar is the mean of the thirty sample datablock, and n 

is the number of samples in the datablock (in our case 30). Micromass refers to this 

calculation as the percent standard error; however, it is analogous to the relative standard 

deviation (% RSD) and therefore would be more descriptively presented as the % RSD. 

Since the measurement used by Micromass is not widely used in the physical sciences, 

we decided not to report errors using this calculation; instead we used standard deviation 

and % RSD. The Isoprobe automatically discards measurements that fall outside of one 

standard deviation of the mean for the final statistic measurement. However, for an 

accurate measurement of the precision that the Isoprobe is capable of, while analyzing 

NBS-981, all data were included. 

Data tables presented in Appendix 1 contain all raw (non-mass bias corrected) 

data taken through the period of Sept 2001 to June 2002, and include internal precision 

calculations for two standard deviations from the mean. 

With the exception of a small number of data, the reproducibility of 

measurements average on the order of a few hundred parts per million. However, after 

the onset of analysis on the 18'*^ of September 2001, it was apparent from these 

measurements, that the instrument suffered a reduction in stability. Internal precision of 
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these measurements degenerated approximately an order of magnitude, yet stability was 

recovered within the following four samples. These data were not significantly different 

from other points to warrant removal from the pooled data set. Four samples, however, 

were removed from the February analysis: NBS # 1, South African # 1, Wolf # 2 and 

NBS # 3. Both NBS 981 samples exhibited an extremely degraded intemal precision 

and were subsequently removed, while the lead samples that were surrounding these 

samples displayed intemal precision similar to other samples in the analysis. 

When viewing the complete analysis, it became apparent that the Isoprobe 

requires an extended warm up period, much longer than was determined necessary by the 

manufacturer. Indeed, the startup procedure for the Isoprobe has been updated 

accordingly, so that no data is taken within two hours of ignition of the plasma. 

5.2.5 Day to day instrument stability (externalprecision). 

When viewing Figure 5.1, which displays the uncorrected NBS 981 Pb^°^/Pb^°^ 

data chronologically throughout the study, it is apparent that the Micromass Isoprobe 

exhibits substantial instrumental drift. From Figure 5.1, one can gain an understanding of 

the necessity for direct, empirical normalization of daily data, due to the daily 

inaccuracies present in measurements taken with the Isoprobe. Table 5.4 displays the 

statistics for the entire pool of uncorrected NBS 981 data, which is approximately one 

order of magnitude worse than that for any single day. 
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=3 Rs;io iv^ean 2<T- - • 

RPb208/206 2.18511 0 C'38- 0.63680 
RPb207/206 0.91833 0.00296 0.32259 
RPb206/204 17.07655 0.11114 0.65081 
RPb207/204 15.68206 0.15182 0.96812 
RPb208/204 37.31450 0.47948 1.28496 

Table 5.4. NBS 981 statistics for entire period of data collection prior to empirical Tl 

correction. 
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Session to session Instrument drift (uncorrected NBS 981) 

2.195 

2.19 

2.185 

2.18 

2.175 

2.17 

4 5 6 7 

Data collection session 

Figure 5.1. Values for NBS 981 samples throughout the analysis, over nine 

sessions, prior to mass bias and empirical accuracy correction. Error bars represent +/-

one standard deviation for the measurement session. 
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5.2.6 Determination of most effective mass fractionation correction technique. 

Following collection of data, over a period of one year, it was necessary to select 

a suitable mass fractionation technique that would adequately correct data for such an 

extended period. Since at the onset of this investigation, no studies had been published 

on analyses conducted on the Micromass Isoprobe over periods of similar length to this 

one, it was necessary to empirically determine the most applicable of the commonly used 

mass fractionation correction techniques. NBS 981 standard reference material was used 

to measure the inaccuracies inherent in measurements over the period of the study. After 

student's "t" rejection of outliers, the isotopic ratios of Pb were compared to Galer's 

published analysis of NBS-981(14). 

The exponential law with p correction required more processing than both the 

power and exponential law (without p correction), since this technique contains a more 

rigorous interpretation of p. Figure 5.2 depicts the In (^°^Pb/^®^b) vs. In ("""''T1/"°^T1) 

regression used for the correction of P n to Ppb, in order to account for differences in mass 

bias behavior between Pb and Tl. 

Both the power and exponential laws gave results that possessed significant 

negative bias, when compared to the NIST certified values for ^°^Pb/""''Pb of NBS 981 

standard reference material, whereas the p-corrected exponential law minimized that bias 

(Table 5.5). 
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Mass bias correction technique Deviation (ppm) 

Power law -764.314 
Exponential law -640.105 
Exponential law withf rg correction -282.277 

Table 5.5. Deviation from NBS standard reference material 981, NIST reported 

208pb^06ph yaluesfor each of the three mass bias correction techniques explored. 
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Figure 5.2. The In f^^Pb/^^^Pb) V5. In f^^Tl/^^^T!) regression of NBS 981 data collected 

throughout the analysis necessary for correction of fiji to 



166 

As reported by Rehkaemper in his seminal reference on comparison of the 

Isoprobe to previous analysis ofNBS 981 by high resolution mass spectrometry, he 

observed a large negative bias of Isoprobe results in excess of 600 parts per million 

(which is comparable to the results in Table 5.5 )(1). Due to this instrumental offset, he 

outlined an empirical correction that allows more effective normalization of data 

regardless of which mass discrimination correction technique is employed (1). 

Rekaemper's correction zeroes the mean value of ""^Pb/^^Pb to that of a published value 

widely accepted as "correct" (he used ^°^Pb/^°®Pb in an earlier study) by empirically 

adjusting the "true" ̂ °^T1/^°^T1 used in all further calculations(l, 2). The NBS 981 values 

currently accepted as most accurate are triple spike TIMS data reported by Galer (14). 

Empirically determined "true" Tl/ Tl values were calculated for each day of 

data collection in order to normalize daily NBS-981 data to Galer's. This was done for 

each of the three mass bias correction techniques. The empirically corrected "^^T1/'®"^T1 

values are displayed in Table 5.6, and are in good accord with those values previously 

published (1,2). The empirical Tl/ Tl correction method has been investigated and 

accepted by both Rehkaemper and White (1,2, 12). 
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Ana" tag e -Ih ssct iTi 205/203 
Power Law 2.3899137 
Exponential Law 2.3895833 
Exponential Law with B 2.3880364 

'A-^er -acle 3t" 
pf ' r .L. --"I-- . . 

2:;5/2C3 
Power Law 2.3901881 
Exponential Law 2.3899492 
Exponential Law with B 2.3885853 

sS-B etc Ti 205/203 
Power Law 2.3895478 
Exponential Law 2.3892174 
Exponential Law with B 2.3875790 

Vvolf etc T"! 205/203 

Power Law 2.3885416 
Exponential Law 2.3882111 
Exponential Law with B 2.3866643 

Rom <0^ Chi cgy ; i: 205/203 
Power Law 2.3889075 
Exponential Law 2.3885770 
Exponential Law with B 2.3877620 

Table 5.6. Empirically determined values calculated individually for each mass 

bias correction technique, for each day of analysis. 
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Corr. Tech. Pb ratio Mean Galer Error (pp 

Exp. 208pb/206pb 2.16771 2.16771 0.00 

Exp. 207pb/206pb 0.91464 0.91475 -118.1 

Exp. 208pb/204pb 36.7263 36.7219 119.1 

Exp. 207pb/204pb 15.4962 15.4963 -4.164 

Exp. 206pb/204pb 16.9424 16.9405 112.4 

Power 208pb/206pb 2.16771 2.16771 0.00 

Power 207pb/206pb 0.91465 0.91475 -107.1 

Power 208pb/204pb 36.7295 36.7219 208.1 

Power 207pb/204pb 15.4978 15.4963 95.97 

Power 206pb/204pb 16.9439 16.9405 201.6 

Exp. p 208pb/206pb 2.16771 2.16771 0.00 

Exp. (3 207pb/206pb 0.91464 0.91475 -117.7 

Exp. p 208pb/204pb 36.7263 36.7219 120.8 

Exp. p 207pb/204pb 15.4963 15.4963 -2.903 

Exp. p 206pb/204pb 16.9424 16.9405 113.2 

Table 5.7. Error (ppm) between measured NBS standard reference material 981 and NBS 

981 as reported by Galer for each of the three mass bias correction techniques explored, 

following empirical thallium correction. 
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Table 5.7 displays a summary of NBS data throughout the study after empirical 

Tl/ T1 correction, followed by all three mass bias correction techniques. In 

comparison to Galer's data, it is apparent that both the exponential and P-corrected 

exponential laws are superior to the power law for minimization of error present due to 

mass discrimination, in the current NBS 981 results. Both the exponential and P -

corrected exponential laws exhibited approximately the same ability to minimize error in 

NBS data due to mass bias. 

Table 5.8 shows percent relative standard deviation of the pooled (over nine days) 

NBS 9812('8pb/2(»^pb (lata. As was reported by Rehkaempcr, the p-corrected exponential 

law corrected NBS 981 data displays slightly improved precision (1,2). 

Mass bias correction technique % RSD 

Power law 
Exponential law 

0.043241 
0.042115 

Exponential law with p correction 0.041757 

Table 5.8. Percent relative standard deviation for readings for each of the 

three mass bias correction techniques explored. 
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Based upon the data comparisons made between NBS standard reference material 981 

data corrected by all thee mass bias correction techniques and Galer's reported corrected 

data, the author determined that the most accurate and precise correction technique was 

the exponential mass bias correction. This is in agreement with Rekaemper (1,2). 

5.2.7 Analysis of lead in small arms projectiles. 

Student's t-test was performed on the NBS 981 data, and if it was determined to 

be an outlier, it and the two adjacent projectile samples were discarded. Samples 

removed from the data set as a result of this treatment were: South African number 4 and 

Russian Wolf number 2. All results corrected by the exponential law following an 

empirical T1 correction may be viewed in Table 5.9. Errors reported are twice the 

standard deviation of NBS-981 analyses since it is the largest source of uncertaintly in 

these measurements. 
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Rpb208/206 Rpb207/206 Rpb2Q8/204 Rpb207/204 Rpb206/204 

9/17/01 
USA (Am. Eagle) 

AE 113 
AE 121 

AE 142 
Error 

2.01456 
2.01321 
2.01326 
0.00023 

0.81842 
0.81778 
0.81780 
0.00005 

38.6612 
38.6726 
38.6712 
0.0072 

15.7062 
15.7091 
15.7085 
0.00223 

19.1909 
19.2094 
19.2083 
0.00176 

9/18/01 AE111 2.01074 0.81729 38.6682 15.7171 19.2308 
AE 112 2.01160 0.81745 38.6266 15.6967 19.2020 
AE133 2.00905 0.81699 38.5425 15.6735 19.1844 
AE141 2.00970 0.81711 38.5782 15.6851 19.1960 
AE 122 2.01168 0,81746 38.6400 15.7017 19,2078 
AE 143 2.01255 0.81764 38.6580 15.7055 19,2084 
AE 123 2.01198 0.81752 38.6561 15.7069 19,2129 
AE 132 2.01216 0.81760 38.6365 15.6992 19,2015 
Mean 2,01186 0.81755 38.6374 15.7009 19,2048 
2 (J 0.00320 0.00077 0.0832 0.0244 0,0245 

%2a- 0.15882 0.09402 0.2153 0.1556 0,1276 
Error 0.0019 0.0004 0.0551 0.0160 0,0105 

Czech. Repub. 
11/30/01 Sb663 21 2.09583 0.85506 38.32048 15.63406 18.28414 

Sb663 11 2.09582 0.85505 38.32151 15.63438 18.28471 
Sb584 32 2.09581 0.85507 38.31165 15.63068 18.28008 
Sb584 33 2.09298 0.85457 38.29229 15.63485 18.29561 
Sb584 41 2.09300 0.85453 38.28536 15.63109 18.29213 
Sb584 31 2.09292 0.85448 38.29149 15.63327 18.29575 
Sb584 51 2.09296 0.85456 38.28679 15.63256 18.29315 

Mean 2.09419 0.85476 38.30137 15.63299 18.28937 
2 o- 0.00306 0.00057 0.03188 0.00324 0.01257 

% 2 a  0.14607 0.06644 0.08325 0.02071 0.06874 
Error 0.0003 0.0001 0.0214 0.0083 0.0082 

Table 5.9. Pb isotope ratios of all projectiles following empirical Tl correction and 

exponential mass bias correction. Error is reported as twice the standard deviation of 

NBS-981 readings taken on the corresponding day of analysis. 2 a and % 2cr values are 

calculated for the ammunition class. 
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Rpb208/206 Rpb207/206 Rpb208/204 Rpb207/204 Rpb206/204 

USA (LC) 
11/30/01 LC1 2.06202 0.83678 38.54875 15.64333 18.69462 

L C 2  2.05918 0.83566 38.55553 15.64661 18.72376 
L C 3  2.02692 0.82378 38.60038 15.68797 19.04390 
Mean 2.04937 0.83207 38.56822 15.65931 18.82076 
2 a 0.03900 0.01441 0.05611 0.04976 0.38759 

% 2 o  1.90302 1.73162 0.14548 0.31776 2.05936 
Error 0.0003 0.0001 0.0214 0.0083 0.0082 

Russia 
2/1/02 Wolf 1 2.10853 0.86238 38.2073 15.6267 18.1204 

Wolf_3 2.10459 0.86151 38.1389 15.6121 18.1217 
Wolf 4 2.10636 0.86143 38.2070 15.6253 18.1389 
Wolf 5 2.10857 0.86241 38.2010 15.6243 18.1171 
Wolf_6 2.10579 0.86229 38.1474 15.6208 18.1155 
Mean 2.10677 0.86200 38.1803 15.6218 18.1227 
2 a 0.00349 0.00098 0.0683 0.0118 0.0188 

% 2 a  0.16576 0.11414 0.1789 0.0753 0.1036 
Error 0.0021 0.0005 0.0719 0.0229 0.0165 

S. Africa 
2/1/02 SA 1 2.13518 0.88344 37.8427 15.6575 17.7234 

SA 2 2.13042 0.88000 37.8620 15.6394 17.7721 
SA_3 2.13018 0.87921 37.9412 15.6598 17.8113 
Mean 2.13192 0.88088 37.8820 15.6523 17.7689 
2 a 0.00564 0.00450 0.1044 0.0224 0.0880 

% 2 a  0.26444 0.51040 0.2756 0.1429 0,4952 
Error 0.0021 0.0005 0.0719 0.0229 0.0165 

USA (Win.) 
2/1/02 Win. 1 2.09131 0.85658 38.2003 15.6464 18.2662 

Win._2 2.09190 0.85672 38.2146 15.6506 18.2679 
Win. 3 2.09147 0.85662 38.2040 15.6475 18.2666 
Win._4 2.09366 0.85997 38.0866 15.6439 18.1914 
Mean 2.09209 0.85747 38.1764 15.6471 18.2480 
2 a 0.00216 0.00333 0.1203 0.0055 0.0756 

% 2 a  0.10340 0.38817 0.3152 0.0350 0.4141 
Error 0.0021 0.0005 0.0719 0.0229 0.0165 

Table 5.9 (continued). 
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6/10/02 

6/10/02 

6/10/02 

6/10/02 

Rpb208/206 Rpb207/206 Rpb208/204 Rpb207/204 Rpb206/204 

Egypti 2.10926 0.86646 37.9872 15.6047 18.0098 
Egypt2 2.11645 0.86563 38.1574 15.6064 18.0290 
Egypt3 2.10669 0.86382 38.0641 15.6077 18.0682 
Egypt4 2.11455 0.86508 38.1447 15.6053 18.0392 
EgyptS 2.11511 0.86564 38.1328 15.6063 18.0287 
Mean 2.11241 0.86532 38.0973 15.6061 18.0350 
2 a 0.00842 0.00195 0.1426 0.0023 0.0428 

% 2 a  0.39842 0.22492 0.3744 0.0147 0.2373 
Error 0.0011 0.0002 0.0342 0.0108 0.0089 

Korea 
Kor1 2,04393 0.83570 38.3109 15.6640 18.7437 
Kor2 2.04477 0.83626 38.3113 15.6684 18.7362 
Kor3 2.22558 0.96008 35.7150 15.4069 16.0475 
Kor4 2,10740 0.87529 37.4951 15.5733 17.7921 
Kor5 2,04441 0.83585 38.3435 15.6765 18.7553 
Mean 2,09322 0.86863 37.6351 15.5978 18.0150 
2 a 0,15773 0.10777 2.2632 0.2294 2.3494 

% 2 a  7,53525 12.40675 6.0136 1.4708 13.0417 
Error 0,0011 0.0002 0.0342 0.0108 0.0089 

China 
Chinal 2,09040 0.85107 38.5941 15.7129 18.4626 
China2 2.08183 0.84739 38.6429 15.7293 18.5620 
ChinaS 2.09047 0.85109 38.6021 15.7159 18.4657 
China4 2.08310 0.84786 38.6295 15.7230 18.5443 
ChinaS 2.08119 0.84701 38.6164 15.7163 18.5550 
Mean 2.08540 0.84888 38.6170 15.7195 18.5179 
2 a 0.00930 0.00405 0.0397 0.0132 0.0990 

% 2 a  0.44608 0.47677 0.1027 0,0841 0.5346 
Error 0.0011 0.0002 0.0342 0.0108 0.0089 

Romania 
Rom1 2.08290 0.84169 38.7931 15.6762 18.6245 
Rom2 2.08307 0.84176 38.7736 15.6682 18.6137 
RomS 2.08284 0.84169 38.7798 15.6713 18.6187 
Rom4 2,08293 0.84157 38.7848 15.6703 18.6204 
RomS 2,08275 0.84152 38.7790 15.6683 18.6191 
Mean 2.08290 0.84165 38.7821 15.6708 18.6193 
2 a 0.00023 0.00020 0.0146 0.0065 0.0078 

% 2 a  0.01125 0,02353 0.0377 0.0416 0.0417 
Error 0.0011 0.0002 0.0342 0.0108 0.0089 

Table 5.9. (continued). 
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5.2.8. Projectile dispersion. 

Figure 5.3 d isplays a 11 sa mples r etained i n t he s tudy (excluding t hose r emoved 

due to anomalous adjacent NBS 981 readings) using ratios of and 

These ratios were chosen to maximize variation between sample classes, this 

phenomenon has been noted by Doucelance et al. (15). Using ^°^Fb ratios is not the norm 

in geological references since the non-radiogenic ^^^^Pb provides a non-varying 

denominator, useful in construction of growth curves (not neccssary for the current line 

of research). 

When viewing the tabulated results, it is apparent that some classes of 

ammunition exhibit a relatively large amount of scatter. Most notably, those classes are 

Korean and Lake City (USA) projectiles, which exhibit class precision approximately one 

order of magnitude poorer than other classes measured (Table 5.9). Chinese and 

Egyptian projectiles exhibit slightly larger scatter, with percent relative standard 

deviations (2a) approximately double those of other classes. 
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•Am. Eagle (USA) 

® S+B (Czech. Rep.) 

A Wolf (Russia) 

X South Africa 

AWmchester (USA) 

® Egypt 

O China 

—Romania 

—I 

2.04000 -

0.83000 0.84000 0.85D00 0.86000 

^•"Pb/^Pb 

0.87000 

Figure 5.3. Mean values for selected groups of small arms projectile samples. Error is 

displayed as plus and minus two standard deviations for the sample set. 
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As is apparent when viewing Figure 5.3, most ammunition classes are easily 

distinguishable from one another when "'^'^Pb/^^Pb and ^"^Pb/""^Pb measurements are 

compared. However, samples classes Sellier and Bellot (Czech Republic) and 

Winchester (USA) show some level of overlap, as do classes from Egypt and Russia 

(Wolf). In order to determine whether these classes may be distinguished from one 

another, it was necessary to conduct a statistical comparison of the overlapping classes. 

When viewing the results presented in Table 5.10, one can conclude that 

projectiles analyzed during this study from Egypt have isotopic means of ""^Pb/^^^b, 

207pb/204pb 206py204pb are significantly different from analyzed projectiles which 

were manufactured in Russia, such that samples from these two groups may be 

distinguished from one another. The separation between Egyptian and Russian classes is 

presented graphically in Figure 5.4. Additionally, a statistical comparison of projectiles 

manufactured by W inchester (USA) and S ellier and B ellot ( Czech R epublic) c onclude 

that they are significantly different from one another when isotopic measurements 

207pb/2fK,pb^ 208p|^/204pb Compared. The plot of -°>b/^'"'Pb versus 

208pb/2()4pb presented in Figure 5.5 illustrates the separation of these two sample classes. 
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Win. Mean Win. variance Czecii Mean Czech variance t-stat. Significant difference? 

Rpb20W206 2.09209 1.16E-06 2.09419 2.33E-06 -2.40884 0.03932 No 

Rpb207/206 0.85747 2.78E-06 0.85476 7.96E-08 4.37539 0.00178 Yes 

Rpb20B/204 38.17638 0.00362 38.30137 2.54E-04 -5.37646 4.47E-04 Yes 

Rpb207;204 15.6471 7.71 E-06 15.63298 2.62E-06 10.83456 1.83E-06 Yes 

Rpb206/204 18.24803 0.00143 18.28937 3.95E-05 -2.94531 0.01635 No 

Egy. mean Egy. variance Russ. mean Russ. variance t-stat p Significant difference? 

Rpb208/206 2.11241 1.77E-05 2.10677 3.05E-06 -2.76969 0,02431 No 

Rpb207/206 0.86533 9.51E-07 0.862 2.40E-07 -6.80441 1.37E-04 Yes 

Rpb206/204 38.09724 0.00509 38.18032 0.00117 2.34939 0.04673 No 

Rpb207C04 15.60608 1.32E-06 15.62184 3.44E-05 5.89638 3.63E-04 Yes 

Rpb206/204 18.03498 4.58E-04 18.12272 8.80E-05 8.39908 3.07E-05 Yes 

Table 5.10. Results of t-test for the comparison of means for less clearly separated 

projectile classes. 
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Figure 5.4. Mean values for Egyptian and Russian groups of small arms projectile 

samples, illustrating the ability to discern between these two groups utilizing isotopic 

measurements ^^^Pb/^'^Pb and ^ '^^Pb/^^Pb. Error is displayed as plus a nd minus two 

standard deviations for the sample set. 
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projectile samples, illustrating the ability to discern between these two groups utilizing 

isotopic measurements ~"^Pb/^Pb and '"^Pb/^'^Pb. Error is displayed as plus and minus 

two standard deviations for the sample set. 
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5.2.9. Romanian projectiles. 

Viewing data by country of manufacture, samples are clearly visible, with the 

aforementioned exceptions, in well-defined sample clusters. The most tightly grouped of 

those clusters is formed by data collected from Romanian lead. The percent relative 

standard deviation (2or) for for the Romanian samples was % 0.01125, the 

smallest of the study. ^''^Pb/^'^^Pb, ^'^''Pb/^°'*Pb and ^®^Fb/^'''^Pb are indistinguishable from 

data collected in the Romanian Persani mountain range, and also in agreement with data 

collected in the northwest region of Romania (Baia Mare and Baia Borsa), which is the 

largest Pb ore deposit in the country (see Figure 5.6) (16-18). This ammunition was 

recently (March 2002) imported into the U nited States in unopened (security tabs still 

intact) 780 round wooden cases, with hermetically sealed cans. This ammunition also 

exhibits physical characteristics that are unique for ammunition recently imported in this 

caliber such as a lacquered steel case and the aforementioned mild steel core. 
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from geological analysis of various Ph mining regions. The linear function connects 

Kazakstani and Sihericm Ph; both Russian and Egyptian projectiles lie in between these 

two sources. The ellipse defines the cluster of Romanian Ph from data collected at 

various Romanian mines and Romanian projectiles analyzed during this study. 

— Romanian projectiles 

+ Dowes et al.(Romania) 

• Cooket. al. (Romania) 

XMarcouxet. al. (Romania) 

A Russian Projectiles 

• Egypt 

A Winchester 

X South Africa 

H Czech Repub. 

o ATier. Eagle 

o China 

OBrown et. al. (Kazakhstan) 

AWooden et. al. (Siberia) 

©Reid et. al. (South Africa) 



182 

A Russian Prqjectiies 

OAmer. Eagle (USA) 

® Czech Rsp. 

XS. Afr. 

AWin, (USA) 

• Egypt 

O China 

-Romania 

)KAvg. Kazsk, mine (iviukai, 2001) 

+ Rural Moscow (Mukai, 2001) 

• Russian Industrial Pb {Mukai,1994) 

2,04000 -

0.84000 0.85000 

2a7pjj^Kpb 

0.86000 0.87000 

Figure 5.7. Selected groups of small arms projectile samples plotted with data collected 

from geological analysis of various Ph mining regions of Russia. The ellipse defines the 

cluster of Russian Ph from data collected at various Russian mines, Ph in Russian 
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5.2.10. Russian projectiles. 

Russian ammunition manufactured under the brand name "Wolf," was actually 

Russian military ammunition manufactured at the Tula arsenal ammunition 

manufacturing plant (one of five largely self sufficient ammunition factories in operation 

in Russia); Tula is just outside Moscow. This ammunition was commercially packaged 

for sale in the United States. Analysis of Wolf ammunition yielded very reproducible 

results, with percent relative standard deviation (2cy) between 0.01-0.02% across all 

measurements. 

A significant percentage of Russian lead is imported from Kazakhstan, so in order 

to determine a possible source for projectile samples, it is necessary to also compare lead 

mined from this ex- Soviet satellite state (19, 20). ^®^Pb/^"®Pb and ^®^Pb/^°^b for Russian 

ammunition was found to be in good accord with Pb detected in aerosol particles around 

the city of Moscow (20), as well as Pb used in various Russian products (Figure 5.7) (21). 

In both Mukai's studies, it was determined that the Pb isotope values were due to a 

combination of Kazakhstani and Siberian Pb (Siberia is the largest Pb producing region 

in Russia) (20, 21). This is somewhat apparent when one views the data presented in 

figure 5.6, where projectiles manufactured in Russia fall between measurements from 

Kazakhstan and Siberia (22, 23). 



184 

5.2.11. Czech projectiles. 

The results for the SelUer and Bellot 5.56 x 45 millimeter ammunition were 

reproducible. However, the results display a split between the third and fourth sample 

(however, it was determined not to render these two clusters statistically different from 

one another). It is clear that this variation is not due to instrumental bias since NBS 981 

values were stable. As was mentioned in the Stupian et al. and the Tobin paper, often 

projectiles from the same box and case contain Pb produced at a different time, which 

may be the cause here (11, 24). 

The Czech Republic, according to 2001 reports in the US Geological survey, 

mines no lead (due to poor yield regional Pb deposits), and has not done so in the past 10 

years (25). Instead, the Czechs rely solely on recycled scrap lead from both domestic and 

foreign sources. For this reason it was not expected that Czech lead would exhibit strong 

regional characteristics, which has proven to be the case (26, 27). 

5.2.12. Chinese projectiles. 

The Chinese are very cryptic with their arms manufacturing plant designation. 

The only information as to the locale of manufacture was "LY" stamped on the base of 

the ammunition; the date of manufacture was 1991. No information on a plant associated 

with "LY" was found. Due to Chinas size and varied geology lead isotopic character has 

been observed to vary drastically from province to province. Results from the analysis of 
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Chinese 1 ead w as m ost similar t o Pb m ined i n the r egion o f S outhem C hina (28,29). 

Chinese samples showed sample to sample dispersion of approximately double that of 

Russian lead. 

5.2.13. South African projectiles. 

The oldest lead measured in this study was found in South African ammunition. 

Our measurements indicate that South African lead exhibits conspicuously low levels of 

radiogenic Pb. Unfortunately, of the references available, the majority offered ratios that 

were distinguishable from those observed during the current investigation, yet all 

references exhibited to varying degrees the characteristically low levels of radiogenic Pb 

(30-36). Foelling's research from the Rosh Pinal Pb mine (34), and Bau's analysis of the 

more northern Zambian galena both exhibit lower levels of radiogenic Pb than is present 

in South African small arms projectiles (35). Additionally, selected samples from Reid's 

1997 study are also very similar to the isotopic signatures of Pb extracted from South 

African ammunition (Figure 5.5) (31). It is possible that Pb used in the manufacture of 

these projectiles was a mixture o f Zambian and South African Pb, since South A frica 

imported a sizeable percentage of its Pb from the region during the period of manufacture 

of this ammunition (36). 

5.2.14. Egyptian projectiles. 
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Egyptian samples displayed similar reproducibility to Chinese samples. No 

information regarding the year of manufacture of the ammunition was available. A 

comparison of these data to published Pb isotopic data for this region was not conclusive. 

The Egyptian samples did cluster near Russian projectiles and Russian Pb (Figure 5.6) 

and fell in between Siberian and Kazakhstani Pb (Figure 5.5) (20-23, 37-39). The 

Russians did supply the Egyptians with arms and ordinance during Soviet times; 

however, no conclusion as to the origin of Pb contained within these projectiles can be 

drawn from this limited study. 

5.2.15. Projectiles manufactured in the United States. 

Since recycled Pb in the United States is a major contributor (67%) to Pb used in 

manufacturing, and the United States only imports a small percentage of Pb, it is safe to 

assume that Pb used for bullet manufacture would be largely composed of recycled Pb of 

predominantly U.S. origin (40). Despite the fact that Pb mined in the United States 

exhibits varying uranogenic and thorogenic character, one cannot conclusively localize 

the source of these leads (41-49). Pb extracted from ammunition manufactured in the 

United States was well separated, with Pb samples from American Eagle manufactured 

projectiles exhibiting relatively high levels of radiogenic Pb, specifically ""^Pb, compared 

to both published data of U.S. samples and projectile samples within the current study. 

When compared to previous data collected from the largest ore producing mines in the 

United States, these data correlate most closely with leads mined in the Western region of 

the United States; however, as previously mentioned, no conclusion can be drawn from 
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this similarity (37, 45, 47, 48). Both Lake City Arsenal produced ammunition and 

Winchester ammunition display much less unique Pb isotope ratios. It should be noted 

that only three Lake City Arsenal samples were analyzed, and even though five 

Winchester produced samples were analyzed, only four were included, as one was 

discarded due to anomalous NBS 981 analysis taken adjacent to the Winchester sample in 

question. 

Both Czech and Winchester manufactured projectiles exhibited extremely similar 

Pb isotopic abundance; however, as previously noted they were determined to be 

significantly different from one another. In viewing these data, it is apparent that 

"Win_4" is an outlier, yet we must conclude that it is a valid measurement since NBS 

981 standards adjacent to this sample did not indicate any great fluctuation in the 

instrument output. 

5.3. Conclusion of projectile study. 

The GV Instruments Isoprobe MC-ICP-MS provides accuracy and precision 

comparable to TIMS results, with of an order of magnitude improvement over similar 

analyses performed using quadnipole ICP-MS analysis (50). Additionally, analyses 

conducted using MC-ICP-MS required substantially less time for sample preparation, and 

T1 spike mass bias correction in order to achieve accuracy and precision available 

utilizing TIMS analysis, removing the need for Pb p urification and tedious multi spike 

analysis. These results favor MC-ICP-MS over TIMS for routine high-resolution isotopic 
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analysis of large numbers of samples. The most effective normalization and mass bias 

correction technique for the GV Instruments Isoprobe MC-ICP-MS was determined to be 

the empirical Tl/ T1 correction followed by the exponential mass bias correction. 

The results of this study indicate that if one intends to compare whether two "pools" of 

small arms projectiles exhibit similar isotopic character, it is necessary to first determine 

the amount of data scatter within each sample "pool". This was deemed necessary due to 

the analysis of Korean and Lake City projectiles, where sample to sample variation was 

too great for any conclusions to be drawn from the comparison of these samples to other 

groups of projectiles. However, data scatter within a group has also been found in the 

majority of classes studied to be small, on the order of 0.01-0.5 percent relative standard 

deviation (2CT), therefore providing the ability to distinguish among pools of small arms 

projectiles utilizing Pb isotopic analysis. As a result of the findings of this study, we 

must agree with Stupian et. al. in stating that this technique is most useful when a 

comparison b etween t wo c lasses o f m ultiple s araples i s b eing m ade. Additionally, an 

attempt to determine whether a single sample is a member of a group of samples will not 

yield a conclusion that has a great level of statistical certainty. 

Since these analyses were conducted with the same rigorous treatment of 

instrumental results that are utilized in geochemical analysis, it was possible to compare 

these results to those conducted by the geochemical community. In doing so, it has been 

illustrated that projectile samples from economically isolated regions of the world, such 

as the former Soviet Union and surrounding former satellite states as well as South Africa 

to a certain degree, retain significant regional Pb isotopic character. In countries where a 
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large a mount o f 1 ead i s i mported and r ecycled, no r egional c omparisons w ere d eemed 

possible. 

In light of the ability ofPb isotopic analysis to provide additional independent 

variables for distinguishing between projectile samples, and since the need to increase the 

number of variables to increase the distance between classes of Pb samples is of the 

utmost importance, future studies should combine Pb isotopic analysis with trace 

elemental analysis. The selection of trace elements should be made after investigating 

those elements of greatest use to the geological community when determining ore 

genesis, and after avoid elements that are strictly controlled during Pb processing. 

Additionally, since large amounts of ammunition from the former Soviet Union, and 

surrounding satellite states (such as Albania, and many ammunition plants in Russia and 

Bosnia Herzegovina) are now being imported into the United States, and in light of the 

promising results of this limited study, large scale study into the isotopic signatures of 

imported projectiles and Pb mined in the respective regions is warranted. 
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Chapter 6: Conclusion. 

6.1 Arsenic studies. 

6.1.1 Instrumentation. 

The synthesis and structural characterization of arsenic and selenixun metabolites 

outlined in this document again highlight the power of use of multielement specific 

detection of chromatographic effluent utilizing ICP-AES. Coupling reversed phase liquid 

chromatography to ICP-AES, does not provide a definitive structure for a given 

organometallic specics, such as is the case with a technique like mass spectrometry. 

However, when results are in conjunction with information provided by other techniques, 

such as EXAFS or NMR, structural characterization is possible. What makes these 

alternate analyses so powerful is the ability to provide useful data in the presence of 

contaminants that would often render mass spectral analysis useless. This is especially 

important for liquid chromatographic separations, where ICP-AES is able to correctly 

function in the presence of large quantities of buffer salts, which are often utilized in 

order to mimic in vivo conditions. 

6.1.2 Alternate synthesis ofseleno-his (S-glutathionyl) arsinium anion. 

The successfully completed goal of this study was to develop and validate a high 

yield synthesis of the seleno-bis (S-glutathionyl) arsinium anion, which was necessary for 
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future tests of the toxicity of this biologically important anion. Utilizing size exclusion 

chromatography, with simultaneous multielement detection by ICP-AES, wc were able to 

separate, and tentatively identify utilizing emission intensity ratios, seleno-bis (S-

glutathionyl) arsinium anion from reaction byproducts. The reaction products were also 

structurally characterized using EXAFS, these results agreed with our determination. 

Additionally, our results provided evidence into a possible reaction mechanism. 

6.1.3 Sythesis and structural characterization of the dimethyl diselenoarsenate anion. 

Our investigation into the reaction of equimolar dimethylarsinic acid and selenite 

with 10 mole equivalents of the endogenous thiol glutathione yielded a novel and 

possibly biologically relevant As and Se containing species. Size exclusion separation of 

this species utilizing Sephadex G-10 media, and simultaneous multielement detection by 

ICP-AES indicated that a single species with an As:Se ratio of 1:2 was present. 

Following separation in DIH2O, analysis by ESI-MS determined the species present was 

77 
the dimethyl diselenoarsenate anion. Se NMR and EXAFS data provided the same 

conclusion. 

Since dimethylarsinic acid is an environmentally abundant arsenic compound, and 

in hght of the fact that another structurally related arsenic-selenium species, the seleno-

bis (S-ghitathionyl) arsinium ion, [(GS)2AsSe]" was previously detected in rabbit bile, 

further studies are necessary to investigate whether the [(CH3)2AsSe2]" anion is formed in 

vivo. 
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6.1.4 Simultaneous arsenic and selenium-specific detection of the dimethyl 
diselenoarsinate anion by HPLC-ICP-AES. 

Since the aforementioned separation of dimethyl diselenoarsinate anion was 

performed on the low resolution and relatively slow (40 minutes) Sephadex G-10 size 

exclusion media, and in light of the need to detect dimethyl diselenoarsinate anion in the 

presence of biological matrix molecules for future studies into its in vivo formation, we 

successfully developed a rapid HPLC method. This HPLC method, conducted on a 

Hamilton PRP-1 column, allowed fast separation from reaction byproducts, and 

identification of the dimethyl diselenoarsinate anion by utilizing multielement detection 

by ICP-AES. 

6.1.5 Future directions As:Se speciation. 

Animal studies into the toxicity of the seleno-bis (S-glutathionyl) arsinium anion, 

and the dimethyl diselenoarsinate anion are necessary to determine specifically what role 

these compoimds play in the metabolism and/or carcinogenic behavior of As. The 

discovery of the seleno-bis (S-glutathionyl) arsinium anion provided a molecular link, for 

the first time, of the metabolism of As to Se, and with the subsequent discovery of the 

dimethyl diselenoarsinate anion has initiated a theory as to the physiological problems of 

chronic As exposure(l). This theory states that the formation of As and selenium species 

at the time of ingestion, and prior to biological utilization of Se ties up Se so that it is 
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unavailable for use in selenoproteins so crucial to cell health. Therefore, toxicity of 

chronic exposure to As due to Se deficiency, in addition to As toxicity (1). Clearly this 

theory must be investigated by toxicologists. 

Similar studies into the formation of possibly biologically relevant molecules 

when other environmentally abundant As species are exposed to conditions similar to 

those presented in the studies outlined in this document are necessary. Towards this end, 

initial studies have been conducted into the synthesis of possibly biologically relevant As 

and Se species from monomethyl arsinic acid (MMA^) in a similar environment to that 

described in the synthesis schemes in this document. 

6.2 Conclusion to classification of the inorganic components of small arms (rifle) 
primers. 

The results of the small arms primer classification study show that it is possible to 

distinguish between rifle primers manufactured by the four largest primer manufacturers 

in the United States. This classification was conducted by implementing multivariate 

data analysis on the results of elemental determination by ICP-AES of small arms 

primers. In addition, it was determined that in order for this classification scheme to 

withstand a variation in concentration of solutions containing dissolved primers, it was 

necessary to normalize the data utilizing Ba concentration. Additionally, removal of 

elements present in low concentrations in small arms primers did not decrease the ability 

to distinguish between primer manufacturers. 
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6.2.1 Future directions of the primer study. 

Since the ultimate goal of this line of research is to develop an ability to classify 

gunshot residue utilizing inorganic components, it is necessary to conduct classification 

experiments on gunshot residue. Residue resultant from the discharge of commercially 

loaded ammunition, purchased from common vendors should be investigated. 

In light of the ability to distinguish between primers of various manufacture, and 

since classification of cartridges has been attempted utilizing organic analysis of 

propellant, a next logical step would be to combine organic and inorganic classification 

schemes in order to develop a much more robust database (2-5). The coupling of these 

two classification schemes should provide a greater ability to distinguish between 

ammunition, providing a possibility to determine powder and primer used in a custom 

loaded cartridge. In fact MacCrehan ofNlST has an open proposal for development of a 

more powerful gunshot residue classification scheme (ref. Latest Nist Post Doc Book). 

6.3 Conclusion to isotopic analysis ofPb extracted from military small arms projectiles. 

Utilization of MC-ICP-MS for the analysis of Pb extracted from military small 

arms projectiles from ten countries; a total of 12 manufacturers resulted in accuracy and 

precision comparable to TIMS analysis. Data resulting from the isotopic analysis of Pb 

from the majority of ammunition manufacturers exhibited extremely low scatter, while 

others were extremely broadly scattered. Based on these results we conclude that Pb 
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isotopic analysis may provide the ability to discern between two pools of ammunition, 

and that any determination as to the membership of a single sample to a class cannot be 

made with any great level of statistical certainty. 

Additionally the accuracy and precision afforded us by utiHzation of the empirical 

T1 /T1 correction and the exponential mass discrimination correction of MC-ICP-MS 

results gave us the ability to compare our data with that collected by geochemists using 

TIMS instnmientation. When our results were compared to those reported in geological 

journals, it was apparent that in economically isolated regions of the world, the isotopic 

signature of Pb used in projectiles is very similar to that of regional Pb ore. This was 

especially clear in Russian and Romanian manufactured projectiles, and to some extent 

South African projectiles. Conversely, Pb used in projectiles in countries where a 

majority of the Pb is recycled, such as is the case in the Czech Republic and the United 

States, exhibit little regional Pb isotopic character. 

6.3.1 Future directions ofPb study. 

Clearly, to fully investigate the utility of isotopic analysis of small arms 

projectiles, this limited study must be expanded to include a greater number of 

projectiles. The most interesting capability of this analysis may be the ability to 

determine the country of manufacture, or even from a specific manufacturer of 

ammunition based upon the isotopic signature of projectile Pb. Future studies should be 

designed to monitor the isotopic character of Pb from a specific manufacturer, over time. 

One place where this may be of particular interest in analysis of projectiles manufactured 
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in Russia. The Russia has 5 major manufacturing plants: Ulyanovsk, Tula, Barnaul, 

Novosibirsk, and Klimovsk. These Russian ammunition plants have found that the US 

shooting public is a lucrative market and have began a price war in order to dominate 

market share, as a result imported Russian ammunition costs less than 50% of 

domestically manufactured ammunition. Since these plants were strategically placed in 

order to ensure iminterrapted production in case of any future invasion of "Mother 

Russia", it may be possible to determine from which plant a projectile was manufactured 

based upon the isotopic signature of the Pb contained in the projectile. Additionally, 

large quantities of ammunition manufactured in such former Soviet satellites as Albania, 

Bosnia Herzegovina, Yugoslavia and Romania are widely available, and investigation 

into isotopic signatures of ammunition from those sources over the long term may prove 

useful to law enforcement or for non-proliferation purposes and even monitoring arms 

trafficking. Additionally, the possibility of utilizing isotopic measurements of trace 

elements present in Pb to increase the power to distinguish between pools of ammunition 

should be investigated. 
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Appendix A: Internal precision of the GV instruments isoprobe. 

Pb''"7Pb^'^ Pb'^/Pb'^"' Pb^^'/Pb'^'^ Pb''"°/Pb^'^ 

NBS 981 -1 Mean 2.19217 0.91988 37.55701 0.91988 17.13231 
2<j 0.00017105 5.3559E-05 0.00907156 5.3559E-05 0.0041334 
2ct (ppm) 156.057065 116.448379 483.082004 116.448379 482.526464 

17 sept. 01 2ct {%) 0.01560571 0.01164484 0.0483082 0.01164484 0.04825265 

NBS 981 -2 Mean 2.19241135 0.91991475 37.5707465 0.91991549 17.1368067 
2a 0.00019798 6.3317E-05 0.01027617 6.2939E-05 0.00469435 
2ct (ppm) 180.606221 137.657617 547.030548 136.835617 547.867389 

17 sept. 01 2(7 (%) 0.01806062 0.01376576 0.05470305 0.01368356 0.05478674 

NBS 981 - 3 Mean 2.19214479 0.91984249 37.5584402 15.7598392 17.1331933 
2a 0.00021542 7.2322E-05 0.01074077 0.00448898 0.00492419 
2ct (ppm) 196.538637 157.249464 571.949578 569.673523 574.812778 

17 sept. 01 2cr (%) 0.01965386 0.01572495 0.05719496 0.05696735 0.05748128 

NBS 981 -4 Mean 2.19131826 0.91966604 37.5252634 15.7488354 17.1245155 
2ct 0.00021871 6.8821 E-05 0.01249356 0.00525254 0.00552465 
2CT (ppm) 199.614343 149.666004 665.874852 667.038528 645.23244 

17 sept. 01 2CT (%) 0.01996143 0.0149666 0.06658749 0.06670385 0.06452324 

AE 121 Mean 2.035988 0.8224167 39.5500762 15.9758519 19.4254957 
2(J 0.00020486 6.0921 E-05 0.0098477 0.00364534 0.00444206 
20 (ppm) 201.240074 148.150822 497.986282 456.356443 457.343378 

17 sept. 01 2cr (%) 0.02012401 0.01481508 0.04979863 0.04563564 0.04573434 

AE 131 Mean 2.03496857 0.82221268 39.5281098 15.9710148 19.4244327 
2ct 0.00023558 5.82E-05 0.01017045 0.00402756 0.00493847 
2a (ppm) 231.532806 141.569167 514.593126 504.358261 508.480444 

17 sept. 01 2a (%) 0.02315328 0.01415692 0.05145931 0.05043583 0.05084804 

AE 142 Mean 2.04E+00 8.22E-01 3.96E+01 1.60E+01 1.94E+01 
2a 0.00112672 8.0503E-05 0.01919152 0.01667919 0.01911321 
2a (ppm) 1106.79793 195.760147 970.224959 2087.35057 1967.31505 

17 sept. 01 2a (%) 0.11067979 0.01957601 0.0970225 0.20873506 0.1967315 

Table Al. Internal error for nan 

analyzed on I?"' September 2001. 

mass bias corrected NBS and American Eagle samples 

Results are taken from 90 readings per sample. 
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pb208/pb206 P5207/pJj206 j p|3208/p|^204 Pb^°®/Pb^°^ 

NBS 981 Mean 2.1879332 0.9189639 37.399774 15,708446 17.093641 

1 2(j 0.003590q 0.0007783 0.080242 0.0213577 0.009649^ 
2cj (ppm) 3281.95471 1693.8699 4291.0415 2719.267 1128.9996 

18 sept. 01 2(T (%) 0.328195E 0.169387^ 0.4291042 0.2719267 0.1129 

NBS 981 Mean 2.187393^ 0.9188453 37.396652 15.708988 17.096446 

2 2o 0.000233 6.314E-0g 0.0121464 0.004989 0.005220S 
20 (ppm) 213.02036! 137.44168 649.5966^ 635.18147 610.7571E 

18 sept. 01 2<s (%) 0.021302 0.0137442 0.0649597^ 0.0635181 0.0610757 

NBS 981 Mean 2.1879915 0.9189762 37.43129 15,721486 17.10761'? 
3 2a 0.0023227 0.0004584 0.0211221 0.00492U 0.0113036 

2<s (ppm) 2123.134; 997.53688 1128.57871 626.0794S 1321.474c 
18 sept. 01 2ct (%) 0.212313^; 0.0997537^ 0.1128579 0.062607C 0,132147'! 

NBS 981 Mean 2.1885632 0.9190607^ 37.438756 15.721955 17.106546 

4 2(j 0.0003932 8.594E-0g 0.012250E 0.005300c 0.005687£ 
2a (ppm) 359.36357 187.02733 654.44767 674.2497S 664.9913c 

18 sept. 01 2a (%) 0.035936^ 0.0187027^ 0.0654448 0.067426 0.0664991 

NBS 981 Mean 2.1889181 0.919ia 37.452437 15.726846 17.11002c 

5 2cj 0.0005882 0.0001280 0.0124275 0.004904^ 0,0055981 
2a (ppm) 537.46752 279.81450 663.6398 623.6985^ 654.3595'! 

18 sept. 01 2a (%) 0.0537468 0.0279813 0.066364 0.062369S 0.065436 

NBS 981 Mean 2.189435£j 0.9192609 37.468903 15.731766 17.113497 
6 2a 0.0005426 0.0001113 0.0140131 0.0049526 0.005352£ 

2a (ppm) 495.7940^ 242.1519 747.98671 629.61866 625,58182 
18 sept. 01 2a (%) 0.049579^ 0.0242152 0.0747987 0.062961 E 0.0625582 

NBS 981 Mean 2.1895267 0.9192419 37.469551 15,731061 17.113082 

7 2a 0.0002536 8.385E-0a 0.0134026 0.005328? 0,005601 £ 
2a (ppm) 231,6622; 182.43379 715.38571 677.50526 654,6939c 

18 sept. 01 2a (%) 0.0231662 0.0182434 0.0715386 0.0677506 0,065469^ 

NBS 981 Mean 2.189532 0.9192544 37.46846c 15.730782 17.11254'! 
8 2a 0.0001858 6.406E-0g 0,0103466 0.004256 0.0044457 

2a (ppm) 169.69582 139.3640 552.29256 541.3550S 519.57796 
18 sept. 01 2a (%) 0.0169696 0.013936q 0.0552296 0.0541356 0,0519576 

Table A 2. Internal error for non mass bias corrected NBS samples analyzed on 18''' 

September 2001. Results are taken from 90 readings per sample. 
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Pb^"7Pb'"'° pb^^U^/pb^W ppwn 

AE111 Mean 2,0308287 0.8214119 39.443308 15.953705 19.422294 

2cr 0.001119 0.0001116 0.0867686 0.0429613 0.0508793 
2or (ppm) 1102,0286 271.80159 4399.6629 5385.7417 5239,2715 

18 sept. 01 2o(%) 0,1102029 0.0271802 0.4399663 0.5385742 0.5239272 

AE112 Mean 2.0312702 0.821465 39.401772 15.934458 19.397618 
2c) 0.0023182 0.0004379 0,0194661 0.0056126 0.0151708 

2ci (ppm) 2282.476 1066.1111 988,0813 704.45949 1564,1968 
18 sept, 01 2o(%) 0.2282476 0.1066111 0.0988081 0.0704459 0.1564197 

AE113 Mean 2,04E+00 8.22E-01 3.96E+01 1.60E+01 1.94E+01 

2c 0.000159 4.171E-05 0,0105454 0.0043089 0.0050735 
2o (ppm) 156.16821 101.4345 533.13476 539,29207 522.21983 

18 sept. 01 2a (%) 0.0156168 0.0101434 0.0533135 0.0539292 0.052222 

AE122 Mean 2.03E+00 8.22E-01 3.94E+01 1.59E+01 1.94E+01 

2a 0.0005483 0.0002352 0.0153939 0.0059769 0.0091351 
2a (ppm) 539.46578 572.5392 780.52847 749.67783 941.52189 

18 sept. 01 2a(%) 0.0539466 0.0572539 0.0780528 0.0749678 0.0941522 

AE123 Mean 2,0333703 0.8218111 39.487109 15.95919 19.419536 
2(7 0,0009066 0.0001508 0.0339308 0.0116362 0.0141569 
2a (ppm) 891.76923 367.03686 1718.5769 1458.2448 1458.0077 

18 sept. 01 2o(%) 0.0891769 0,0367037 0.1718577 0.1458245 0.1458008 

AE132 Mean 2.0333042 0.8218914 39.447147 15.945118 19.400516 
2o 0.0005994 0,0001053 0.0115296 0.0080881 0.008707 
2a (ppm) 589.54015 256.30416 584.55786 1014.4907 897.60485 

18 sept. 01 2a(%) 0.058954 0.0256304 0.0584558 0.1014491 0.0897605 

AE133 Mean 2.03E+00 8.22E-01 3.94E+01 1.59E+01 1.94E+01 

2cf 0.00156 0.000287 0.01584 0,004285 0.009669 
2a (ppm) 1535.695 698,348 803.7477 537.7185 996.9384 

18 sept. 01 2a (%) 0.1535695 0.0698348 0.0803748 0.0537719 0.0996938 

AE 141 Mean 2.0326235 0,8217653 39.427461 15.94005 19.397328 

2ct 0.000468 4.879E-05 0.012761 0.0081178 0.009409 
2a (ppm) 460.4801 118.73796 647.31402 1018,5353 970.12918 

18 sept. 01 2c-(%) 0.046048 0.0118738 0.0647314 0.1018535 0.0970129 

AE142 Mean 2.0328121 0.8217631 39,447049 15,946452 19.405175 

2ct 0.0021818 0.000371 0.0209744 0.0051606 0,0131009 
2a (ppm) 2146.6249 903.02579 1063,4216 647.24639 1350.2436 

18 sept. 01 2a (%) 0.2146625 0.0903026 0,1063422 0.0647246 0.1350244 

Table A3. Internal error for nan mass bias corrected American Eagle samples analyzed 

on 18''^ September 2001. Results are taken from 90 readings per sample. 
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Pb'"7Pb''"° pb.uo/pb.i« Pb''"'/Pb^"' Pb^^/Pb^w 

NBS 981 Mean 2.19428 0.92022 37.61605 15.77514 17.14278 

1 2a 0.000198315 8.526E-05 0,01563001 0.0061219 0.0068019 
2o (ppm) 180.7566055 185.31055 831.028884 776.15113 793.56205 

30 Nov. 01 2o (%) 0.018075661 0.0185311 0,08310289 0.0776151 0.0793562 

NBS 981 Mean 2.193479568 0.9200513 37.6010311 15.771695 17.142194 

2 2ct 0.004230467 0.0006043 0.0726833 0.0174774 0.0181717 
2o (ppm) 3857.311163 1313.7115 3866.02701 2216.2959 2120.1176 

30 Nov. 01 2o(%) 0.385731116 0.1313711 0.3866027 0.2216296 0.2120118 

NBS 981 Mean 2.194117225 0.9201731 37.6381606 15.784763 17.154125 

3 2a 0.000257567 6.578E-05 0.01597241 0.0059833 0.0066403 
2c (ppm) 234.7795121 142.96345 848.734743 758.10574 774.19124 

30 Nov. 01 2a(%) 0.023477951 0.0142963 0.08487347 0,0758106 0.0774191 

NBS 981 Mean 2.193729923 0.9201014 37.6101315 15.774566 17.144376 

4 2o 0.000273447 7.223E-05 0.01458548 0.0058457 0.0065413 
2a (ppm) 249.298805 156.99437 775.614299 741.1552 763.08415 

30 Nov. 01 2a (%) 0.024929881 0.0156994 0.07756143 0.0741155 0.0763084 

NBS 981 Mean 2.193374072 0.9199652 37.5885782 15.765747 17.137332 

5 2a 0.000429341 0.0003093 0.0145549 0.0045418 0.0082696 
2a (ppm) 391,4890007 672.37784 774.432203 576.16607 965.0973 

30 Nov. 01 2a(%) 0.0391489 0.0672378 0.07744322 0.0576166 0.0965097 

NBS 981 Mean 2.193108515 0.9199773 37.5867067 15.76708 17.138553 

6 2a 0.000242183 9.197E-05 0.01495704 0.0061943 0.0065591 
2a (ppm) 220.8581879 199.94194 795.868497 785.7222 765.41683 

30 Nov. 01 2a (%) 0.022085819 0.0199942 0.07958685 0.0785722 0.0765417 

NBS 981 Mean 2.193210094 0.9199747 37.593386 15.769107 17.140804 

7 2a 0.000386145 0.0001018 0.01846727 0.0067735 0.0065786 
2o(ppm) 352.1277733 221.38902 982.474219 859,09074 767.59477 

30 Nov. 01 2a(%) 0.035212777 0.0221389 0.09824742 0.0859091 0.0767595 

NBS 981 Mean 2.193578833 0.9200286 37.6109851 15.774762 17,145946 
8 20 0.000281585 7,285E-05 0.01586435 0,0057973 0.0058699 

2a (ppm) 256.7359623 158.35412 843.602182 735.01416 684.69435 

30 Nov. 01 2a(%) 0.025673596 0.0158354 0.08436022 0.0735014 0.0684694 

NBS 981 Mean 2.192787196 0.9198845 37.5760714 15.763338 17.136214 

9 2a 0.00038442 0.0001959 0.01823412 0.0074356 0.0076827 
2a (ppm) 350.6219654 425.85499 970.51772 943.39848 896.66254 

30 Nov. 01 2a (%) 0.035062197 0.0425855 0.09705177 0.0943398 0.0896663 

NBS 981 Mean 2.193034225 0.9199455 37.5835104 15.765728 17.137676 

10 2a 0.000433263 9.396E-05 0.01933245 0.0072256 0.0072978 
2a (ppm) 395.1264632 204.27691 1028.77312 916.61554 851.67252 

30 Nov. 01 2o (%) 0.039512646 0.0204277 0.10287731 0.0916616 0.0851673 

Table A4. Internal error for non mass bias corrected NBS samples analyzed on 3(f' 

November 2001. Results are taken from 90 readings per sample. 
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Pb'"'/Pb'"" Pb^Pb'" Pb^"'/Pb'"'' Pb'°"/Pb'"'-

LC1 Mean 2.085964822 0.841632843 39.45814092 15.92033911 18,9160145 
2cr 0.000167686 6.67941 E-05 0.010135129 0.004120094 0.004372938 
2<j (ppm) 160.7757378 158.7250274 513.71551 517,5887085 462.3529677 

30 Nov. 01 2a(%) 0.016077574 0.015872503 0.051371551 0.051758871 0.046235297 

LC2 Mean 2.083451735 0.840585231 39,47670906 15.92719327 18.94774347 
2(7 0.000215329 5.88593E-05 0.011258601 0.00412565 0,00493015 
2ff (ppnn) 206,7043736 140.043704 570.3920847 518.0636299 520,39443 

30 Nov. 01 2a (%) 0.020670437 0.01400437 0.057039208 0.051806363 0,052039443 

LC3 Mean 2.050487366 0.828582856 39.51096067 15.96601129 19,2690582 
2cy 0.000196659 6.21704E-05 0.010699513 0.003821113 0.004317406 
2a (ppm) 191.8170673 150.0644162 541.5972011 478.6559332 448.1180135 

30 Nov. 01 2a (%) 0.019181707 0.015006442 0.05415972 0,047865593 0.044811801 

SB 584 31 Mean 2.117474231 0,859478624 39.1987565 15.91069817 18.5120348 
2a 0.000225307 8.00171E-05 0.014775509 0.006062374 0.006898399 
2a (ppm) 212.8070713 186,1991619 753.8763953 762.0500312 745.2880288 

30 Nov. 01 2a(%) 0.021280707 0,018619916 0.07538764 0.076205003 0.074528803 

SB 584 32 Mean 2.120391921 0,860083783 39,22047129 15.90880028 18.49680292 
2a 0.000235254 5,94006E-05 0.009600938 0.004186984 0.0044375 
2o (ppm) 221.8962734 138.1274442 489.5880958 526.3733505 479.8126555 

30 Nov. 01 2a (%) 0.022189627 0.013812744 0.04895881 0.052637335 0.047981266 

SB 584 33 Mean 2.117732008 0.859616097 39.20721297 15.91473863 18.51377454 
2a 0.000186857 5.58631 E-05 0.011703086 0.004631809 0.005231678 
2a (ppm) 176.4688685 129.9721414 596.9863639 582.0779791 565.1660199 

30 Nov. 01 2a (%) 0.017646887 0.012997214 0,059698636 0.058207798 0.056516602 

SB 584 41 Mean 2.117710335 0.859567776 39,19675031 15.90957497 18.50902346 
2a 0.00017692 6.45502E-05 0,011512356 0.004328833 0.005133214 
2c (ppm) 167.0861475 150.1938945 587.413783 544.1795968 554.6714609 

30 Nov. 01 2a(%) 0.016708615 0.015019389 0.058741378 0,05441796 0.055467146 

SB 584 51 Mean 2.117628241 0.859598976 39.20054242 15,91249368 18.5115317 
2a 0.000208279 6.70323E-05 0.010226547 0.003783167 0.004253151 
2a (ppm) 196.7094803 155.9617096 521.7554007 475.4964145 459.5136605 

30 Nov. 01 2a (%) 0.019670948 0.015596171 0.05217554 0.047549641 0.045951366 

SB 66311 Mean 2.120633445 0.860119776 39.23564199 15,91380719 18.50185004 
2a 0.000254205 7.03S29E-05 0,013645453 0.005585342 0.00605639 
2a (ppm) 239.7445391 163.65837 695,5641648 701,9492091 654.6794358 

30 Nov. 01 2a (%) 0.023974454 0.016365837 0.069556416 0.070194921 0.065467944 

SB 663 12 Mean 2.120788937 0.860154929 39.23934715 15,91479339 18.50224057 
2a 0.000185364 9.65691 E-05 0,013739416 0,005514478 0.006207081 
2a (ppm) 174.8066296 224.5388525 700.2876832 693,0003141 670.9545452 

30 Nov. 01 2a (%) 0.017480663 0.022453885 0.070028768 0.069300031 0.067095455 

Table A 5. Internal error for mm mass bias corrected small arms projectile samples 

analyzed on 3(f^ November 21)01. Results are taken from 90 readings per sample. 
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Pb^^'/Pb^"® pb20«/pb^U4 pb^UZ/pb^Ui pbm/pb^U4 

NBS 981 Mean 2.1903789 0.9194676 37.490005 15.737388 17.115762 

#3 2ct 0.0004066 8.868E-05 0.014959 0.004792 0.0041823 
2a (ppm) 371.28361 192.90016 798.02754 608.99952 488.71004 

1 Feb. 2002 2CT (%) 0.0371284 0.01929 0.0798028 0.0609 0.048871 

NBS 981 Mean 2.1920672 0.9198294 37.551539 15.757277 17.130651 

#4 2a 0.0004734 0.0001043 0.0175183 0.0059107 0.0050202 
2a (ppm) 431.94769 226.74196 933.0282 750.22274 586.10233 

1 Feb, 2002 2a (%) 0.0431948 0.0226742 0.0933028 0.0750223 0.0586102 

NBS 981 Mean 2.1922425 0.9198804 37.557146 15.759243 17.131839 

#5 2a 0.0004443 0.0001002 0.0157757 0.0054391 0.0046533 

2a (ppm) 405.33479 217.89804 840.08898 690.27387 543.2346 

1 Feb. 2002 2a (%) 0.0405335 0.0217898 0.0840089 0.0690274 0.0543235 

NBS 981 Mean 2.1954421 0.92056 37.668595 15.794632 17.157635 

#6 2a 0.0002203 6.705E-05 0.010609 0.0045634 0.0044989 

2a (ppm) 200.70812 145.66736 563.28004 577.84075 524.42002 

1 Feb. 2002 2a (%) 0.0200708 0.0145667 0.056328 0.0577841 0.052442 

Table A 6. Internal error for nan mass bias corrected NBS samples analyzed on 1 

February 2002. Results are taken from 90 readings per sample. 
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p^ /̂pbiU, Pb^'/Pb^ Pb^/Pb''"^ Pb^^'/Pb"-^ Pb^°/Pb^'' 1 

SA1 Mean 2.1594517 0.8884392 38.664033 15.907115 17.904561 
2(7 0.0006699 0.0001099 0.0209061 0.0094179 0.0091639 
Ics (ppm) 620.4711 247.45294 1081.4231 1184.1066 1023.6332 

1 Feb.2002 2a(%) 0.0620471 0.0247453 0.1081423 0.1184107 0.1023633 

SA2 Mean 2.1516206 0.8843975 38.654856 15.888608 17.965459 
2g 0.0006872 0.0001476 0.0227383 0.007062 0.0059225 
2<7 (ppm) 638.76623 333.7687 1176.4762 888.94371 659.31942 

1 Feb.2002 2a (%) 0.0638766 0.0333769 0.1176476 0.0888944 0.0659319 

SA3 Mean 2.1526702 0.8838495 38.754337 15.911867 18.002914 
2<y 0.0004662 0.0001039 0.0210029 0.0072681 0.0066595 
2a (ppm) 433.10302 235.049 1083.9001 913.54525 739.82973 

1 Feb.2002 2a (%) 0.0433103 0.0235049 0.10839 0.0913545 0.073983 

Win 1 Mean 2.1140008 0.8612253 39.035887 15.902877 18.465407 
2a 0.0004394 8.263E-05 0.0173333 0.0054515 0.0048252 
2o(ppm) 415.72596 191.89489 888.06943 685.59454 522.62577 

1 Feb.2002 2cy(%) 0.0415726 0.0191895 0.0888069 0.0685595 0.0522626 

Win 2 Mean 2.1155411 0.B615616 39.102669 15.924699 18.48353 
2a 0.0005588 0.0001166 0.0252501 0.008447 0.0079978 
2a (ppm) 528.32209 270.7309 1291.4772 1060.8668 865.39385 

1 Feb.2002 2a (%) 0.0528322 0.0270731 0.1291477 0.1060867 0.0865394 

Win 3 Mean 2.1149938 0.8614426 39.071098 15.913762 18.473387 
2a 0.0003323 7.523E-05 0.0132099 0.004487 0.0039777 
2a (ppm) 314.19656 174.66657 676.19866 563.91591 430.63643 

1 Feb. 2002 2a (%) 0.0314197 0.0174667 0.0676199 0.0563916 0.0430636 

Win 4 Mean 2.1176392 0.8648968 38.966527 15.914905 18.400929 
2a 0.0002834 5.94E-05 0.0147379 0.0054781 0.0055941 
2<j (ppm) 267.64919 137.36524 756.44002 688.42224 608.02891 

1 Feb.2002 2o(%) 0.0267649 0.0137365 0.075644 0.0688422 0.0608029 

Wolf 1 Mean 2.1317911 0.8671272 39.065902 15.890443 18.325389 
2a 0.0003824 8.72E-05 0.0139887 0.004718 0.0044796 
2a (ppm) 358,7471 201.12212 716.15696 593.81115 488.89494 

1 Feb. 2002 2a (%) 0.0358747 0.0201122 0.0716157 0.0593811 0.0488895 

Wolf 3 Mean 2.1275578 0.8662106 38.980198 15.870337 18.321569 
2a 0.0002986 6.891 E-05 0.0105687 0.0040183 0.0038023 
2(1 (ppm) 280.65929 159.11467 542.2606 506.39217 415.0618 

1 Feb. 2002 2o(%) 0.0280659 0.0159115 0.0542261 0.0506392 0.0415062 

Waif 4 Mean 2.1297063 0.8661428 39.07107 15.890044 18.345754 
2a 0.0004369 7.508E-05 0.0167919 0.0052353 0.0047865 
2a (ppm) 410.30535 173.36344 859.55707 658.94314 521.81346 

1 Feb.2002 2a(%) 0.0410305 0.0173363 0.0859557 0.0658943 0.0521813 

Wotf5 Mean 2.1322774 0.8672466 39.070557 15.8909 18.323393 
2a 0.0003594 6.997E-05 0.0155088 0.0053587 0.005452 
2<j(ppm) 337.11113 161.35901 793.88718 674.43364 595.08185 

1 Feb. 2002 2a(%) 0.0337111 0.0161359 0.0793887 0.0674434 0.0595082 

Wolfe Mean 2.1296404 0.8671674 39.021856 15.889293 18.323213 
2a 0.0003454 6.948E-05 0.0137528 0.0044936 0.0046673 
2a (ppm) 324.39656 160.23579 704.87424 565.61972 509.44392 

1 Feb. 2002 2a (%) 0.0324397 0.0160236 0.0704874 0.056562 0.0509444 

Table A 7. Internal error for non mass bias corrected NBS 

February 2002. Results are taken from 90 readings per sample. 

samples analyzed on 1 
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Pb^"'/Pb'"° Pb^Vb^"^ Pb^"7Pb''" 

NBS 981 Mean 2.18252 0.91784 37.23101 15.65715 17.05872 
#1 2a 0.00045 0.00011 0.01558 0.00511 0.00389 

2o (ppm) 416.17823 236.52762 836.83842 652.23600 456.06716 

10-Jun-02 2ar(%) 0.04162 0.02365 0.08368 0.06522 0.04561 

NBS 981 Mean 2.17873 0.91702 37.10004 15.61533 17.02831 
20 0.00044 0.00012 0.01680 0.00564 0.00534 
2o (ppm) 406.79712 266.57393 905.44208 722.91063 626.93160 

10-Jun-02 2a (%) 0.04068 0.02666 0.09054 0.07229 0.06269 

NBS 981 Mean 2.17847 0.91702 37.09011 15.61298 17.02578 
#3 2o 0.00053 0.00012 0.01776 0.00577 0.00464 

2o (ppm) 486.18223 258.09788 957.69759 739.66178 544.47203 
10-Jun-02 20 (%) 0.04862 0.02581 0.09577 0.07397 0.05445 

NBS 981 Mean 2.17879 0.91705 37.10631 15.61798 17.03068 
#4 2o 0.00067 0.00016 0.02274 0.00759 0.00585 

2a (ppm) 615.02266 357.60110 1225.87255 971.77843 686.77681 
10-Jun-02 20 (%) 0.06150 0.03576 0.12259 0.09718 0.06868 

NBS 981 Mean 2.17891 0.91707 37.11316 15.62035 17.03288 

#5 2o 0.00037 0.00010 0.01330 0.00493 0.00435 
2a (ppm) 338.38711 216.84124 716.83175 631.73592 511.26326 

10-Jun-02 20 (%) 0.03384 0.02168 0.07168 0.06317 0.05113 

NBS 981 Mean 2.17862 0.91699 37.10915 15.61938 17.03333 

#6 2o 0.00054 0.00013 0.02167 0.00764 0.00658 
2a (ppm) 491.94690 287.95378 1167.90435 978.48662 772.03313 

10-Jun-02 20 (%) 0.04919 0.02880 0.11679 0.09785 0.07720 

NBS 981 Mean 2.18041 0.91740 37.16890 15.63869 17.04674 
#7 2a 0.00052 0.00013 0.01778 0.00592 0.00507 

20 (ppm) 481.03367 279.13086 956.94719 757.64040 594.51961 
10-Jun-02 20 (%) 0.04810 0.02791 0.09569 0.07576 0.05945 

NBS 981 Mean 2.17926 0.91714 37.13115 15.62659 17.03841 

#8 2a 0.00045 0.00011 0.01983 0.00667 0.00641 
20 (ppm) 410.04825 245.82355 1067.85958 853.61193 752.41693 

10-Jun-02 20 (%) 0.04100 0.02458 0.10679 0.08536 0.07524 

NBS 981 Mean 2.17989 0.91732 37.15835 15.63670 17.04599 

#9 2a 0.00027 0.00007 0.00901 0.00318 0.00285 
20 (ppm) 243.72048 143.15289 484.96566 406.82741 333.91429 

10-Jun-02 2a (%) 0.02437 0.01432 0.04850 0.04068 0.03339 

NBS 981 Mean 2.17993 0.91732 37.16291 15.63821 17.04775 

#10 2o 0.00033 0.00009 0.01156 0.00402 0.00380 
20 (ppm) 303.48678 204.21746 622.27880 514.68626 445.81514 

10-Jun-02 20(%) 0.03035 0.02042 0.06223 0.05147 0.04458 

Table ,48. Internal error for nan mass bias corrected NBS samples analyzed on 10 June 

2002. Results are taken from 90 readings per sample. 
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pb208/pb206 Pb^°®/Pb^" Pb^°^/Pb^'"' Pb^'^'/Pb^'"' 

Romania 1 Mean 2.09510 0.84416 39.25067 15.81491 18,73449 

2a 0.00049 0,00012 0.01845 0.00602 0,00510 

2CT(Ppm) 465.89808 282.07358 940.34475 761.93348 544,95159 
10-Jun-02 2ci(%) 0.04659 0.02821 0.09403 0.07619 0,05450 

Romania 2 IVIean 2.09462 0.84409 39,20637 15.79942 18,71762 

2CT 0.00061 0.00013 0.02488 0.00780 0,00704 

2CT(ppm) 581.64117 298.33392 1269.11928 986.99780 752,73545 
10-Jun-02 2o(%) 0.05816 0.02983 0.12691 0.09870 0,07527 

Romania 3 IWean 2.09483 0.84412 39.22980 15.80778 18.72695 

2<T 0.00053 0.00012 0.02214 0.00714 0,00638 
2a(ppm) 509.74816 277.92982 1128,63376 903.67052 681,43057 

10-Jun-02 2cjO'/«) 0.05097 0.02779 0,11286 0.09037 0,06814 

Romania 4 Mean 2.09440 0.84389 39,21545 15.80095 18,72397 

2a 0.00037 0.00008 0,01588 0.00504 0,00495 

2o(Ppm) 353.28043 184,76041 809,92096 637.92938 528,52104 
10-Jun-02 2a(%) 0.03533 0.01848 0,08099 0,06379 0,05285 

Romania 5 Mean 2.09312 0.84362 39,16746 15,78614 18,71244 

2a 0.00049 0.00012 0,01965 0,00653 0,00574 
2cr(ppm) 464.95029 273.84732 1003.51359 827.16645 613,47918 

10-Jun-02 2c(%) 0.04650 0.02738 0.10035 0,08272 0,06135 

Korea 1 Mean 2.05380 0.83772 38.68325 15,77836 18,83500 

2a 0.00057 0.00014 0.02120 0,00688 0,00589 
2a(ppn\) 551.66990 336.82542 1095.88099 872,13103 625,53206 

10-Jun-02 2o(%) 0.05517 0,03368 0.10959 0,08721 0,06255 

Korea 2 Mean 2.05509 0.83838 38.70104 15,78809 18,83176 

2a 0.00071 0.00015 0,02703 0.00851 0,00765 
2CT(Ppm) 694.74868 368.01022 1396.77949 1078.57070 812,86644 

10-Jun-02 2ct(%) 0.06947 0.03680 0.13968 0.10786 0,08129 

Korea 3 Mean 2.23692 0.96253 36.08196 15.52574 16,13021 

2a 0.00079 0.00020 0.02397 0.00844 0,00604 

2o(PPm) 705.90549 416.96271 1328.84334 1087.11851 749,12477 
10-Jun-02 2a(%) 0.07059 0.04170 0.13288 0.10871 0,07491 

Korea 4 Mean 2.11872 0.87765 37.90049 15.69968 17,88842 

2cr 0.00079 0.00017 0.02966 0.00964 0,00791 

2o(PPm) 744.24013 394.10980 1565.01349 1228.36227 884.92558 
10-Jun-02 2o(%) 0.07442 0.03941 0.15650 0,12284 0,08849 

Korea 5 Mean 2.05493 0.83800 38.74165 15,79886 18,85301 

2a 0.00069 0.00015 0.02436 0,00747 0,00617 
2tj(ppm) 674.21945 351.53862 1257.62140 945,37492 654,81153 

10-Jun-02 2a{%) 0.06742 0.03515 0.12576 0,09454 0,06548 

Table A 9. Internal error for non mass bias corrected Romanian and Korean samples 

analyzed on 10 June 2002. Results are taken from 90 readings per sample. 
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Pb208/P[,206 p^207fp^20B pb206/pb204 

Egypt 1 Mean 2.11947 0.86856 38.35779 15.71901 18.09785 

2a 0.00063 0.00014 0.02432 0,00784 0.00654 

2o(ppm) 596.85268 317.54933 1268.18873 997.68254 722.91892 

1(J-Jun-02 2cr(%) 0.05969 0.03175 0.12682 0.09977 0.07229 

Egypt 2 Mean 2.12872 0.86814 38.59457 15.73972 18.13041 

2cr 0.00059 0.00012 0.02260 0.00714 0.00620 

2c(ppm) 552.62756 284.74777 1171.00687 907.45188 684.47695 
10-Jun-02 2<j(%) 0.05526 0.02847 0.11710 0.09075 0.06845 

Egypt 3 Mean 2.11711 0.86596 38.44396 15.72463 18.15869 

2a 0.00129 0.00028 0.04667 0.01499 0.01202 

2a(ppm) 1221.22326 643.92305 2428.08265 1905.94585 1323.51503 
10-Jun-02 2a(%) 0.12212 0.06439 0.24281 0.19059 0.13235 

Egypt 4 IViean 2.12588 0.86740 38.55697 15.73200 18.13692 

2a 0.00072 0.00016 0.02650 0.00858 0.00684 
2o(ppm) 678.78659 373.49127 1374.46774 1090.91231 754.76660 

10-Jun-02 2a(%) 0.06788 0.03735 0.13745 0.10909 0.07548 

Egypt 5 Mean 2.12611 0.86789 38.53214 15.72908 18.12333 

2o 0.00056 0.00012 0.01919 0.00606 0,00514 

2a(ppm) 527.15947 284.18708 996.05244 771.00336 566.98799 

10-Jun-02 2(j(%) 0.05272 0.02842 0.09961 0.07710 0.05670 

China 1 Mean 2.10227 0.85349 39.03599 15.84791 18.56845 

2CT 0.00056 0.00012 0.02089 0.00676 0,00605 

2a(ppm) 528.75268 280.31343 1070.34226 853.21093 651.23043 
10-Jun-02 2a(%) 0.05288 0.02803 0.10703 0.08532 0.06512 

China 2 Mean 2.09366 0.84980 39.08568 15.86457 18.66859 

2a 0.00068 0.00015 0.02520 0.00804 0.00661 

2a(ppm) 644.94197 352.90320 1289.37101 1013.67146 708.66035 
10-Jun-02 2o(%) 0.06449 0.03529 0.12894 0.10137 0.07087 

China 3 Mean 2.10113 0.85326 39.00004 15.83779 18.56143 

2a 0.00097 0.00019 0.03782 0.01253 0.01112 
2a(ppm) 920.08310 457.04438 1939.53268 1582.17032 1198.23032 

1Q-Jun-02 2a(%) 0.09201 0.04570 0.19395 0.15822 0.11982 

China 4 Mean 2.09172 0.84940 38.97186 15.82571 18.63153 

2ct 0.00052 0.00012 0.02011 0.00653 0.00578 

2a(ppnn) 498.60792 274.41524 1031.95270 825.46830 620.67525 
10-Jun-02 2a(%) 0.04986 0.02744 0.10320 0.08255 0.06207 

China 5 Mean 2.09113 0.84904 38.98858 15.83011 18.64477 

2a 0.00074 0.00016 0.02621 0.00873 0.00746 
2a(ppm) 709.93090 384.66906 1344.69583 1103.39011 800.71633 

10-Jun-02 2o(%) 0.07099 0.03847 0.13447 0.11034 0.08007 

Table A10. Internal error for nan mass bias corrected Chinese and Egyptian samples 

analyzed on 10 June 2002. Results are taken from 90 readings per sample. 
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Appendix B: Characterization of the explosive triacetone triperoxide and 

detection by ion mobility spectrometry. 
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Abstract 

The improvised explosive triacetone triperoxide was synthesized and 

characterized by H-NMR, NMR, Raman and Infra-red spectroscopy. Triacetone 

triperoxide was subsequently analyzed by ion mobility spectrometry in positive ion mode, 

and detected as a cluster of three peaks with a drift time of the most intense peak at 13.06 

ms. Triacetone triperoxide was then analyzed after dissolution in toluene, where a 

dramatic increase in peak intensity was observed, at a flight time of 12.56 ms (K„ - 2.71 

cm' F'' s'^). Triacetone triperoxide was subsequently analyzed by coupling the ion 

mobility spectrometer to a triple quadrupole mass spectrometer, where a single peak at 

m/z of223 atomic mass units identified the species present in the ion mobility spectra as 

being triacetone triperoxide. 

Keywords: 

Triacetone Triperoxide (TATP), Raman, NMR and Ion Mobility Spectrometry (IMS). 
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Introduction. 

Recent terrorist acts, both in Israel and in the United States, have involved the use 

of the home made high explosive 3,3,6,6,9,9-Hexamethyl-l,4,7-cyclononatriperoxane, 

commonly known as triacetone triperoxide (TATP) [1]. TATP is manufactured from 

precursors which are difficult to control, and unlike most explosives in use by the 

military and civilian entities, contains neither nitro groups nor metallic elements, making 

detection by standard methods difficult [2], There are currently few methods for on site 

detection of this molecule, and despite its widespread misuse only a small number of 

scientific studies have been published on the molecule [1-7], 

At a recent presentation at the Pittsburgh conference, Schulte-Ladbeck outlined a 

new LC method for TATP detection [8], The method involves reversed phase LC 

separation followed by post column decomposition to hydrogen peroxide; the hydrogen 

peroxide produced is then coupled to a fluorophore [8]. The method had a 1000 ppm 

detection limit [8]. An Israeli patent describes a spot test, where either diacetone 

diperoxide and triacetone triperoxide are treated with concentrated mineral acids in order 

catalyze the degradation to H2O2 [9]. H2O2 then reacts with a peroxidase, displacing a 

substrate that acts as a colorimetrie indicator [9]. Separation and detection by thin layer 

chromatography was also described by a Czech police laboratory, however, the method 

was utilized to monitor the rate of degradation, and was not intended for qualitative 

analysis [5], These methods fail to take advantage of instrumentation already employed 

for the detection of explosives in areas of high security risk, yet with the increasing threat 
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of suicide bombings within the United States it is imperative that at least an attempt is 

made to detect this explosive using such analytical instrumentation. 

The objective of this study is to provide a more complete analytical 

characterization of TATP for a centralized reference, including Raman and infrared 

spectroscopy, 'H and nuclear magnetic resonance, as well as mass spectral data. The 

study also describes a method for detection of TATP by means of the widely deployed 

ion mobility spectrometer (IMS). 
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Experimental 

Reagents and Chemicals 

Reagent grade toluene and acetone were purchased from Mallinkrodt, as was 

37 % HCl and 30 % hydrogen peroxide. 99.6 % deuterated benzene was purchased from 

Aldrich chemicals. Pure nitrogen gas was purchased in Tucson, AZ from Cryogenics 

facilities. 

Synthesis 

The synthesis outlined in Shakhashiri's work "Chemical Demonstrations" was 

followed for this study of TATP [10]. TAT? was collected on filter paper and 

immediately dissolved in toluene, in order to minimize the chances of spontaneous 

detonation. 

FTIR conditions 

The FTIR spectra were obtained using a Nicolet model 51 OP, using Omnic 

software. The sample, dissolved in toluene, was placed on a freshly polished NaCl 

window, and the toluene was allowed to evaporate, leaving a Hght opaque film on the 

window. The spectra, each and average of 300 scans, were taken at a resolution of 4 cm'\ 

A background correction for CO2 was implemented. 

Raman Analysis Parameters 
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Sample excitation was accomplished with a custom built 785 nm external cavity 

stabilized diode laser. Unwanted emission was prevented from reaching the sample by 

means of a hologi aphic bandpass filter (Kaiser Optical Systems, Inc.), after which it was 

focused onto the sample stage. Laser power at the sample was 135 mW. All scattered 

light was collected by a gold coated off axis parabolic mirror, after which Rayleigh 

scattering was rejected using holographic notch filters. Raman emission was resolved 

using a 600 g mm"' grating blazed at 1 [im, and the detector was a Techtronix TK1024 

backside-illuminated, backside-thinned thick epi 1024x1024 CCD. The spectrum was 

collccted for 10 seconds utilizing custom designed National Instruments LabVIEW 

software. 

NMR Conditions 

10 mg of TATP was placed in a 3 mm O.D. NMR tube and dissolved in 

approximately 1.5 ml of deuterated benzene. Spectra were taken with a Bruker Avance 

DRX 600 spectrometer equipped with a 5 mm probe. The spectroscopic window for the 

'H-NMR experiment was 7507.507 Hz, and 34722.223 Hz for the ^^C experiment. 8 

spectral scans were averaged for the 'H-NMR, and 304 for the '"^C NMR spectrum. 

IMS Conditions 
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A Phemto-Chem PC - 110 was utilized for the IMS analysis of TATP. Drift gas 

flow was kept at 500 ml min"^ and carrier gas at 100 ml min"^ both of which were 

purified Nitrogen. The electric field density for the PC -110 was 192.85 V cm"\ The 

analysis was performed in positive ion mode without the addition of a reactant ion. The 

temperature of the drift tube was set at 60 °C, the sample rate was set at 30 Hz, the gain 

was maintained at unity. Two hundred spectra were averaged for each analysis. 

Atmospheric pressure was 759.5 torr. 

IMS-MS conditions 

An IMS custom built in the Eiceman laboratory with a reaction chamber of 1.5 

cm and a drift region of 5 cm was coupled to a Perkin Elmer Sciex API III triple 

quadrupole mass spectrometer. The drift tube temperature was set to 118 °C, while the 

carrier and drift gases were each set at 200 ml min"', purified air was used. The overall 

potential drop across the instrument was 2.94 kV, yielding field density in the flight tube 

of 588 V cm"'. The ambient air pressure during these experiments was 762.0 torr. 

Spectra were collected at 33 Hz with 1000 points per spectrum. The mass spectrometer 

was operated at 2.0 x 10'^ torr, with an extraction voltage of 200 V. 



219 

Results 

FTIR results compare well with those reported by Bellamy as being resultant from 

pure TATP, indicating the apparent absence of the common synthetic byproduct, 

diacctone diperoxide (DADP) [4]. Raman analysis of peroxides is a rather 

underdeveloped field, with publications tapering off after the early sixties, Vacque et. al. 

attribute this to a tightening of regulations of organic peroxides, and basic safety concerns 

due to their instability [11]. Literature research failed to identify published Raman 

spectra of TATP for comparison to this study, however, using the complementary nature 

of Raman and infrared absorption spectroscopy, it was possible to identify major bands of 

interest. The peroxide stretch, v(O-O), is not IR active since it does not induce a change 

in dipole moment, however, that mode is active in Raman spectroscopy, and therefore 

Raman has been identified as being an extremely useful tool for peroxide identification 

[11-13]. A comparison of both spectra (figure 1) indicates the presence of a sharp intense 

peak at 866 cm ' in the Raman spectrum, which is conspicuously absent in the IR 

spectrum. The Raman scattering band at 866 cm"' was identified as the peroxide stretch, 

which is in agreement with published Raman analysis of peroxides [11-13]. Bands 

present at 945 cm"^ and 843 cm ' were tentatively identified as being due to asymmetric 

ring breathing vibrations, while the band at 1275 cm'' was also tentatively identified as a 

symmetric ring breathing vibration. Since no data was available for similar cyclic 

peroxides, data available for epoxides was utilized for analogous comparison [14]. 
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^H-NMR displayed a sharp, intense singlet at 1.464 ppm, with two singlets at 

1.164 and 1.860 ppm (figure 2). The strong singlet at 1.464 ppm demonstrated the 

equivalency of all protons present on TATP. The singlets at 1.164 and 1.860 ppm were 

tentatively identified as minute impurities in the sample, most likely due to the presence 

of small quantities di and tetra peroxy analogs while the singlet at 7.15 ppm is due to the 

protonated benzene impurities present in the deuteratcd benzene. The small symmetrical 

side bands present at either side of the strongest peak are due to field inliomogeneities, 

the term for this phenomenon is spinning side bands [15]. 

The '"^C NMR displays a multiplet at 128 ppm, due to the deuterated benzene 

solvent. The singlet at 107.8 ppm is attributed to the three quaternary carbons present, 

the downfield shift being a result of deshielding effects due to the electron withdrawing 

oxygen atoms bound on cither side. The strong singlet at 21.8 ppm is attributed to the six 

methyl carbons. The two singlets one either side of the 21.8 ppm peak exhibit a very 

similar pattern to what was observed in the 'H-NMR, and these are also possibly due to 

impurities present in the analyte. 

IMS analysis of pure TATP yielded a mobility spectrum primarily consisting of a 

pair of two broad peaks (flight time of 12.88 and 12.32 ms) with some tailing present. 

This spectrum was dissimilar from either of the starting materials (acetone and hydrogen 

peroxide), and from the IMS nitrogen background. The reduced mobility (K<,) for these 

species were calculated using the equation [16]: 
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where d is distance an ion will drift in time t, and Ed is the electric field density (for the 

PC • 110, 192.85 V cm"'), T (K) and p (torr) are temperature and pressure, respectively 

[16]. The results can be viewed in table 1. The flight tube temperature was varied from 

30 to 120 °C, in order to detennine the degree to which thermal degradation of the 

analyte may affect the signal. This study found that an increase in temperature increased 

the signal amplitude and decreased the flight time, whereas the profile of the spectra 

remained comparatively similar. There was no evidence that the species detected by IMS 

under these conditions were those of TATP degradants. This result agrees with previous 

studies on the thermal stability of TATP [4,6]. 

Since it has been reported that powders suspected of being TATP should be 

immediately dissolved in toluene in order to minimize the chance of detonation, an 

analysis of TATP in toluene was performed [4]. Upon introduction, a dramatic shift in 

the dominant species was observed, as well as an increase in signal amplitude for that 

species. The resolution of the peak identified as TATP was improved from 22.51 to 

29.86 with the addition of the solvent toluene, with resolution (R) defined as R = tr w"^'*'^ 

where tr is drift time, and Wi/2 is width of the peak at one half maximum height. A clear 

explanation as to why these occurred is not available, and further research is underway in 

order to describe the apparent improvement in ionization efficiency of TATP due to the 

presence of toluene. The mobility spectra of the nitrogen background, toluene, pure 

TATP and TATP in toluene are presented in figure 4. The detection limit of TATP in 

toluene was detennined to be 187 parts per million using this method. 
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A collaboration with the Eiceman research group at New Mexico State University 

(NMSU) was undertaken in order to assist in the identification of the species present in 

the TATP in toluene mobility spectrum. The Eiceman laboratory possesses a custom-

made IMS coupled to a Perkin-Elmer triple quadrupole mass spectrometer. As shown in 

figure 5, the mass spectrum consists of a significant peak located at a mass to m/z of 223, 

which is equivalent to the m/z of a TATP molecule (mass 222.24 g mole"') plus one 

hydrogen atom (MH"^ ionization). Efforts were made to individually analyze each peak in 

the IMS spectrum, however, decreased ion throughput, due to the low throughput IMS to 

MS coupling arrangement, was insufficient to obtain a detectable signal. Both peaks 

were analyzed simultaneously; the resulting mass spectrum displays a peak at 223 amu. 

Analyte multimers are commonly observed in IMS. The most likely explanation for the 

detection of two species by IMS and only one by MS, is that multimers with varying 

flight times that were detected by IMS were broken up as they transitioned from 

atmospheric pressure to the high vacuum of the mass spectrometer. 

Further studies are required in order to determine the identity of each peak in the 

IMS spectrum. However, the primary goal of this endeavor was to demonstrate that IMS 

is capable of detecting TATP dissolved in toluene. The existence of a 223 amu peak 

clearly demonstrates the success of this experiment. 
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Conclusion 

This study is the first reported detection of triacetone triperoxide by ion mobility 

spectrometry. The identity of the species detected by IMS was authenticated by mass 

spectrometry. The results herein also display the first reported characterization of TATP 

by Raman and and - NMR spectroscopy, and the most complete characterization 

to date. TATP was detected by IMS in positive ion mode (illicit drag mode), while most 

commercial IMS instruments used for the detection of explosives are operated primarily 

in the negative ion mode. For this reason, the authors strongly encourage manufacturers 

of ion mobility spectrometers to utilize information present in positive ion mode IMS and 

include this explosive in their databases. 
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Figure 1: FTIR analysis (above) and Raman analysis (below) of TATP, with select bands 

identified. 
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Figure 2: ^H-NMR analysis of TATP in deuterated benzene. Inset a: close-up of 

region displaying TATP proton shift and integration values. 
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Figure 3: '^C-NMR spectrum of TATP. 
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Figure 4: Ion mobility spectra of TATP, toluene, TATP dissolved in toluene and the drift 

gas, nitrogen. 
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Figure 5; Mass spectral analysis of ions formed dxiring IMS analysis of T ATP in toluene. 
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Compound Drift Time (ms) Ko (cm V s' ) 

TATP in toi. 12.54 2.71 
TATP 13.06 2.6 

Toluene 13.22 2.57 
Nitrogen 13.88 2.45 
Peroxide 14.28 2.38 
Acetone 14.26; 16.52 2.38; 2.05 

Table I: IMS drift time and reduced mobility (Kq ) of major peak from analyte and 

reagents. For acetone, two species of approximately equal intensity were observed. 
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chromatography and simultaneous multielement-specific detection by ICP-
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Abstract. 

An arsenic-selenium metabolite that exhibited the same arsenic and selenium X-ray 

absorption near-edge spectra as the synthetic selcno-bis(S-glutathionyl) arsinium ion 

[(GS)2AsSe]" was recently detected in rabbit bile within 25 minutes after the intravenous 

injection of rabbits with sodium selenite and sodium arsenite. X-ray absorption 

spectroscopy did not (and cannot) conclusively identify the sulfur-donor i n the in vivo 

sample. After similar treatment of rabbits, we analyzed the collected bile samples by size-

exclusion chromatography (SEC) using inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) to simultaneously monitor arsenic, selenium and sulfur. The 

bulk of arsenic, selenium and sulfur co-eluted in a single peak the intensity of which was 

greatly increased upon spiking of the bile samples with synthethic [(GS)2AsSe]". Hence, 

we identify [(GS)2AsSe]" as the major metabolite in bile after the simultaneous exposure 

of rabbits to selenite and arsenite. The developed SEC-ICP-AES technique can be used as 

an alternative to X-ray absoiption spectroscopy to identify this biochemically important 

metabolite in biological fluids. 

Keywords: seleno-bis(S-glutathionyl) arsinium ion, speciation, bile 
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Introduction. 

Both arsenic and selenium are widely distributed in many geological formations of the 

earth's crust/'^ Uncontaminated soils, for instance, typically contain 5.0-14.3 mg As kg'^ 

and 0.5-5.5 mg Se Hydrolysis along with biotic/abiotic oxidation and/or reduction 

reactions eventually releases potentially toxic arsenite, arsenate, selenite and selenate 

from soils to natural waters.'^"'' Apart from these natural sources, human activities, such as 

fossil fuel combustion'"^ and nonferrous metal production" '^' also contaminate freshwater 

resources resulting in an accelerated accumulation of these toxic metalloid compounds in 

the human food chain.'"® Humans are therefore unwittingly exposed to toxic arsenite and 

arsenate predominantly via the ingestion of drinking water^'" and to potentially toxic 

selenium compounds mostly via food.*'"'^ Most recently, the unintended consequence of a 

"safe-water" program in Bangladesh has resulted in the pollution of the alluvial Ganges 

aquifers used for public water supplies with inorganic arsenic (arsenite + arsenate) on a 

massive scale." 

When administered individually, arsenite and selenite are teratogenic and highly toxic 

in experimental animals.'^ Quite unexpectedly, however, the simultaneous ingestion of 

arsenite along with toxic dietary selenium (seleniferous wheat or sodium selenite) 

prevented the characteristic symptoms of selenium poisoning in rats.'The most recent 

investigation aimed at an elucidation of the molecular mechanism underlying the startling 

mutual detoxification between arsenite and selenite in mammals has revealed the biliary 
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excretion of a previously unknown arsenic and selenium-containing metabolite in rabbits. 

This metabolite contained equimolar arsenic and selenium and exhibited arsenic and 

selenium X-ray absorption near-edge spectra that were essentially identical to those of a 

synthetic species in solution. The structure of the synthetic species could be elucidated by 

extended X-ray absorption fine structure (EXAFS) analysis, ^^Se-NMR spectroscopy and 

Raman spectroscopy as the seleno-bis(S-glutathionyl)arsinium ion, [(GS)2AsSe]' (note 

that the charge in this schematic representation does not include the charges introduced 

by the carboxyl/amine g roups on glutathione, GSH).'^ The structure of this compound 

was then experimentally confirmed by micellar size-exclusion chromatography (SEC) 

with simultaneous arsenic, selenium and sulfur-specific detection by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES).'^ In addition, SEC-ICP-AES was 

recently used to detcct a mercury-selenium and sulfur-containing compound after 

separation from its byproducts.'^ Accordingly, SEC followed by simultaneous arsenic, 

selenium and sulfur-specific detection by ICP-AES has potential to become an alternative 

method to synchrotron radiation based X-ray absorption spectroscopy to detect and 

identify [(GS)2AsSe]" in biological samples. We therefore treated rabbits with selenite 

and arsenite (as previously reported)'^ and subsequently analyzed the collected bile 

samples by SEC-ICP-AES. The bile samples were then spiked with synthethic 

[(GS)2AsSe]" and re-chromatographed. 
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Experimental. 

Chemicals. 

Reduced glutathione (GSH, >98 %) was purchased from Sigma (St. Louis, MO, USA). 

NaAsOa (>99 %) was purchased from GFS Chemicals (Columbus, OH, USA) and 

Na2Se03 • 5H2O (>97 %) from Fluka (Buchs, Switzerland). NaOH was purchased from 

MCB Reagents (Cincinatti, OH, USA) and HCl (36.5-38%) from J.T.Baker (Phillipsburg, 

NJ, USA). The mobile phase (0.1 mol dm" Tris-buffer, pH 7.5) was prepared with 

doubly distilled water. Solutions (0.02 mol dm") of each sodium selenite and sodium 

arsenite were prepared in PBS-buffer (prepared from dry powder pouches) and 

subsequently adjusted to pH 7.4 by dropwise addition of HCl. 

New Zealand white rabbit experiment. 

Two male New Zealand white rabbits (2-3 kg) were purchased from Harlan Sprague 

Dawlcy Inc. (Indianapolis, IN, USA) and maintained for one week on a "hi-fiber" rabbit 

diet (7015 Harlaw Tekland, Madison, WI, USA). The animals were prepared for the 

experiment as previously reported.Two minutes after the injection of aqueous sodium 
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selenite (0.63 mg Se kg'^ body wt), aqueous sodium arsenite (0.60 mg As kg"^ body wt) 

was injected and bile was collected for 25 minutes into ice-cold polyethylene tubes. After 

gently mixing the samples they were immediately analyzed by SEC-ICP-AES. 

Chromatography. 

A Beckman 110 B Solvent Delivery Module HPLC pump in conjunction with a 

Rheodyne six-port injection valve (400-}xl loop) was used. All separations were 

performed at 4°C. A prepacked Pharmacia Superdex Peptide HR 10/30 column (the 

spherical beads arc a composite of cross-linked agarose and dextran; average particle size 

13 )im; pH stability 1-14) which fractionates molecules in the range between Mr 100 and 

Mr 7000 was equilibrated with at least 100 cm of degassed Tris-buffer (0.1 mol dm', pH 

7.5). The column exit was connected to a Meinhard TR-30-IC2 concentric glass nebulizer 

with the minimum length of polyethylene tubing. The flow-rate was maintained at 1.0 

cm^ min'\ which had been previously determined to give a maximum ICP-AES emission 

signal with this nebulizer/spray chamber combination when the nebulizer was operated at 

its rated pressure of 30psi (206 KPa). Arsenic, selenium and sulfiir-specific detection 

was achieved with a Thermo Jarrel Ash (Franklin, MA, USA) IRIS HR radial view ICP-

AES at 189.042 nm (order 178), 196.090 nm (order 172) and 180.731 nm (order 186), 

respectively. Because of the long retention times and the limited time window in the 

time-scan mode of the ThermoSPEC/CID software (version 2.10.04), data accumulation 
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was initiated 9.0 minutes after injection. After chromatographic analysis of the two bile 

3 • 
samples from the rabbit experiment, an aliquot of each bile sample (1.0 cm ) was spiked 

with 20 ^il of a solution of [(GS)2AsSe]', prepared as previously reported,'^ and re-

chromatographed. The dead volume of the column was determined with blue dextran and 

was 7.5 cm^. 

Results and discussion. 

Using X-ray absorption spectroscopy we have previously reported on a novel arsenic-

selenium compound in bile of rabbits that had been injected with aqueous selenite and 

arsenite.'^ The similarity between the arsenic and selenium X-ray absorption near-edge 

spectra of the collected bile samples with those obtained from the synthethic species 

[(GS)2AsSe]" suggested the presence of a structurally similar compound, [(RS)2AsSe]" 

(R=low molecular weight intracellular thiol). The sulfur-donor could not be identified by 

X-ray absorption spectroscopy because this technique cannot distinguish between sulfur 

atoms from e.g. cysteine or glutathione. Since glutathione (GSH) is the most prevalent 

1 S 
intracellular thiol in mammalian hepatocytes and therefore most likely the sulfur-donor 

in [(RS)2ASSC]", an alternative method must be employed to unequivocally identify the 

sulfur-donor in the bile species. 

Today, high performace liquid chromatography (HPLC) coupled on-line to element-

specific detectors, such as an inductively coupled plasma mass spectrometer (ICP-MS) 
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can be routinely used to identify and quantify trace metalloid compounds in 

environmental samples.^^"^^ Even in the presence of a substantial matrix, the compound 

of interest can usually be identified by the addition of an internal standard ("spiking") 

followed by re-chromatography.^^'^° ICP-AES can also be used as a single element-

specific detector?^ In addition, its simultaneous multielement-specific detection 

capability makes it perfectly suited to detect compounds that contain two or more 

metals/metalloids.' 

In order to identify [(GS)2AsSe]' in rabbit bile, wc analyzed bile collected from rabbits 

that had been treated with selenitc and arsenite by SEC-ICP-AES. Figure la shows the 

corresponding arsenic, selenium and sulfur-specific chromatogram. The bulk of arsenic, 

selenium and sulfur eluted together with a retention time of 970 s, suggesting the 

presence of a single species that contained these elements. This is in accord with the 

shape of the arsenic peak (peak height: 26 adu; approximately 60% of total arsenic) and 

the selenium peak (peak height: 11 adu) which indicate the presence of a single 

compound. On the contrary, the sulfur peak was rather broad and showed a distinct 

shoulder at the long retention end. This implies the presence of several sulfur-containing 

compounds which is expected since bile usually contains numerous sulfur compounds, 

such as the taurine conjugates of bile acids, such as cholic and chenodeoxycholic acid. 

The arsenic-specific chromatogram revealed a second, minor arsenic peak with a 

retention time of 1220 s (peak height: 11 adu; approximately 35% of total arsenic). Based 

on the retention time obtained for an arsenite standard, we tentatively identify this peak 

as arsenite. These data are in good accord with previous data which showed that 
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approximately 40% of arsenic in bile from similarly treated rabbits was present as a 

decompositionproduct of [(GS)2AsSe]", most 1 ikely (68)3As (the other decomposition 

product a-selenium was probably retained on the column).'"^ Subsequent hydrolysis of 

(GS)3As to arsenous acid has been demonstrated under similar chromatographic 

conditions'"^ and could therefore explain the presence of free arsenite in the bile samples. 

The broad sulfur peak with a peak maximum of 1325 s could not be identified (Fig. la). 

Nevertheless the elution of this sulfur peak indicates the inclusion volume of the 

employed size-exclusion column and clearly demonstrates that the major arsenic, 

selenium and sulfur containing peak (retention time 970 s) did not elute in the inclusion 

volume. 

Because bile contains large amounts of matrix constituents {e.g. human bile contains 

Up to 3 % solids, such as bile salts and inorganic matter), we identified the biliary 

arsenic-selenium compound by the addition of synthethic [(GS)2AsSe]' followed by re-

cliromatography. Figure lb shows the corresponding arsenic, selenium and sulfur-

specific chromatogram obtained from the spiked bile sample. A single peak containing 

arsenic (peak height: 161 adu), selenium (peak height: 73 adu) and sulfur eluted with a 

retention time of 970 s and was followed by the elution of an extremely broad arsenic and 

a somewhat broad sulfur peak. The net increase in peak intensity of arsenic and selenium 

after spiking was 135 adu and 62 adu, respectively. The quotient of these readings was 

2.2 which is comparable to the quotient of 2.3 obtained from the peak intensities of 

arsenic and selenium in the unspiked sample. Based on these data, we identify the 

arsenic to selenium molar ratio in the unspiked sample as 1:1. Because the addition of 
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synthetic [(GS)2AsSe]" only increased the peak height of the major arsenic, selenium and 

sulfur-containing peak in the unspiked bile sample, we unequivocally identify glutathione 

as the sulfiir-donor in [(RS)2AsSe]'. Based on these results we identify [(GS)2AsSe]' as 

the major metabolite in bile of rabbits that had been treated with selenite and arsenite. 

The conjugation of a large variety of exogenous substances, such as polycyclic 

hydrocarbons, aromatic amines and halogenated phthaleins to glutathione via a thio-ether 

linkage followed by the biliary excretion of the conjugate is a well known detoxification 

pathway in mammals?^ Since many glutathione conjugates are excreted from hepatocytes 

to bile via ATP-dependent GS-X (X = xenobiotic) export pumps located at the 

canalicular site of hepatocyte plasma membranes, [(GS)2AsSe]' may be similarly 

excreted by these pumps. 

Conclusion. 

After treatment of rabbits with selenite and arsenite, an arsenic and selenium 

containing metabolite containing the structural element [(RS)2AsSe]" was recently 

detected in rabbit bile by X-ray absorption spectroscopy.'"^ In the present work we used 

an alternative method to unequivocally identify the sulfur-donor in this biochemically 

important metabolite. Analysis of bile samples from rabbits that had been treated with 

selenite and arsenite by SEC-ICP-AES followed by spiking with synthethic [(GSliAsSe]' 

allowed us to unequivocally identify glutathione as the sulfur-donor. Thus, the biliary 

excretion of [(GSjoAsSe]" becomes an important excretory pathway when rabbits are 
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simultaneously exposed to selenite and arsenite. Since ICP-AES is available in many 

laboratories, the developed method can also be used as an alternative method to X-ray 

absorption spectroscopy to identify [(GS)2AsSe]" in biological samples, such as plasma 

and urine. Accordingly, the developed SEC-ICP-AES method will greatly facilitate 

further studies into the toxicology of arsenite and selenite which, since the discovery of 

[(GS)2AsSe]", should no longer be investigated individually. 
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Figure 1 Identification of [(GS)2AsSe]" in rabbit bile by size exclusion 

chromatography (column: Pharmacia Superdex Peptide HR 10/30; 

temperature; 4°C; mobile phase: 0.1 mol dm' Tris buffer pH 7.5; flow-rate: 

1.0 cm' min"') and arsenic, selenium and sulfur-specific detection by ICP-

AES (adu=analog to digital units). A. Rabbit bile. B. Rabbits bile spiked with 

synthethic [(GS)2AsSe]"; note the different y-scale. (The chromatograms 

obtained from the second animal were similar). 
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