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◆  	 Introduction

The general public’s fascination with forensic science is un-
questioned. Over the past decade, television programs focusing 

on the solution of crimes—such as the Law & Order, CSI: Crime 
Scene Investigation, Cold Case, and their spin-offs—have consistently 
topped popularity charts in the United States and other nations. 
Viewers seem to be captivated by the crime‑solving tools that law 
enforcement officers have at their disposal and the skills with which 
they use those tools. The appeal of crime stories is not new. Going 
back at least as far as Edgar Allan Poe’s “The Murder in the Rue 
Morgue” (1841), Charles Dickens’ Bleak House (1852-53), and Wilkie 
Collins’s The Woman in White (1859), such tales have been best  
sellers around the world.

This fascination with forensic science is not difficult to understand. 
Investigators today have an amazing array of instruments, equipment, 
chemicals, and other devices with which to examine the most minute 
evidence. No criminal can hope to escape from a crime scene without 
leaving behind at least some evidence. A single eyelash may be all that 
is necessary for his or her identification.

One of the most important contributors to the forensic scientist’s 
investigative arsenal has been the science of chemistry. Researchers 
have developed a host of new procedures for analyzing blood, finger-
prints, DNA samples, documents, ammunition, medicines and drugs, 
soil, bacteria and other microorganisms, fire remnants, and even 
voiceprints. The purpose of Forensic Chemistry is to provide an intro-
duction to some of the most important developments in this field over 
the past few decades and make it possible for readers to continue the 
study of forensic chemistry on their own.  The book is intended for 
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readers with at least some minimal background in chemistry, such as 
that provided by a course in high school chemistry.

Chapter 1 of the book provides a brief introduction to the history 
of forensic chemistry, describing some of the techniques that were 
used by investigators even before an authentic science of criminalistics 
existed. One of the most important breakthroughs of the period was 
the development of the Marsh test for arsenic, probably the first reli-
able and valid test for a toxic material available to forensic scientists.  
The early development of the sciences of fingerprinting and ballistic 
fingerprinting are also discussed in the chapter.  Chapter 2 deals with 
the long and fascinating history of fingerprinting. Dating to at least the 
third century b.c.e., fingerprinting was probably the first technique 
widely used by forensic scientists for the identification of wrongdo-
ers. Over the past half century, a number of improvements in the way 
fingerprints are analyzed and identified have been made, many result-
ing from the use of chemical reactions.  Among the tests currently 
available are those that use silver nitrate, ninhydrin and its analogues, 
iodine, 7,8-benzoflavone, cyanoacrylic acid esters, dimethylaminocin-
namaldehyde (DMAC), and ruthenium tetroxide.  A variety of sophis-
ticated systems have also been developed for classifying and retriev-
ing fingerprint information, the most recent of which makes use of 
electronic technology that can be shared by law enforcement agencies 
throughout the world.

The subject of chapter 3 is serology, the study of blood. The use of 
blood samples to identify individuals, for forensic or other purposes, 
dates to the discovery of blood types in 1901 by the Austrian physician 
Karl Landsteiner. Since that time, forensic scientists have expanded 
on Landsteiner’s original discovery and developed a number of new 
techniques using chemical characteristics of blood molecules for iden-
tification purposes.  Today, more than two dozen chemical tests that 
use polymorphic proteins and isoenzymes are available for serological 
tests.  These tests make use of proteins such as adenosine deaminase, 
erythrocyte acid phosphatase, glucose‑6‑phosphate dehydrogenase, 
glutamic pyruvate transminase, haptoglobin, and phosphoglucomu-
tase.  The chapter also discusses methods that have been developed for 
the characterization of bloodstains, that is, for determining whether 
or not a stain is actually a blood stain, whether it is or is not of human 
origin, and, if it is, what type blood is present.  The chapter concludes 
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with a review of the materials and methods available for character-
izing saliva, semen, and other bodily fluids.

Chapter 4 describes a field in which chemical research has had 
perhaps its greatest effect: the identification of drugs and poisons. 
The development of tests to identify specific drug elements and com-
pounds has, of course, long been a major focus of chemical research. 
Research has produced test protocols that now make the recognition 
of illegal and dangerous substances a routine procedure in almost any 
crime investigation laboratory.  The chapter begins with an extensive 
discussion of the problem of blood alcohol concentration (BAC) and 
methods that have been developed to determine this important char-
acteristic.  The text describes the chemical features of not only tradi-
tional Breathalyzer-like devices, but also of newer systems now in use, 
such as those that make use of spectroscopic analysis.  The chapter 
also includes an extended discussion of a number of chemical tests 
traditionally used to identify drugs and toxins, such as the Marquis, 
Mandelin, cobalt(II) thiocyanate, Dille-Kopanyi, Duquenois‑Levine, 
Van Urk, and Ehrlich tests.  The chapter concludes with a description 
of one of the most important and widely used of all forensic tests, the 
gas chromatography/mass spectrometry (GC/MS) test of materials.

The power of chemical forensic chemistry is illustrated in chapter 
5, which discusses arson and explosives investigations. Unraveling the 
history of an arson fire or explosion is a daunting task. By their very 
nature, such destructive events leave behind few traces. Yet forensic 
chemists have devised a number of ways of capturing, testing, and 
identifying minute amounts of fuels and other materials found at the 
scene of a fire or explosion. With these tools, investigators routinely 
apprehend perpetrators who likely imagined that they conducted 
their crime without leaving a trace of evidence behind.  The chapter 
opens with a discussion of some fundamental principles of combus-
tion, such as heat of combustion, flash point, ignition point, and flam-
mable range, with an explanation of how these principles are used 
in arson investigations.  The text then describes a variety of physical 
and chemical techniques used to analyze arson sites, methods such as 
chemical color tests, flame ionization, ultraviolet fluoroscopy, steam 
distillation, vacuum distillation, solvent extraction, and charcoal sam-
pling.  The chapter concludes with a review of the nature and types 
of explosives, the special problems faced in explosive analysis, and a 
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variety of methods by which explosions can be analyzed.  Chemical 
principles and materials play an especially important role in the study 
of explosions.

Chapter 6 focuses on perhaps the newest and most exciting forensic 
procedure developed in modern history: DNA typing. The text provides 
a review of the nature and characterization of DNA and the methods 
now available for its use in forensic analysis.  After a review of the 
invention of restriction fragment length polymorphism (RFLP) by Sir 
Alec Jeffreys in 1985, the chapter focuses on the now more widely 
used technology of polymerase chain reaction (PCR) technology, de-
veloped by American chemist Kary Mullis in the mid-1980s.  The text 
provides a somewhat detailed discussion of the chemical reactions and 
technology involved in the amplification, analysis, and identification 
of DNA fragments used by today’s forensic scientists.

With the development of techniques for enhancing microscopic 
pieces of DNA in the 1980s and 1990s, it has become possible to use 
samples as small as a single hair or a flake of skin to establish, with 
near certainty, the likelihood that a particular person has or has not 
committed a crime. The availability of DNA typing has already made 
possible the release of men and women convicted of crimes they did 
not commit and the apprehension of other men and women for crimes 
of which they were never suspected.

Forensic Chemistry also provides ancillary materials to further the 
reader’s understanding of the subject and to encourage her or his fur-
ther studies in the field.  Biographical sketches of important figures in 
the field are included, as is a glossary of important terms in forensic 
chemistry and a bibliography of useful books, articles, and Internet 
resources.

Television crime programs sometimes gloss over the challenges 
that have to be met in solving crimes; they usually have, after all, only 
an hour in which to tell their stories. Many crime investigations are far 
more complicated, requiring a variety of tests and long periods of anal-
ysis. Still, the crime programs do have it right in terms of the astonish-
ing array of tools that investigators have at their disposal. Having read 
Forensic Chemistry, middle and high school students will possess an 
even better understanding of the chemical principles on which those 
tools are based and the way they are used in solving crimes.
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1
The Origins of  

Forensic Science

“I’ve found it! I’ve found it,” he shouted to my companion, running 
towards us with a test-tube in his hand. “I have found a re-agent which 

is precipitated by haemoglobin, and by nothing else.”

These words were spoken by one of the most famous fictional 
detectives in the history of literature, Sherlock Holmes. In Sir 

Arthur Conan Doyle’s first book about Holmes and his companion, 
Dr. Watson, A Study in Scarlet (1887), the great detective goes on to 
explain the significance of his discovery:

“Why, man, it is the most practical medio-legal discovery for years. 
Don’t you see that it gives us an infallible test for blood stains. . . . 
Beautiful! beautiful! The old Guiacum test was very clumsy and 
uncertain. So is the microscope examination for blood corpuscles. 
Now, this appears to act as well whether the blood is old or new. 
Had this test been invented, there are hundreds of men now walk-
ing the earth who would long ago have paid the penalty of their 
crimes.”
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Devising a test for blood was only one of Holmes’s many skills 
in the field of forensic science. Later in the same book, he advises 
Scotland Yard in its search for a criminal who, he predicts, will be 
found to smoke a specific type of cigar, a Trichinopoly. When the 
suspect is later captured, Holmes explains that his deduction was 
simple because he had previously made a “modest study” of cigar 
ashes such that he could recognize more than a hundred specific ex-
amples of ash. The analytical skills given to Holmes by Conan Doyle 
were extensive and impressive. Indeed, in 2002, the Royal Society 
of Chemistry awarded Holmes an honorary fellowship, the first and 
only time a fictional character had been so recognized.

The Early Years of Forensic Science
Arthur Conan Doyle wrote at the beginning of a period that one his-
torian has called “the century of the detective.” That term refers to a 
time when criminologists first began to apply scientific principles to 
the solution of crimes. Sherlock Holmes’s fictional forays into crime 
analysis coincided with a period during which real law enforcement 
officials were beginning to use fingerprints, blood samples, anthro-
pometric characteristics, and other physical and biological traits to 
exonerate the innocent and convict the guilty in murders, assaults, 
burglaries, arsons, and other crimes.

The use of such evidence in crime analysis dates much earlier 
than the century of the detective. As far back as the eighth century 
c.e., for example, the practice of using fingerprints to identify and 
authenticate documents was introduced in China. Five centuries 
later, in 1248, a Chinese book entitled Hsi Yüan Lu (The washing 
away of wrongs) described a method by which a person’s death by 
strangulation could be distinguished from death by drowning. Hsi 
Yüan Lu appears to be the first document in which a scientific prin-
ciple is used to solve a crime.

With a few notable exceptions, the next seven centuries saw rela-
tively little progress in the development of a scientific approach to 
crime analysis. One such exception resulted from the work of the fa-
mous Belgian chemist Jean Servais Stas (1813–91). Stas is best known 
in the history of chemistry for his work in determining the atomic 
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weights of the elements. Less well known is his research on methods 
for detecting certain types of vegetable poisons in the body.

That work was inspired in 1851 by a notorious case in which Count 
Hippolyte de Bocarmé and his wife, Lydie, had become suspects in 
the murder of the countess’s brother, Gustave Fougnies. The pre-
siding magistrate in the case, a man by the name of Heughebaert, 
ordered that organs from Gustave’s dead body be taken for exami-
nation by Stas, then a professor of chemistry at the University of 
Brussels and the leading chemist in the country. Upon examining 
those organs, Stas became convinced that the young man had been 
poisoned by a natural product, probably nicotine.

Nicotine had first been discovered and isolated from the tobacco 
plant Nicotiana tabacum in 1828. Its poisonous effects had been 
carefully studied, but no method had been found for detecting its 
presence in the human body. Meanwhile, its reputation as a highly 
poisonous material had become widespread, and it was thought to 
have been responsible for a number of unsolved murders.

In carrying out his analysis of Gustave’s organs, Stas was able to 
devise a method for detecting the presence of nicotine in the body. 
He based his method on the fact that nicotine, like other alkaloids, 
is soluble in both alcohol and water. He first macerated the organs 
until they were reduced to a pulp, to which he then added a weak 
acid and alcohol. He then heated the mixture until the organic con-
stituents of the organs were precipitated out, leaving behind in solu-
tion any alkaloids that might also be present. When he added water 
to the residue of this process, those alkaloids dissolved. Finally, he 
recovered the alkaloids (nicotine in this case) by allowing the water 
to evaporate. By examining the product of this series of reactions, 
Stas was able to identify the presence of nicotine in Gustave’s or-
gans, and Heughebaert was able to arrest and convict the Bocarmés 
of Gustave’s murder.

The method developed by Stas was later modified and improved 
by the German chemist Friedrich Julius Otto (1809–70) at the 
University of Braunschweig. The test is still known as the Stas-Otto 
test and is used occasionally today for the identification of alkaloids 
in the body. It has, however, been replaced to a large extent by faster 
and more efficient spectrophotometric tests.
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Advances in the 19th Century
By the mid-19th century, advances in forensic chemistry began to 
appear more rapidly. This period saw the development of tests for 
blood, the invention of the Marsh test for arsenic in 1832, and studies 
on bullet “fingerprinting” in the 1880s.

In 1863, the German-Swiss chemist Christian Friedrich Schönbein 
(1799–1868) discovered the first reliable method for identifying  

←  Sir Arthur Conan Doyle (1859–1930)  ➢

The last quarter of the 19th century witnessed a rapid growth in a new 
field of science, the science of forensics. The work of researchers and 

law enforcement officials such as Jean Servais Stas, Ludwig Teichmann, Sir 
William Herschel, Izaak van Deen, Henry Faulds, Alphonse Bertillon, and 
Alexandre Lacassagne provided, for the first time in history, a solid scientific 
basis for the pursuit and conviction of criminals. It is somewhat surprising 
that, in the midst of this distinguished company of scholars, a leading name 
should be that of a fictional character, Sherlock Holmes, created by Arthur 
Conan Doyle.

Arthur Conan Doyle was born in Edinburgh, Scotland, on May 22, 1859, 
one of 10 children, seven of whom survived to adulthood. His father suf-
fered from epilepsy and alcoholism and was eventually institutionalized, 
leaving his mother to manage the large family. Conan Doyle attended Jesuit 
schools in Lancashire, England, and Feldkirch, Austria, before enrolling in 
the medical program at the University of Edinburgh in 1876. Upon receiving 
his medical degree in 1881, he set up a medical practice in Plymouth with 
a fellow Edinburgh graduate, George Turnavine. After a short and turbu-
lent partnership, Conan Doyle moved his practice to Southsea, where he 
had sufficient free time to begin writing fiction. His first story, A Study in 
Scarlet, appeared in Beetons’ Christmas Annual for 1887, earning its author 
the princely sum of £25 (about $100 at the time). The success of A Study  
in Scarlet was sufficient to motivate Conan Doyle’s continued interest in 
writing, and, in 1889, he published his first novel, Micah Clarke.

Over the next three decades, Conan Doyle vacillated between his com-
mitment to additional short stories and novels about his most famous char-
acter, Sherlock Holmes, and his desire to produce more “substantial” works, 

primarily historical novels. The latter works benefited from and reflected his 
medical assignments overseas. In 1895, for example, he traveled to Egypt, 
where he hoped the climate would help cure his wife’s bout of tuberculosis. 
The war that broke out that winter between the British and the Dervishes 
provided background for Conan Doyle’s 1898 novel The Tragedy of the 
Korosko. Two years later, Conan Doyle was back in Africa again, this time 
serving as medical officer with the Middlesex Yeomanry in the Boer War. 
Again, this experience provided fodder for other books, especially the nov-
els involving his second-most-famous character, Professor Challenger—The 
Lost World (1912) and The Poison Belt (1913).

Conan Doyle’s fictional character Sherlock Holmes made forensic history 
by solving a series of apparently insoluble puzzles in more than two-dozen 
short stories and books, the first of which was A Study in Scarlet. Holmes 
continued to work his magic for seven years, until he was killed off by Conan 
Doyle in The Final Problem, published in 1893. At that point in his life, Conan 
Doyle had decided to put aside his interest in Holmes and turn his attention 
to more serious books that would, he hoped, make him a “lasting name in 
English literature.”

Holmes’s fans were devastated by Conan Doyle’s decision, however. Many 
took to wearing black armbands when they read of Holmes’s death, and 
more than 20,000 readers canceled their subscriptions to Holmes’s literary 
home, the Strand Magazine. Upon further reflection, Conan Doyle decided 
to return to his most famous character in later short stories and books such 
as The Hound of the Baskervilles (1902), The Return of Sherlock Holmes (1905), 
His Last Bow (1917), and The Case Book of Sherlock Holmes (1927).

In recognition of his contributions to British literature, Conan Doyle was 
knighted in 1902. He died of heart disease at his home in Windlesham, 
Sussex, on July 7, 1930.
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human blood. Schönbein found that hydrogen peroxide added to 
a bloodstain foams. This test was significant because blood depos-
ited on clothing, wood, glass, or other surfaces soon dries to leave a 
brownish residue that is easily confused with other kinds of stains.

Another test for the presence of blood was developed at about the 
same time by a Dutch chemist by the name of Izaak van Deen. When 
van Deen put a West Indian herb called guaiac into contact with 
blood, the normally brownish herb changed color. The test continues 
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to be used widely today for the detection of occult blood (blood that 
is not visible to the naked eye) in feces, although it is rarely used in 
forensic science.

For more than 12 centuries, arsenic has been popular as a poi-
son. Its popularity dates from the eighth century, when the Arab 
alchemist Abu Musa Jabir Ibn Hayyan (ca. 721–ca. 815), also known 
as Geber, discovered a way of converting elemental arsenic (a gray, 
metallic-looking substance) into arsenious oxide (As2O3; a tasteless, 
odorless white powder). In the form of its oxide, arsenic could eas-
ily be added to a person’s food or drink without causing suspicion. 
Moreover, until the 19th century, there was no way of detecting ar-
senic in the human body. As a result, the poison was widely popular 
among nearly all classes of people, from ordinary criminals to kings, 
queens, and popes. The notorious Borgia family is said to have been 
especially partial to the use of arsenic in eliminating its enemies.

As interest in forensic science grew in the 19th century, one of 
the first and most obvious problems posed for chemists was to find a 
way of detecting arsenic in the body, thus permitting prosecution of 
those who used it to commit murder. A number of forensic scientists 
and chemists, including Mathieu Joseph Bonaventure Orfila (1787–
1853), the “father of toxicology,” and Karl Wilhelm Scheele (1742–86), 
one of the discoverers of oxygen, searched for the solution to this 
problem. But the first to be successful was the British chemist James 
Marsh (1794–1846).

In 1832, when Marsh was employed as a chemist at the Royal 
British Arsenal in Woolwich, he was called to give expert testimony 
about the alleged poisoning of George Bodle. Marsh attempted to use 
a traditional test for arsenic in his testimony before the jury. In it, 
hydrogen sulfide gas is passed through a solution containing bodily 
fluids taken from the corpse. If arsenic is present in these fluids, the 
solution turns yellow.

The test showed a positive result, indicating that arsenic poison-
ing had occurred. Nonetheless, the jury found the defendant inno-
cent. According to one observer, they were not convinced of Marsh’s 
evidence because they had not actually seen the arsenic (a metallic, 
gray substance).
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Marsh was infuriated not only by the jury’s decision but also by the 
fact that the defendant later confessed that he had indeed poisoned 
Bodle. Marsh decided to develop a foolproof method for detecting ar-
senic that would convince even the most dubious observer. It took him 
four years to do so, but he was eventually successful. The test that he 
developed and that now carries his name is still used for the detection 
of arsenic samples with a mass of as little as 0.02 milligram.

The first step in the Marsh test is to add pure zinc metal and 
sulfuric acid to the sample to be tested. If arsenic (in the form of 
arsenious oxide) is present in the sample, it is reduced by the zinc:

As2O3 + 6Zn + 6H+ k 2As3- + 6Zn2+ + 3H2O

In this acidic solution, the resulting As3- ions combine with hydrogen 
ions from the sulfuric acid to form a gas known as arsine (AsH3):

As3- + 3H+ k AsH3

The arsine gas is then passed through a long, heated tube. Heat 
causes the arsine to decompose, yielding a silvery-black film of el-
emental arsenic and hydrogen gas:

2AsH3 
(heat)

  2As + 3H2k

The film of arsenic is sometimes called an arsenic mirror. Its size 
is directly proportional to the amount of arsenic contained in the 
original sample and can thus be used as a quantitative test for the 
amount of poison present in a body.

Marsh’s test did not become an instantaneous, universal success. 
As other forensic scientists used it, a number of problems developed. 
For example, arsenic often occurs naturally with zinc. Thus, if im-
pure zinc is used in the test, a positive (but misleading) result will 
be obtained. Over time, however, the testing procedure was refined 
and used with very pure materials. Eventually, it became one of the 
most highly respected of the early forensic tests developed by chem-
ists. It is effective enough that it is used to the present day.

Nearly everyone today is familiar with the important role that 
fingerprints play in the identification of criminals (as well as in a 
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host of other applications). Perhaps less well known is the parallel 
effort that forensic scientists have used for more than a century—to 
use the “fingerprints” of bullets to identify weapons used in crimes 
and the individuals who have used those weapons.

Possibly the earliest example of this research occurred in 1835 
when an English police officer named Henry Goddard attempted to 
use the markings found on a bullet in a dead man’s body to locate 
the man’s murderer. Goddard was one of the last of the Bow Street 
Runners, the forerunners of today’s Scotland Yard. He noticed that 
the bullet contained an unusual marking. He set out to find a mold 
from which a bullet with that kind of distinctive mark could have 
been made. When he was successful in locating that mold, its owner 
was so taken aback by the apparently irrefutable evidence that he 
confessed to the crime on the spot.

The Goddard story is of interest largely for historical reasons. 
Attempts to use bullet “fingerprinting” in criminal investigations 
were few and far between over the next 60 years. But by the 1890s, a 
combination of circumstances renewed interest in the technique as 
a way of identifying possible criminals.

Probably the most important of these factors was the introduction 
of a new method for making gun barrels, known as rifling. Rifling 
is the process by which spiral grooves are etched into the inner sur-
face of a gun barrel. The grooves cause a bullet passing through the 
barrel to spin, and this rotational motion prevents the bullet from 
tumbling end over end once it leaves the gun barrel.

Various gun makers have used different systems of rifling. Some 
areas of difference are the number of grooves used in a barrel, the 
direction in which they spiral, the distance between adjacent spirals 
(called the land), and the angle of the spirals. The result is that each 
gun has a type of rifling that leaves a unique and characteristic set 
of marks on any bullet fired through it.

The first person to make an extensive study of the use of rifling 
patterns in criminal investigations was Alexandre Lacassagne 
(1843–1924), then professor of forensic medicine at the University 
of Lyon school of medicine. In 1889, he was called to investigate a 
murder in which a bullet had been removed from the victim’s body. 
Lacassagne compared the markings on the bullet with the rifling 
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pattern from a weapon owned by the chief suspect in the investi-
gation. He concluded that the bullet was probably fired from the 
suspect’s gun, providing a jury with sufficient evidence to convict 
the suspect.

As promising as this story may sound for the history of forensic 
science, it was only a beginning. Lacassagne studied only two char-
acteristics of the rifling pattern—the number of grooves and the size 
of the lands. These characteristics are not sufficient to connect a 
specific gun with a bullet taken from a scene of a crime. So many dif-
ferent kinds of guns are made that additional markings are needed 
to obtain a positive connection between weapon and bullet.

Over time, methods for the “fingerprinting” of bullets became 
more sophisticated. In the 1920s, for example, a major in the U.S. 
Army named Calvin Goddard (1891–1955) invented an instrument 
called a comparison microscope with which the markings on two 
bullets could be compared with high specificity. A comparison mi-
croscope is simply a pair of optical microscopes mounted side by 
side on a common stand. The magnified images from the two micro-
scopes are projected on adjacent screens so that they can be easily 
compared.

Bullet (or ballistic) “fingerprinting” became an issue of consider-
able interest in late 2002 when a pair of snipers killed and injured 13 
individuals in the Washington, D.C., area. These crimes convinced 
a number of gun control advocates that all new firearms sold in the 
United States should be tested to produce a characteristic ballistic 
fingerprint. Such fingerprints could then be used, proponents ar-
gued, to trace the guns used in crimes by comparing bullets found 
at the crime scene with ballistic fingerprints on file at a central  
library.

At the time, two states, New York and Maryland, already had such 
laws on the books. Opponents of ballistic fingerprinting pointed out 
the enormity of the task involved in putting such a program in place, 
however. There may already be as many as 200 million firearms in 
the hands of Americans, almost none of which have been “finger-
printed” so far. No matter how useful ballistic fingerprinting may 
be, opponents say, the likelihood of turning it into a useful crime-
solving tool is low.
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The Scope of Forensic Chemistry
The analysis of a crime scene involves the participation of experts 
in both the physical and biological sciences as well as in many areas 
of technology and law enforcement. Forensic chemists study finger-
print patterns and fiber, glass, gunshot, and other types of residues; 
analyze drugs and poisons; examine possible forgeries; analyze 
residues for possible arson and explosive crimes; and carry out DNA 
analyses to identify possible criminal suspects.

Today the term criminalistics is often used to describe the work 
that forensic chemists and other forensic scientists do. The term 
means virtually the same as does the more common phrase fo-
rensic science. It has been defined by the California Association of 
Criminalists as follows:

Criminalistics is that professional occupation concerned with the 
scientific analysis and examination of physical evidence, its inter-
pretation, and its presentation in court. It involves the application 
of principles, techniques and methods of the physical sciences, 
and has as its primary objective a determination of physical facts 
which may be significant in legal cases.

In succeeding chapters of this book, a number of examples will 
be presented that illustrate the ways in which forensic chemists can 
contribute to the solution of crimes, with special emphasis on recent 
developments in techniques they use and the methods by which 
they work.
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Fingerprinting

“When bloody finger-marks or impressions on clay, glass, 
etc., exist, they may lead to the scientific identification of 

criminals. . . . Already I have had experience in two such cases, 
and found useful evidence from these marks.” This description of 
the potential use of fingerprints in crime detection was written 
by a Scottish doctor named Henry Faulds in a letter to the British 
science magazine Nature on October 28, 1880. At the time, Faulds 
was working as a missionary in Japan, where he had inadvertently 
been introduced to the traditional use of fingerprints by Japanese 
artisans to identify their work. Faulds became interested in the 
practice and was actually able to use it to discover that one of his 
medical students was responsible for the mysterious disappearance 
of alcohol from his laboratory. At first concerned about the reli-
ability of fingerprinting as a detection device, Faulds eventually 
decided to seek the help of Charles Darwin in alerting the scientific 
world to the potential of dactylography, the use of fingerprints for 
the detection of crimes.

Faulds’s letter is generally recognized as the first written state-
ment about the role that fingerprints might have in the solution  
of crimes. The letter is by no means, however, the first occasion 
on which fingerprinting was suggested as a means of identifying 
individuals.
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The History of Fingerprinting
The use of fingerprints to identify individuals can be traced at least 
as far back as the third century b.c.e., when the Chinese used such 
marks in legal disputes over business dealings and to claim ownership 
of a document or object. Historians do not know, however, whether 
the Chinese understood the distinctive nature of fingerprints.

Scientific studies of fingerprints began in the late 17th century 
when an English physician, Nehemiah Grew (1641–1712) took note of 
the “innumerable little ridges” that he observed on the tips of fingers. 
In an article he wrote for Philosophical Transactions in 1684, Grew 
noted: “If anyone will but take the pains, with an indifferent glass 
to survey the palm of his hand, he may perceive . . . innumerable 
little ridges, of equal bigness and distance, and everywhere running 
parallel one with another. . . . They are very regularly disposed into 
spherical triangles and elliptics.” Grew made no effort in his paper, 
however, to suggest that the “innumerable little ridges” might serve 
any purpose in terms of identifying individuals.

The first concrete step in that direction occurred in 1823, when 
the Czech physiologist Jan Purkinjě (1787–1869) noted that finger-
prints commonly followed one of nine distinctive patterns, which 
he called transverse curve, central longitudinal stria, oblique stripe, 
oblique loop, almond whorl, spiral whorl, ellipse, circle, and double 
whorl. Again, Purkinjě made no connection between these patterns 
and their potential use in the identification of criminals.

By the 1850s, however, the stage had been set for scientists and 
law enforcement officers to begin to see how fingerprints could 
be used in forensic science. One of the pioneers in this effort was 
William Herschel (1833–1918), the grandson of one of England’s 
greatest astronomers. Herschel had been employed as assistant joint 
magistrate and collector for the British government in the Hooghly 
district of India. During his term of service in India, Herschel had 
found that retirees under his administration sometimes attempted 
to collect their pension payments more than once. To avoid being 
cheated by this practice, Herschel introduced a system of having 
each pensioner leave his thumbprint on a receipt to indicate that he 
had received payment.
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Herschel remained involved in the study of fingerprints for the 
rest of his life. He was especially interested in discovering whether 
a person’s prints changed over time, which, he decided, they did not. 
But he apparently had little interest at first in the possible use of 
fingerprinting as a forensic device. That changed, however, when he 
read Henry Faulds’s letter to Nature in 1880. He responded with his 
own letter to the journal a month later, pointing out his own experi-
ence in fingerprint studies and suggesting that they might be used 
in dealing with criminal cases: “The ease with which the signature 
is taken and the hopelessness of either personation or repudiation 
are so great that I sincerely believe that the adoption of the practice 
in places and professions where such kinds of fraud are rife is a 
substantial benefit to morality.”

As innocent as Herschel’s letter may appear, it outraged Faulds, 
who thought that Herschel was trying to steal his priority for the 
discovery of fingerprinting as a forensic tool. Upon his return to 
England from Japan, Faulds attempted to interest police officials, 
not only in London, but also in New York, Paris, and other major 
cities of the world. He received, at best, polite dismissal. For all prac-
tical purposes, Faulds’s research slipped quietly into the backwater 
of forensic science.

Within a decade, however, two important events established the 
role of fingerprinting in the arsenal of forensic science. The first was 
the 1892 publication of the first scientific book on fingerprinting, 
Finger Prints, by Sir Francis Galton (1822–1911), Charles Darwin’s 
cousin. Galton drew heavily on the research of both Herschel and 
Faulds to develop a system by which the precise pattern of a set 
of prints could be used to identify its owner. Within a decade, law 
enforcement officers and criminal prosecutors were using Galton’s 
book to find and convict criminals.

The second event was the development of the first workable 
system of fingerprint classification by the English police officer 
Sir Edward Henry (1850–1931) in 1900. Henry had read Galton’s 
book and spoken with him in person about the potential of dac-
tylography. When Henry was posted to India in 1896, where he 
served as inspector general of police for Bengal province, he as-
signed two officers to implement the Galton scheme in the region.
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←  Sir Edward Henry (1850–1931)  ➢

The last quarter of the 19th century saw a surge in efforts to find 
ways of identifying individuals involved in criminal activity. Prior to 

that time, law enforcement officials were lucky to be able to say with 
any certainty which person among many possible suspects was guilty 
of a crime. There is little doubt that the great majority of wrongdoers 
escaped punishment because courts could not be convinced that they 
were, “without the shadow of a doubt,” the guilty party. Probably the 
greatest step forward during this period was the development of finger-
printing as a forensic tool. A pioneer in the emergence of this technology 
was Sir Edward Henry.

Edward Henry was born on July 26, 1850, at Shadwell, Wapping, 
London. He attended St. Edmund’s College in Hertfordshire before en-
rolling at University College, London, where he studied English, Latin, 
physics, and mathematics. After graduating in 1869, Henry took a po-
sition as a clerk with Lloyd’s of London, the famous insurance brokers. 
Two years later, he left that post to begin a study of law at the Society 
of the Middle Temple. In 1873, he accepted an appointment as assistant 
magistrate collector in the Bengal province of India.

Henry’s interest in fingerprinting classification soon earned him 
notice at home, and in 1900, he was called to testify before the Belper 
Committee, a group organized to study problems of identifying crimi-
nals for the London police. The committee was sufficiently impressed 
with Henry’s work to send him to South Africa, where he organized the 
first fingerprinting bureau (consisting of one man) in the colony of Natal. 
A year later, he was recalled to England, where he was made assistant 
commissioner of Scotland Yard in charge of the Criminal Investigation 
Department. Within a month of assuming his new position, Henry had 
created the first fingerprint bureau at Scotland Yard.

In 1903, Henry was promoted to the post of commissioner of Scotland 
Yard, a position he held until 1918, when he resigned after a two-day 
strike by 11,000 police officers. He was knighted in 1906 and made a 
baronet in 1918. Henry died on February 19, 1931, at his home in Ascot, 
Berkshire.
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Between July 1896 and February 1897, Henry and his two Bengali 
officers, Azial Haque and Hemchandra Bose, developed a system of 
fingerprint classification based on the pattern of loops, arches, and 
whorls found in fingerprints. The system made it possible to file, 
search, and compare fingerprints of thousands of individuals. By 
the end of 1897, Henry’s system had been adopted by law enforce-
ment agencies throughout British India. In 1900, Henry published a 
book describing his system, Classification and Uses of Fingerprints, 
that rapidly became a standard source for law enforcement agencies 
around the world. In 1901, he was recalled to England and appointed 
the first commissioner of Scotland Yard’s new Fingerprint Bureau. 
The Henry system of fingerprint classification is still used largely in 
its original form in all English-speaking countries.

In less than a decade, the Henry system was adopted by most 
major police departments around the world. It became standard 
procedure for identifying criminals in the New York State prison 
system in 1903 and in the Leavenworth Federal Penitentiary and the 
St. Louis (Missouri) police department a year later. In 1905, the U.S. 
Army initiated fingerprinting as a standard procedure for all new 
recruits, and two years later, the U.S. Navy also adopted the policy. 
When the Federal Bureau of Investigation (FBI) was created by act of 
Congress in 1924, the new agency immediately began the process of 
collecting and filing fingerprint records currently available through-
out the nation. The FBI is currently said to have more than 238 mil-
lion fingerprints in its files (many of people long dead), about half of 
whom have been suspected or convicted of criminal activity.

General Principles of Fingerprinting
Fingerprints are characteristic features of human skin found on the 
palm side of the fingers and thumbs and on the soles of the feet. They 
are almost the only place on the body where the skin is not smooth. 
Biologists believe that fingerprints may have evolved to provide the 
hands and feet with rough surfaces that allow one to grasp and hold 
objects more easily.

Fingerprints begin to develop and are completely formed during 
the fetal stage of life. They have two fundamental characteristics 
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that permit them to be used to identify an individual. First, finger-
print patterns are unique. No two humans have ever been found who 
have identical fingerprint patterns. Second, fingerprint patterns do 
not change during a person’s lifetime. Attempts to sand down one’s 
fingers, pour acid on them, or mutilate them in some other way in 
order to destroy or change the fingerprint pattern are doomed to 
failure; the pattern reappears once the skin grows back.

The basic structure of a fingerprint can easily be seen by means of 
a microscopic examination of skin patterns on the fingers, thumbs, 
and soles of the feet. The skin in such locations is folded into hills 
and valleys known respectively as ridges and grooves. The ridges are 
frequently referred to as friction ridges, because they provide the 
friction needed to grip and hold an object. Friction ridges may be of 
different lengths and shapes.

Scientists have now identified more than 150 different ridge char-
acteristics (also known as minutiae) by which two fingerprint pat-
terns can be compared with each other. For example, the ridges in a 
fingerprint pattern may be long in some places and short in another. 
They may be broken into short segments known as islands. They 

The most obvious features of a fingerprint are raised areas (ridges) and depressions 
(grooves).  (Spencer Grant/Photo Researchers, Inc.)
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may branch at some point in their length, producing bifurcations. 
And they may fold around upon themselves, forming closed loops.

One problem with the process of fingerprint identification is de-
ciding how many of those 150 characteristics must match in order 
for the prints to be said to be identical. Law enforcement experts 
in the United Kingdom, for example, normally require two prints 
to match on 16 points in order for them to be considered identi-
cal. But that number is only 12 in Australia and New Zealand and 
8 in India. Canada has no nationwide standard, and in the United 
States, each state sets its own standard, although the Federal Bureau 
of Investigation (FBI) uses a 12-point system. All of these systems 
are somewhat arbitrary since there is no scientific basis for deciding 
exactly how many matches are needed to provide a high level of 
confidence that a duplicate has been found.

The first legal challenge to the use of fingerprinting for the 
identification of possible criminals occurred in the case of United 
States v. Byron Mitchell, heard by the U.S. District Court for Eastern 
Pennsylvania in 1999. The defendant in that case argued that there 
was insufficient scientific evidence to permit identification based 
on fingerprint patterns. The court ruled for the prosecution in this 
case, providing at least a temporary legal basis for continued use of 
fingerprinting by law enforcement officers.

Fingerprints may take one of three forms: visible, plastic, or la-
tent. Visible prints are left behind when a person transfers some 
type of colored material on his or her hand to a smooth surface by 
touching it. For example, a person’s hands might become bloody dur-
ing commission of a crime. That blood would then be left behind on 
any surface the individual touched, such as a door handle, tabletop, 
or automobile steering wheel. Paint, grease, dirt, ink, or other mate-
rials are also commonly found in visible prints.

Plastic prints are produced when a person touches a soft mate-
rial, such as clay, mud, soap, or wax, in which the friction ridges 
produce a visible pattern. Latent prints are so called because they 
are invisible to the human eye. They are composed of eccrine secre-
tions, produced by small sweat glands located just under the surface 
of friction ridges. Eccrine secretions are left behind after a person 
has touched an object. The vast majority of fingerprints that law  
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enforcement officers deal with are latent prints. A number of chemi-
cal techniques have been developed by which such prints can be 
made visible and, therefore, usable for purposes of identification.

Fingerprinting Systems
The earliest attempt to devise a system for classifying fingerprints 
dates to Galton’s 1892 book Finger Prints. In it, Galton suggested a 
scheme of categorization based on three main pattern types: arches, 
loops, and whorls. Each of a person’s 10 fingers was assigned a letter 
indicating the most prominent pattern to be found there, an A, L, or 
W. The person’s fingerprint “identity,” then, consisted of a sequence 
of 10 letters, such as AALWL LLWLA, that could be filed alphabeti-
cally for future reference. Galton developed this system, not because 
he was interested in its possible application to the detection of crime, 
but because of his studies in racial characteristics and heredity. The 
scientific research for which he is best known today is in the field of 
eugenics, a science that attempts to improve the overall quality of 
the human race by selective breeding.

The first systems for the classification of fingerprints for law en-
forcement purposes were developed almost simultaneously by Sir 
Edward Henry in the United Kingdom and an Argentine police of-
ficial, Juan Vucetich (1858–1925). Both systems were based largely 
on Galton’s original research. Although the two systems are similar, 
they found separate audiences: Henry’s eventually became popular 
primarily in the English-speaking world, and Vucetich’s came to 
dominate in the Spanish-speaking world.

Since the Henry system still forms the basis on which most fin-
gerprint classification systems are based today, it is explained here. 
In that system, the primary pattern observed on each finger is as-
signed a letter: A for arch, W for whorl, and L for loop, for example. 
Then, the 10 fingers are paired off as shown below:

Right index (RI) with right thumb (RT)

Right ring (RR) with right middle (RM)

Left thumb (LT) with right little (RL)

1.

2.

3.
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Left middle (LM) with left index (LI)

Left little (LL) with left ring (LR)

The presence or absence of a whorl (only) is noted for each finger. 
If a whorl appears on either or both of the first set of fingers, it is 
assigned a point value of 16. If it appears anywhere in the second set, 
it is given a value of 8. The presence of a whorl on any one of the last 
three sets is given a value of 4 (for the third pair), 2 (for the fourth 
pair), and 1 (for the fifth pair).

The total point value for the set of fingerprints is then determined 
by substituting the whorl point value for each finger in the following 
equation:

RI + RR + LT + LM + LL + 1
Point value = 

RT + RM + RL + LI + LR + 1

For a person with whorls on the right ring (RR), left middle (LM), 
and right little (RL) fingers, then, the point value assigned to his or 
her fingerprints would be:

0 + 8 + 0 + 2 + 0 + 1 
11

Point value =  =
0 + 0 + 4 + 0 + 0 + 1    5

The total number of different point values that can be calculated 
in this way is 1,024 (210). An investigator attempting to match finger-
prints has his or her job reduced by 1/1,024 and, in this example, has 
to examine only those prints on file with a point value of 11/5.

Clearly, the above system does not provide a positive match be-
tween any two sets of fingerprints when there are tens or hundreds 
of millions of individuals living in a country. In the final analysis, 
some individual still has to sit down with two sets of prints, look 
at them very carefully, and discover how closely the minutiae of 
those prints actually match. If 16 points of match are found (in Great 
Britain), or 12 points (with the FBI), or some other number of points 
(with other agencies), then a match can be declared. The primary 
classification system described above, however, greatly simplifies 
that final stage of visual inspection.

4.

5.
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The major challenge in the use of visual analysis of fingerprints is 
the time required to look for matching minutiae in two or more sets 
of prints. As early as the 1960s, the FBI began to explore the process 
of automating this process. The final result of that effort was the 
Integrated Automated Fingerprint Identification System (IAFIS), in 
which computer programs scanned and compared two or more sets 
of fingerprints at high speed. Today some variation of this system 
is used in nearly all law enforcement agencies in the United States 
and in many other parts of the world. Print matches are generally 
achieved in a matter of minutes or hours rather than a few weeks or 
a few months, the response time for comparable searches conducted 
by humans.

Fingerprint Detection
The use of fingerprint patterns to arrest and convict criminals has 
become a highly sophisticated, often complex procedure that makes 
use of the best tools available in the physical and chemical sciences. 
The specific procedure used depends on a number of crime scene 
variables and often involves a series of steps.

One of the most important variables affecting fingerprint identi-
fication (other than the prints themselves) is the kind of surface on 
which the prints are deposited. The procedure chosen for detecting 
and studying a print depends on whether the surface on which it was 
deposited is rough or smooth, porous or nonporous. In porous sur-
faces, the materials that make up the fingerprint (water and solids 
found in eccrine secretions) may soak into the material and migrate 
away from the area where they were left. A nonporous surface does 
not present this problem. The detection method used to analyze the 
print differs, therefore, for the two situations.

Investigators must also determine whether the surface holding 
the prints had previously been wet or not. Some components that 
make up a print are water soluble and would be dissolved on a wet 
surface, while others are not water soluble and would remain in 
place. Any colors or background patterns on a surface may also af-
fect detection methods. Most chemical tests conducted on finger-
prints result in the formation of a characteristic color for a positive 
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test. With certain backgrounds, such as paper money, that color may 
be masked, necessitating a different test. The age of a fingerprint 
is also important. Some methods for identifying fingerprints detect 
only recently deposited prints, while others can detect prints that 
were made weeks or months earlier.

Fingerprint detection usually involves three major steps: locat-
ing the print, developing and/or enhancing its properties for better 
viewing, and protecting and preserving the print.

The basic principle behind fingerprint detection is the following: 
When a person touches a surface with his or her finger(s), a small 
amount of eccrine secretions from sweat glands on the hand is left 
behind on the surface, the fingerprint. That residue typically consists 
almost entirely (98.5 percent) of water, in which are dissolved small 
amounts (1.5 percent) of a large variety of solids. About two-thirds  

←  �Chemicals Commonly Found  
in Eccrine Secretions  ➢

Organic Inorganic

Amino acids Water (more than 98%)

Urea Chlorides

Uric acid Metal ions

Lactic acid Sulfates

Monosaccharides and  
disaccharides

Phosphates

Creatinine Ammonia

Choline
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of the solids are organic substances, while the remaining one-third is 
inorganic. The chart on page 21 lists some of the chemicals typically 
found in eccrine secretions. Although many of these substances are 
present in very small amounts, they are important because they 
may serve as the basis for some characteristic chemical reaction by 
which they, and therefore the fingerprint itself, may be detected.

Powder Tests
A latent fingerprint can be detected in any of three ways: with pow-
ders, by means of chemical tests, and by using optical procedures. It 
is not unusual for more than one test to be performed on a set of fin-
gerprints, each more sensitive than the preceding, or each carried 
out for some specialized purpose. The following sections describe 
some of the most popular tests in use today. These tests are designed 
primarily for the detection of latent prints since visible and plastic 
prints typically do not require further enhancement to make them 
visible.

In the first procedure that is often used in the search for latent 
prints, the person collecting the print spreads a colored powder on 
it such that some of the powder adheres to the print, making it vis-
ible. The visible print can then be photographed or studied by other 
methods. The use of a powder is possible only when a relatively 
large amount of eccrine secretions has been deposited on a surface, 
at least 500 ng (ng = nanogram, 1 billionth of a gram).

Fingerprint powders come in many different colors, including 
black, white, gray, and red. Although black and gray tend to be 
the most common colors used, an investigator will select the color 
that provides the best contrast between the print and the surface it  
is on.

The process of testing for fingerprints with powders is relatively 
easy to learn but involves certain special skills. For example, the 
powder should be distributed carefully on the surface being stud-
ied to avoid damaging the print itself. The normal procedure is to 
sprinkle the powder on a camel’s hair, nylon, or other fine-haired 
brush and then to wipe the brush gently across the surface being 
tested. Care is required because too much force on the surface may 
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damage the fingerprint ridges, making the pattern more difficult to 
observe.

In some cases, the object or material on which the print has been 
deposited (for example, a pistol or knife) can be removed from the 
crime scene and taken to a crime laboratory for further study. In 
other cases, the print may be found on a surface that cannot be 
moved, such as a wall or a window. In that case, the investigator 
makes a copy of the print by gently placing a special kind of cel-
lophane tape on the print. The powder on the print is transferred to 
the tape, which can itself be taken to a crime laboratory.

A variation of the powder detection method is called small particle 
reagent (SPR) analysis. This procedure can be used on wet surfaces, 
where the traditional dry powder method will not produce results. 
In an SPR analysis, the object on which the fingerprints have been 
deposited is submerged in an aqueous suspension of an insoluble 
solid in water. The particles of the solid stick to the organic portion 
of the prints (the eccrine secretions), producing an image, when 
dried, similar to that obtained from the dry powder approach.

One of the most sensitive powder-deposition methods currently 
available is vacuum metal deposition (VMD), illustrated in the dia-
gram below. The method can be used when only very small amounts 
of print material have been left behind on a surface. The first step in the 
procedure is to place the surface being examined in a closed container 

Vacuum metal deposition
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from which air can be removed, creating a vacuum. A small sample of 
gold metal is then evaporated inside the container. Under these con-
ditions, the gold adheres uniformly on the surface being studied. It 
forms a thin but consistent layer since it penetrates the fingerprint 
itself. Next, a small amount of zinc metal is evaporated within the 
container. The zinc adheres to the surface, on top of the gold, but does 
not adhere to any fingerprint material. The resulting “picture” consists 
of a uniform zinc background interrupted by “islands” of eccrine secre-
tion–based materials that rejected the zinc coating.

Chemical Tests
The second method of fingerprint detection invokes some type of 
chemical test that results in the formation of a characteristic colored 
product. Chemical tests are more sensitive than powder tests and 
can generally be used with residues that weigh between 100 and 200 
ng. Some of the most widely used chemical tests are the silver ni-
trate, iodine fuming, ninhydrin, superglue (cyanoacrylate), Physical 
Developer, and ruthenium oxide tests.

One of the oldest methods for the detection of latent fingerprints 
makes use of silver nitrate (AgNO3). The test depends on the fact 
that silver nitrate reacts with the chloride ion present in eccrine 
secretions:

AgNO3(aq) + Cl-(aq) k AgCl(s) + NO3
-(aq)

When exposed to light, solid silver chloride readily decomposes, 
forming chlorine gas and solid, grayish silver metal:

2AgCl(s) + hn k 2Ag0(s) + Cl2(g)

The test is familiar to most students of introductory chemistry class-
es and is one of the basic chemical reactions that takes place during 
the process of photography.

To perform the silver nitrate test, the tester sprays or gently wipes 
a small amount of a 3 percent solution of silver nitrate across the sur-
face being examined for fingerprints. The surface is then exposed to 
ultraviolet light or, if that is not available, to bright normal light. Any 
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fingerprints on the surface will become visible as a grayish pattern 
in a matter of minutes.

The silver nitrate test is used less frequently today than previ-
ously partly because the prints formed with the process tend to be-
come blurred over time and are not usable with prints more than a 
few weeks old.

Another popular and widely used test for latent fingerprints is the 
iodine fuming test. When iodine crystals are heated, they sublime; 
that is, they pass directly from the solid to the vapor state without 
first melting. In the presence of eccrine secretions, the iodine reacts 
with fatty acids in the secretions, forming a brownish complex that 
is easily visible. The complex decomposes rather easily, however, 
and the brownish evidence of any prints present on a surface fades 
rather quickly.

The test is conducted by suspending the surface on which prints 
have been deposited in a closed container. Iodine crystals are heated 
in a separate container called an iodine fuming gun, and the vapors 
produced are passed into the closed container. The container must 
have a transparent front so that the results of the test can be eas-
ily seen and photographed. Any prints detected in this way can be 
“fixed,” or made more permanent, by introducing a second reagent 
into the container. One substance commonly used is a starch solu-
tion, which reacts with iodine deposited on the prints to form a more 
permanent blue pattern.

Another fixing agent that is widely used is 7,8-benzoflavone (also 
known as naphthoflavone). When prints developed with iodine va-
por are sprayed with a 0.3 percent solution of this chemical, the 
prints turn a dark purple that is retained longer than the original 
brownish tint from iodine alone. Iodine-benzoflavone spray kits are 
available for use in detecting latent prints directly at a crime scene. 
The kit contains a combination of iodine and benzoflavone that is 
mixed and then sprayed on walls, windows, or other surfaces where 
latent prints are suspected.

Ninhydrin is an aromatic compound whose systematic name is 
triketohydrindene hydrate. In 1910, the English chemist Siegfried 
Ruhemann (1859–1943) discovered that ninhydrin reacts with 
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amino acids to form a distinctive purple compound now known as 
Ruhemann’s purple. The test is conducted with a solution of about 
0.5 percent ninhydrin in some appropriate solvent (such as ethanol 
or acetone). A number of different formulations are commercially 
available under names such as Arklone and Fluorisol. The solution 
is sprayed on the surface on which prints are suspected, and the ap-
pearance of the distinctive purple color is evidence of the existence 
of such prints. Color may begin to develop within a few hours or as 
long as 48 hours after application of the ninhydrin. Development of 
a ninhydrin print is also enhanced by heat treatment. The print-con-
taining surface may be suspended in a heating oven at temperatures 
of up to 100°C for up to about five minutes.

The results of a ninhydrin test can be further enhanced and, in 
some cases, preserved by the addition of a second reagent. Spraying 
the print-containing surface with a salt of zinc, for example, causes a 
color change from purple to orange. In some cases, the color change 
permits the print pattern to stand out more clearly from the back-
ground than the original Ruhemann purple.

The ninhydrin test has now become the most popular test for 
latent fingerprints on paper. It has been used successfully in detect-
ing prints that are up to 15 years old. Ninhydrin is by no means 
the only reagent that reacts specifically and characteristically with 
amino acids, however. A considerable amount of research has been 
conducted on analogs of ninhydrin, compounds with a chemical 
structure similar to that of ninhydrin and possessing a similar ten-
dency to react with amino acids. Some of the compounds studied 
in this line of research produce results superior to those obtained 
with ninhydrin itself in fingerprint identification. These include 
benzo(f)ninhydrin; 1,8-diazafluoren-9-one (DFO); 5-methoxyninhy-
drin; and 5-(methylthio)ninhydrin.

In most cases, the ninhydrin analogues are superior, not because 
of the primary reaction between reagent (ninhydrin or ninhydrin 
analogue) and fingerprint, but because of the increased visibility of 
the print when viewed under optical light treatment. For example, 
DFO (1,8-diazafluoren-9-one) produces a pale pinkish-purple color 
when it comes into contact with amino acids. But, the prints can be 
made to fluoresce at room temperature in a relatively short period of 
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time (less than 30 minutes). Another ninhydrin analogue with simi-
lar properties is 1,2-IND (1,2-indandione), which reacts with eccrine 
secretions to give a pale pink color. Under treatment with a strong 
light source, however, the print fluoresces with a strong green light. 
Yet another ninhydrin analogue, 5-MTN (5-[methylthio]ninhydrin), 
produces an even more pronounced purplish coloration than ninhy-
drin itself, and in addition, it fluoresces to give a pronounced orange 
color.

A popular commercial adhesive sold under the name of superglue 
has been shown to be an effective reagent for the detection of finger-
prints. The primary ingredient of superglue is generally the methyl 
or ethyl ester of cyanoacrylic acid, methyl-2-cyanoacrylate or ethyl-
2-cyanoacrylate. When superglue is heated, it produces a colorless 
vapor that appears to be especially attracted to oily products such 
as those generally found in a fingerprint. The vapor deposits on the 
ridge patterns of the fingerprint, polymerizes, and forms a white 
powder (polycyanoacrylate) that adheres to the prints.

The cyanoacrylate fuming test is easy to conduct. The object to be 
tested is suspended inside a container with at least one transparent 
side. A few drops of superglue or similar cyanoacrylate product is 
added to the container, and the container is sealed and heated to 
about 100°C. That heat is sufficient to cause vaporization and poly- 
merization of the cyanoacrylate, resulting in the formation of dis-
tinctive white print patterns, a process that may take two hours or 
more. The cyanoacrylate fuming test has become the procedure of 
choice for the detection of latent prints deposited on nonporous ob-
jects, such as glass, plastic, rubber, and leather.

As with other methods of latent print detection, the prints obtained 
by means of the cyanoacrylate fuming test may be further enhanced 
by a variety of techniques for better viewing. They may be sprayed 
with a variety of dyes, such as gentian violet, basic yellow 40, basic 
red 28, rhodamine 6G, or thenoyl euoprium chelate. Sometimes the 
dye simply intensifies or otherwise improves the appearance of the 
print. Gentian violet, for example, combines with the white polycya-
noacrylate powder deposited on a print to produce a deep purple. In 
other cases, the dye improves the fluorescence of the prints under an 
optical source. Prints treated with cyanoacrylate and then sprayed 
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with Rhodamine 6G, for example, fluoresce strongly in the green re-
gion of the electromagnetic spectrum.

A product that has some important special applications in fin-
gerprint identification is Physical Developer (PD). The primary 
active ingredient in PD is silver nitrate, a substance that reacts 
readily with chloride ions in eccrine secretions, as discussed ear-
lier. The silver nitrate is mixed with an oxidation-reduction (redox) 
system, a detergent, and a buffer. A typical redox system consists 
of ammonium iron(II) sulfate [Fe(NH4)2(SO4)2] and iron(III) ni-
trate [Fe(NO3)3]. When PD is applied to a surface that contains 
fingerprints, silver ions adhere to the print ridges, where they are 
reduced to silver metal. As with the silver nitrate test already de-
scribed, even very small amounts of silver metal are adequate to 
make prints visible.

The Physical Developer test has two special advantages. First, it 
works well with porous objects that are wet or that have been wet in 
the past. Second, PD has been effective in developing prints when 
other methods have been unsuccessful. The greatest disadvantage of 
the PD test, however, is that it is destructive. The chemicals in the 
product may wash away parts of the print itself or may react with 
the surface to which they have adhered. It must, therefore, be the 
final test carried out on a sample.

Latent fingerprints occur on such a wide variety of materials and 
under such a wide variety of circumstances that specialized tests can 
sometimes produce results that more traditional procedures (such as 
ninhydrin, cyanoacrylate, and silver nitrate tests) might miss. For 
example, dimethylaminocinnamaldehyde (DMAC) has been used 
for the detection of prints left on thermal paper, a material that has 
posed problems with other detection systems. DMAC reacts with 
urea in eccrine secretions to produce a dark red product.

Another test showing some promise has involved the use of ru-
thenium tetroxide (RuO4). Since ruthenium tetroxide presents cer-
tain safety hazards (it tends to decompose explosively above 200°F 
[100°C]), historically its use has been quite limited. In 1995, however, 
a team of Japanese researchers developed a safe method by which 
the reagent can be used. It is now available in that formulation un-
der the name of RTX. When a material is exposed to RTX fumes, any 
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fingerprints on it will react with the reagent to produce a dark gray 
image. The reagent has proved to be especially useful on certain 
types of porous materials, such as paper money, that pose problems 
for other types of detection systems.

Light Tests
Fingerprints that are normally not visible under ordinary light may 
often be seen if the light or the object being viewed is modified in 
some way. One of the simplest modifications of light to reveal a latent 
print is simply to shine a strong line source at an oblique angle to 
the surface. In some cases, this change in the direction of light alone 
may reveal a print that was otherwise not visible. In other cases, 
using a different type of light source may reveal prints. An instru-
ment known as the Reflected Ultraviolet Imaging System (RUVIS), 
for example, emits an ultraviolet light that is directed at a surface 
suspected of holding latent prints. Prints otherwise not visible in 
ordinary light may become visible under the ultraviolet beam.

In the 1970s, an important discovery revealed that exposure to laser 
beams may cause latent fingerprints to fluoresce. Fluorescence occurs 
when an atom absorbs a photon of energy, which is then used to raise 
one of its electrons to a higher level. After a brief moment, the electron 
returns to its ground level, emitting a second photon of energy with a 
wavelength and frequency different from that of the incident light.

Lasers are often useful in producing fluorescence of latent fin-
gerprints because they provide an intense monochromatic beam of 
light (that is, light of a single wavelength). In order to be effective, 
the laser must be “tuned” to the frequency of the electron transition 
that takes place in atoms of the prints being sought. In 1977, Brian 
Dalrymple, a forensic analyst with the Ontario Provincial Police, 
and his colleagues discovered that light from an argon laser was ide-
al for this purpose. An argon laser produces light with a wavelength 
of about 480 nm, in the blue-green portion of the electromagnetic 
(EM) spectrum. Atoms in a latent print absorb the light and reemit it 
with a new wavelength of about 550 nm, in the yellow-green portion 
of the EM spectrum. By accident, Dalrymple and his team found 
that the protective safety goggles worn by laser operators filtered out
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extraneous wavelengths of radiation, allowing the light emitted by 
the fingerprint to be seen with special clarity.

A number of adaptations have been made to this procedure, but 
the basic principle remains the same. Different types of light can 
be used to produce fluorescence in a fingerprint, and the print may 
be treated in various ways to cause or enhance fluorescence. And a 
variety of filters for the safety goggles worn in the test can be used 
to make the reemitted light more vivid.

One of the most important of these developments was the dis-
covery that traditional fingerprint tests (such as the ninhydrin or 
cyanoacrylate test) could be made more useful by adding a second 
chemical to a print being examined to make it fluorescent or to en-
hance its fluorescence. Some common examples are the use of zinc 
or cadmium chloride following the ninhydrin test and the use of 
rhodamine 6G after the cyanoacrylate test.

←  Brian Dalrymple (1947–  )  ➢

Nonspecialists are familiar with film and television depictions of finger- 
print detection, in which a detective brushes fingerprint powder 

across surfaces at a crime scene, sometimes with spectacular results. But 
fingerprint analysis has become a far more sophisticated procedure than 
this. Prints are often treated and analyzed by a series of tests, each more 
sensitive than the preceding. One of the great breakthroughs in fingerprint 
identification was the discovery that, when exposed to the proper optical 
conditions, fingerprints may fluoresce, providing a more vivid and detailed 
print pattern than may be available with traditional physical and chemical 
techniques. A pioneer in the study of optical methods of fingerprint analysis 
is Brian Dalrymple.

Brian Ellsworth Dalrymple was born in Toronto on September 23, 1947. 
He attended the Ontario College of Art, from which he received his bach-
elor’s degree in 1970. He then attended the Ontario Police College and the 
Sheridan College of Applied Arts & Technology, where he studied biologi-
cal photography. He joined the Ontario Provincial Police in 1980, where he 
served as a forensic analyst. He was later promoted to senior forensic ana-
lyst (1980–92) and, later, to manager of the Forensic Identification Services 

(1992–98). From 1998 to 1999, he served as a special projects consultant to 
the office of the Ontario chief coroner’s office. In 1999, he established his 
own consulting firm, Forensic Consulting.

While a member of the Ontario Provincial Police department in the 1980s, 
Dalrymple and his colleagues studied the inherent luminescence produced 
by fingerprints under certain conditions, the effect of using lasers and 
other various kinds of light sources for the illumination of prints, the use of 
specialized safety goggles for the viewing of luminescence, the computer 
enhancement of fingerprint patterns, and a number of other topics relating 
to the analysis and enhancement of prints.

Dalrymple has been an expert witness for cases heard in courts in Ontario, 
Quebec, Alberta, New York State, and Bermuda. He has taught forensic sci-
ence at a number of law enforcement venues, including the Ontario Police 
College, the Michigan State Police, the Royal Canadian Mounted Police, 
the Israel Police Force, the University of Toronto, the University of New 
Haven, the International Association for Identification, the Sir Sandford 
Fleming College, and the Niagara Regional Police Service. Dalrymple has 
been awarded the John Dondero Award of the International Association for 
Identification, the Foster Award of the Canadian Identification Society, and 
the Lewis Minshall Award of the United Kingdom’s Fingerprint Society.
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Another important discovery was the finding that lasers are not 
required to produce luminescence; in fact, ordinary light is often 
satisfactory for developing or enhancing fingerprints. The primary 
requirement is that the light must be sufficiently intense to cause 
a print to fluoresce visibly. A variety of such light sources has 
been tried, and many have become part of the forensic scientist’s 
crime-detection arsenal. High-intensity light sources used for the 
fluorescence of latent prints are commonly known as forensic light 
sources.

The search for new methods of detecting, enhancing, and pre-
serving fingerprints continues in forensic science. There are always 
opportunities for discovering methods of uncovering prints that 
cannot be easily found by existing methods or for improving the ef-
ficiency of methods that have been known and used for long periods 
of time.

←  Brian Dalrymple (1947–  )  ➢
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print pattern than may be available with traditional physical and chemical 
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(1992–98). From 1998 to 1999, he served as a special projects consultant to 
the office of the Ontario chief coroner’s office. In 1999, he established his 
own consulting firm, Forensic Consulting.

While a member of the Ontario Provincial Police department in the 1980s, 
Dalrymple and his colleagues studied the inherent luminescence produced 
by fingerprints under certain conditions, the effect of using lasers and 
other various kinds of light sources for the illumination of prints, the use of 
specialized safety goggles for the viewing of luminescence, the computer 
enhancement of fingerprint patterns, and a number of other topics relating 
to the analysis and enhancement of prints.

Dalrymple has been an expert witness for cases heard in courts in Ontario, 
Quebec, Alberta, New York State, and Bermuda. He has taught forensic sci-
ence at a number of law enforcement venues, including the Ontario Police 
College, the Michigan State Police, the Royal Canadian Mounted Police, 
the Israel Police Force, the University of Toronto, the University of New 
Haven, the International Association for Identification, the Sir Sandford 
Fleming College, and the Niagara Regional Police Service. Dalrymple has 
been awarded the John Dondero Award of the International Association for 
Identification, the Foster Award of the Canadian Identification Society, and 
the Lewis Minshall Award of the United Kingdom’s Fingerprint Society.
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3
Forensic Serology

“For by their blood shall ye know them.”
—With apologies to Matthew 7:20

One of the cardinal doctrines of forensic science is that crimi-
nals always leave trace evidence—“clues”—behind at the scene 

of a crime. In the case of many violent crimes, such as murders and 
rape, the most valuable type of evidence is likely to be blood.

Blood is important because certain characteristics of blood are 
variable in the human population. When evidence of a crime includes 
blood samples, these variations can help identify who could or could 
not have committed it. Investigators can also gain important insights 
to a crime by studying the patterns of any associated bloodstains. 
Before accomplishing any of this, however, it may be necessary to find 
out whether a sample under investigation is actually human blood.

Scientists who study blood and other bodily fluids for evidence in 
the analysis of a crime are known as forensic serologists. Relatively 
little research was done in the field of forensic serology prior to the 
20th century. As mentioned in chapter 1, two tests were developed 
in the 1860s for the detection of blood and its primary protein com-
ponent, hemoglobin: the guaiac test (van Deen in 1862) and the hy-
drogen peroxide test (Schönbein in 1863). Mathieu Orfila, the “father 
of toxicology,” also studied the possibility of analyzing blood and 
semen stains by using a microscope.
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But the real origins of forensic serology can be traced to the work 
of the Austrian-American physician Karl Landsteiner (1868–1943). 
In 1901, Landsteiner announced that human blood can be classified 
into only a few general classes or types, which are known today as 
A, B, AB, and O.

Blood Types
Landsteiner began his research because he was interested in finding 
out why it is not possible to transfuse blood from any one human 
into any other human (or, for that matter, from a nonhuman animal 
into a human). Physicians had long believed that blood was blood. 
It should be possible, they thought, to remove the blood from one 
person and give it to any second person who had been injured or 
wounded and needed additional blood.

But physicians had also learned that this simple idea was not true. 
In some (but not all) cases, a person who received a blood transfu-
sion from another person became very ill and died. Today we know 
what happens in such “failed” transfusions. The blood cells from the 
donor begin to agglutinate, or clump together. The agglutinated cells 
can then block blood vessels and stop the flow of blood throughout 
the body. The agglutinated cells may also crack open, releasing their 
contents into the recipient’s bloodstream. Some of those contents 
are toxic and can cause the recipient to die. For example, hemoglo-
bin, the core protein in red blood cells, is toxic to the body once it 
has been removed from a red blood cell.

The process by which agglutination occurs is now well under-
stood. Blood is a complex mixture of cells, cell fragments (platelets), 
protein molecules, and inorganic ions suspended and dissolved in a 
pale yellowish liquid called plasma. For the purposes of blood typ-
ing (and other problems in forensic serology), the most important 
component of blood is red blood cells (RBCs), the cells that are re-
sponsible for transporting oxygen from the lungs to cells throughout 
the body. The color of red blood cells is due to the presence of the 
protein hemoglobin.

The surface of red blood cells is covered with many different 
kinds of molecules. These molecules serve a variety of purposes,
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such as transmitting messages to other cells and molecules in the 
surrounding environment and receiving messages from those cells 
and molecules. RBCs differ to some extent in different individuals. 
For example, the RBC surfaces of two people—designated Ms. V and 
Mr. W—might present the following patterns, where each number 
represents a different kind of molecule:

Ms. V: 323, 415, 278, 199, 301, 894, 111, 300, 793, 232, 109 
Mr. W: 323, 489, 278, 199, 301, 894, 771, 300, 443, 232, 109

If blood is transferred from Ms. V into Mr. W., the latter’s body 
will not recognize Ms. V’s RBCs because they do not match his own 
RBC patterns. His body will treat them as “foreign invaders” that 
represent a threat to Mr. W’s body. Mr. W’s immune system will 

←  �Mathieu Joseph Bonaventure Orfila 
(1787–1853)  ➢

Historians are in almost unanimous agreement that the title of “father of 
toxicology” can be given to a single person, Mathieu J. B. Orfila.

Orfila was born in Mahón, on the Spanish island of Minorca, on April 24, 
1787. At the age of 15, he signed on as a seaman for a voyage that was to 
take him to Sardinia, Sicily, and Egypt. Instead of marking the beginning of 
a career at sea, the voyage convinced Orfila that he was not suited to life 
on ships. Instead, he decided to pursue a career in medicine, studying at 
both the University of Valencia and the University of Barcelona. He proved 
successful enough in his studies to earn a grant allowing him to continue his 
education at the University of Madrid and, later, at the University of Paris.

While Orfila was in Paris, the Peninsular War (1808–14) broke out in Spain, 
preventing him from returning to his homeland. Fortunately, he was able 
to obtain the assistance of the French chemist Louis Nicolas Vauquelin 
(1763–1829), which allowed him to remain in France and continue his stud-
ies. Orfila remained in Paris for the rest of his life. He completed his work for 
a medical degree and, in 1819, was appointed professor of medical jurispru-
dence at the University of Paris. Four years later, he was appointed professor 
of chemistry in the school of medicine at Paris, replacing his longtime friend 
and benefactor, Vauquelin.

During the 1830s and 1840s, Orfila earned a number of honors. He was 

made dean of the faculty at the University of Paris, a member of the council 

of education of the French government, and a commander of the Legion of 

Honor.

Orfila is credited with establishing many of the basic principles of 

modern toxicology. He is probably the first person to have conducted 

experiments on the effects of poisons, using dogs and other animals for 

his research. Orfila compiled the results of his research as well as his other 

thoughts on toxicology in the first textbook written on the subject, Traité 

des poisons (Treatise on Poisons, 1813). His other books dealt with medical 

chemistry: Elements de chimie medicate (Elements of Medicinal Chemistry, 

1830); studies of exhumed bodies: Traité des exhumations juridiques (Treatise 

on Legal Exhumations, 1830); and the toxic effects of arsenic: Recherches sur 

l’empoisonnement par l’acide arsenieux (Research on Poisoning by Arsenians 

Acid, 1841). Orfila was also called frequently as an expert witness in criminal 

trials involving the use of poisons.

With the installation of the republican government in 1848, however, 

Orfila fell out of favor, a circumstance that biographers say may have short-

ened his life. In any case, he died in Paris on March 12, 1853, after a short 

illness.
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spring into action and begin releasing molecules that will attack 
and destroy the “foreign invaders”: Ms. V’s RBCs. These attacking 
molecules are antibodies. For each specific molecule unfamiliar to 
a person’s immune system—molecules known as antigens—the im-
mune system will produce a specific antibody.

The chemical nature of the antigens responsible for the blood types 
that make up the ABO blood groups was first discovered in 1953 by 
two English biochemists, Walter Morgan (1900–2003) and Winifred 
Watkins (1924–2003), then at the Lister Institute. All three antigens 
have remarkably similar structures that contain a single molecule 
of glucose (Glu in the diagram on page 36) attached to a molecule of 
galactose (Gal), a molecule of N-acetylglucosamine (Nag), another 
molecule of galactose, and a molecule of fructose (Fru):

←  �Mathieu Joseph Bonaventure Orfila 
(1787–1853)  ➢
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—lipid tail—Glu—Gal—Nag—Gal—Fru

In that conformation, the structure acts as an O antigen. If a mol-
ecule of N-acetylgalactosamine is added to the terminal galactose 
molecule, the structure acts as an A antigen. If a molecule of galac-
tose is added to the terminal galactose molecule, the structure acts 
as a B antigen. This description makes clear how the difference of 
only a few atoms distinguishes between the three antigen structures 
found on RBCs.

A antigen: —lipid tail—Glu—Gal—Nag—Gal—Fru
l

Nag

B antigen: —lipid tail—Glu—Gal—Nag—Gal—Fru
l

Gal

This background provides a basis for understanding the four blood 
types that Landsteiner first recognized more than 100 years ago. The 
chart on page 37 summarizes the essential properties of each blood 
type. Notice in this chart that a person who has type A blood is so 
classified because the surface of his or her RBCs has an “A” antigen. 
Such a person also has antibodies that do not recognize and, there-
fore, attack type B blood cells. They are anti-B antibodies.

A person with type A blood who receives type A blood from a donor, 
then, is at no risk because the recipient’s body “recognizes” and accepts 
the type A blood. If the same person is given type B blood, however, his 
or her immune system does not “recognize” the type B blood cells, and 
its anti-B antibodies begin to attack the transfused blood.

Similar logic can be used to decide what kinds of blood an individ-
ual can donate or accept, based on the blood types of the donor and 
recipient. That information is summarized in the chart on page 38.

The physical process of testing for ABO blood types is actually 
quite simple and requires only two reagents, anti-A serum and anti-B 
serum. The blood sample to be identified is tested with each reagent, 
one at a time. The chart on page 39 shows what results may occur 
and what information each result provides. In the first case, if the 
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sample tests positive (produces agglutination) with anti-A serum but 
negative (no agglutination) with anti-B serum, the blood is consid-
ered type A. A negative result with anti-A serum and a positive result 
with anti-B serum, by contrast, indicates that the blood is of type B. 
Finally, positive or negative tests with both reagents indicates the 
presence of type AB or type O, respectively.

So how does all this information about blood typing help to solve 
crimes? Suppose that a forensic scientist is able to collect a sample 
of blood from a crime scene and determine that it is type A blood. 
Immediately, that information narrows the number of possible 
suspects for the crime. Notice from the chart above that about 40 
percent of humans have type A blood. So the number of all possible 
suspects is reduced (at least in theory) from 100 percent (everyone) 
to about 40 percent (those with type A blood). More important, if a 
person suspected of the crime has type B blood, then he or she can 
probably be deleted from the list of suspects.

←  Properties of Four Blood Types  ➢

Blood 
group

Antigens 
on RBCs

Antibodies 
in serum*

Frequency 
in 
population

A A anti-B 40–42%

B B anti-A 10–12%

AB AB
neither anti-A 
nor anti-B

3–5%

O
neither A 
nor B

both anti-A  
and anti-B

43–45%

*Serum is the clear, liquid part of the blood that remains after blood cells and 
clotting proteins have been removed.
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But narrowing the field of suspects from 100 percent to 40 percent 
probably does not help very much. Fortunately, more than one sys-
tem of blood typing has been discovered. That is, individuals’ RBCs 
differ from each other by more than a single molecule. A second 
system of blood typing with which many people are familiar is the 
Rh system, named for the blood factors (Rh+ and Rh-) that were 
first observed in rhesus monkeys.

The Rh factor is another distinguishing characteristic of an indi-
vidual’s blood. It is possible to combine two different and indepen-
dent blood characteristics (the ABO type and the Rh type) to get a 
new set of probabilities. For example, the probability of a person 
being both type O and Rh+ is about 39 percent. The probability of 
an individual being both type AB and Rh+ is about 4 percent. The 
chart on page 40 shows a more common method for expressing the 
probability of finding a person with various combinations of these 
two different blood groupings. As the chart shows, the availability of 
two systems of blood typing increases the possibility of identifying 
a blood sample. Instead of matching only one blood type (such as 
the ABO system), a blood sample must match two blood types (such 
as ABO and Rh systems). Investigators can be more certain that a 
suspect of a victim matches on two blood criteria rather than one.

←  Rules for Blood Transfusions  ➢

Blood group
Can give 
blood to

Can receive 
blood from

A A and AB A and O

B B and AB B and O

AB AB A, B, AB, and O

O A, B, AB, and O O
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Over the past half century, immunochemists (chemists who study 
substances found in the immune system) have discovered a num-
ber of other antigen-antibody systems in blood. The International 
Society of Blood Transfusion (ISBT) currently recognizes 26 such 
blood-grouping systems. In addition to the ABO and Rh systems, 
such groupings include the MNS, Lutheran, Kell, Lewis, Duffy, Kidd, 
Diego, Cartwright, Xg, and Scianna systems. All operate on the same 
general principle as the ABO system, and all give another test by 
which the probability of identifying a suspect can be improved. 
Suppose, for example, that a particular blood sample has been found 
to have an ABO type of B, an Rh type of +, and an MNS type of Ms 
(frequency of 0.31). Then the probability of a particular individual 
having all three of these blood types would be the product of their 
individual frequencies, or:

0.10 (B) × 0.86 (Rh+) × 0.31 (Ms) = 0.027

This number means that for every 100 people, 2.7 will have the 
given combination of blood factors. In other words, the chance of 

←  Testing for Blood Types  ➢

Results 
produced 
when Anti-A 
serum is added

 
Anti-B 
serum is 
added

 
Antigen 
present

 
Blood 
type

+ - A A

- + B B

+ + A and B AB

- -
neither A 
nor B

O



40  forensic CHEMISTRY

any one person having that combination is 100 ÷ 27, or 1 in 37. The 
use of a number of blood factors, rather than the one ABO system 
developed by Landsteiner, narrows down significantly the number 
of individuals who must be considered as a suspect or victim in a 
crime.

Polymorphic Proteins and Isoenzymes
Of the 26 ISBT blood-typing systems available today, only the ABO 
and Rh systems are commonly used in forensic serology. In order 
to specify more precisely the characteristics of a blood sample, a 
serologist is likely to analyze other components found in blood, pri-
marily polymorphic proteins or isoenzymes. Polymorphic proteins 

←  �Expected Frequency of Individuals with 
Two Blood Types (ABO and Rh Groups)  ➢

Blood type Expected frequency

A+ 1 in 3

A- 1 in 16

B+ 1 in 12

B- 1 in 67

AB+ 1 in 29

AB- 1 in 167

O+ 1 in 3

O- 1 in 15
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are proteins found in blood that occur in more than one form. Of 
course, enzymes are a kind of protein, so this distinction is some 
what irrelevant chemically, but it is widely acknowledged among 
forensic serologists.

←  �Some Proteins and Enzymes Used in 
Bloodstain Analysis  ➢

Abbreviation Protein or enzyme

ADA* Adenosine deaminase

AK* Adenylate kinase

EAP* Erythrocyte acid phosphatase

EsD Esterase-D

G-6-PD*
Glucose-6-phosphate  
dehydrogenase

GLOI Glyoxylase I

GPT Glutamic pyruvate transminase

Hp Haptoglobin

PeP A Peptidase A

PGM* Phosphoglucomutase

6-PGD*
6-Phosphogluconate dehydro-
genase

Tf Transferrin
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Polymorphic proteins and isoenzymes are proteins that are chem-
ically distinct from, but functionally similar to, each other. That is, 
their molecular structures differ in one or more ways, but they carry 
out essentially the same biochemical or biological function. Until 
the early 1960s, most biochemists believed that nearly all proteins 
were monomorphic; that is, they had only one structure. Then re-
searchers began reporting a number of exceptions to that general 
rule. In 1963, for example, the English biologist David A. Hopkinson 
reported that the enzyme erythrocyte acid phosphatase (EAP) has 

←  Philip Levine (1900–1987)  ➢

When one mentions the term blood typing, a famous name springs 
to mind almost immediately: Karl Landsteiner. In the early 1900s, 

Landsteiner discovered that human blood could be classified into specific 
categories, or types (such as A, B, AB, and O), an accomplishment for which 
he received the 1930 Nobel Prize in physiology or medicine. Landsteiner 
spent much of the rest of his life looking for other ways of classifying blood. 
Over the next three decades, he was also involved in the discovery of the 
Rh, MNS, LW, and P blood systems. But Landsteiner did not work alone on 
these research projects. He shares credit for many of his discoveries with 
other immunologists, one of whom was Philip Levine.

Philip Levine was born in the small village of Kletsk, Russia, on August 10, 
1900, the sixth of seven children. In fear of anti-Semitic attacks and pogroms, 
his family immigrated to the United States when Philip was eight years old. 
The family settled in Brooklyn, where Levine attended public schools. He 
then enrolled at the City College of New York, from which he received his 
bachelor of science degree in 1919. After serving briefly in the U.S. Army, 
just as World War I was coming to an end, he began medical training at 
Cornell University Medical College, which granted his M.D. degree in 1923. 
Two years later, he added an M.A. degree for advanced work in the field of 
immunology.

A major turning point in Levine’s academic career came in 1925, when he 
was asked to join Landsteiner as assistant at his new research laboratory at 
the Rockefeller Institute. There he helped develop Landsteiner’s ABO blood 

system and was codiscoverer of the MN and P blood systems. Landsteiner 
later credited Levine with influencing the way he carried out his research, 
adhering to the highest standards of careful work practices and logical 
thinking. Landsteiner is reported to have told Levine late in his life, “Dr. 
Levine, you do not know how to tell a lie,” which Levine took as one of the 
highest compliments he had ever received.

In 1932, Levine accepted an appointment at the University of Wisconsin, 
where he turned his attention to a study of bacteriophages as part of an 
agreement with Landsteiner that he would discontinue his research on 
blood groups. Three years later, Levine had returned to the East Coast, 
where he took a position as bacteriologist and serologist at the Newark 
Beth Israel Hospital in New Jersey. In 1939, Levine observed a case in which 
a young mother delivered a stillborn child and then developed a severe 
reaction when transfused with blood from her husband. The case caused 
Levine to begin thinking about possible blood factors that might lead to 
such a result. And that, in turn, led to Landsteiner’s and Alexander Wiener’s 
1940 discovery of Rh factors in blood, which eventually led to tests that now 
save the lives of countless women whose Rh factors do not match those of 
their fetuses.

In 1944, Levine moved to the newly established Ortho Research 
Foundation in Raritan, New Jersey, where he founded a center for blood 
group research. He retired from Ortho in 1965, at which time his research 
laboratory was renamed the Philip Levine Laboratories. Levine continued 
to work at Ortho in an emeritus position until 1985 and as a consultant, 
researcher, and author until his death on October 18, 1987, in Manhattan.
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three isomeric forms. He called these P(a), which has a frequency in 
the general population of about 35 percent; P(b), with a frequency of 
about 60 percent; and P(c), with a frequency of about 5 percent.

Since then, a number of other polymorphic proteins and isoen-
zymes have also been discovered. Today biochemists have come to 
expect some polymorphism in such molecules and believe that as 
many as 40 percent of all genes are capable of producing polymor-
phic protein products. Forensic serologists have taken advantage  
of this advance and developed tests for a number of polymorphic  
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proteins and isoenzymes. Some of the most common of those sub- 
stances are listed in the chart on page 41. The six systems marked with 
an asterisk are the ones used most widely by forensic serologists today.

Of the 12 substances listed in the chart, 10 are isoenzymes. 
(The name of an enzyme can be recognized by the characteristic 
suffix -ase.) The other two substances are polymorphic proteins. 
Haptoglobin is a protein that binds to hemoglobin when it is released 
from a red blood cell, thereby preventing the loss of hemoglobin 
from the body. The transferrins are glycoproteins (compounds that 
contain both sugar and protein components), which transfer iron in 
the blood.

The frequency distribution for each of the polymorphic forms of 
each of the proteins and enzymes listed in the chart is known. So the 
probability that a blood sample comes from some given individual can 
be calculated in essentially the same way as for blood typing in the last 
section. The chart below shows how this might be done for an imagi-
nary case in which blood typing was done for a number of factors.

←  �Sample Calculation of Frequencies  
Based on Typical Blood Specimen  ➢

Blood 
group 
system

Type Frequency
Cumulative 
frequency

ABO B 12% 12%

Rh - 15% 12% × 15% = 1.8%

ADA 1 90% 1.8% × 90% = 1.6%

6PGD A 96% 1.6% × 96% = 1.6%

Tf DD 1% 1.6% × 1% = 0.016%
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Notice that the total cumulative frequency is the combination of 
all blood factors occurring in an individual; it is equal to the product 
(p) of the individual frequencies:

p = 0.12 × 0.15 × 0.90 × 0.96 × 0.01 = 0.00016

In this example, the combination of blood factors is rare, to be 
expected in only about one out of 6,250 individuals (1 ÷ 0.00016) 
in the general population. This result is somewhat atypical, partly 
because the blood contains at least one very rare polymorphic form, 
the DD form of the transferrin (Tf) system.

Most of the blood tests described thus far have been developed 
for use in criminal cases, often cases involving a violent crime. But 
such tests can also be used in settings that involve civil rather than 
criminal cases. Perhaps the most common example involves the is-
sue of paternity, determining the identity of the father of a child.

Although there is never a problem in identifying the mother of 
a child, it is not unusual for there to be a question as to the child’s 
father. Blood tests can provide a partial answer as to the paternity of 
a child, but one that has a high degree of uncertainty.

Based on the laws of genetics, for example, it is possible to say 
that a child with type AB blood born to a woman with type A blood 
cannot be the child of a man with type A blood. (Neither mother 
nor father could then have supplied the B component of the child’s 
blood.) On the other hand, a child with either type A blood or type O 
blood could be the offspring of a man with type A blood. In this case, 
blood testing cannot be used to decide who the father is, although it 
can prove who is not the father. The genetic combinations that are 
possible are shown in the chart on page 46.

A useful adjunct to classic ABO blood testing in determining 
paternity is the human leukocyte antigen (HLA) test. This test is 
based on a discovery made in 1958 by the French medical researcher 
Jean Dausset (1916–  ). Dausset elucidated the essential elements 
involved in the operation of the human immune system, including
the discovery of a class of compounds known as human leukocyte 
antigens. These antigens (molecules one’s immune system does not 
recognize) exist on white blood cells, in contrast to almost all other 
polymorphic proteins and isoenzymes used by forensic serologists 
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in testing blood samples. HLAs were later found to be polymorphic, 
providing serologists with one more system for distinguishing blood 
types from each other.

Four major classes of human leukocyte antigens exist: HLA-A, 
HLA-B, HLA-C, and HLA-D. Each of these, however, includes a num-
ber of subclasses, polymorphic forms of the human leukocyte anti-
gen. There are 23 known types of HLA-A, 47 types of HLA-B, eight 
types of HLA-C, and 14 types of HLA-D. In paternity testing, then, 
the chance of a man having the same type of HLA as the child in 
question is very low, about one in 92 (23 + 47 + 8 + 14). When HLA 
testing is combined with traditional ABO testing, the likelihood of 
parenthood can be increased or reduced even more. A general rule 
of thumb is that ABO testing alone can exclude the possibility that a 
man is the father of a child about 20 percent of the time. HLA testing 
can exclude the same possibility about 90 percent of the time. In 
combination, the two tests can exclude the possibility of parenthood 
by about 97 percent of all cases.

Characterization of Bloodstains
Testing for ABO group, Rh factor, human leukocyte antigens (HLA), 
and the like helps determine from whom a blood sample comes. 
Using such tests, however, is typically one of the final steps in char-
acterizing a bloodstain. (Characterization of bloodstains refers to the 
process of identifying the stain as human or not and then recogniz-
ing other essential properties of blood in the stain, such as blood 
groups and polymorphic protein and isoenzymes that may be pres-
ent.) Before reaching that point, a forensic scientist has to follow a 
number of other steps, beginning with a study of the crime scene 
itself.

The first step in that process is to find out if an apparent blood-
stain is blood and not red paint, ketchup, or some other material. 
When freshly released from the body, blood has a bright red color. 
Within three to five minutes, however, blood begins to dry and change 
color, becoming dark brown or black. Wet blood is usually easier 
to test than dry, but, for a number of reasons, liquid samples can-
not always be collected. Nor are wet samples absolutely necessary, 
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because methods for collecting and testing dry bloodstains are now 
well developed.

One of the earliest tests for blood was developed in 1904 by Oskar 
and Rudolf Adler. The Adlers’ test made use of benzidine (p-diami-
nodiphenyl). The benzidine test is based on the fact that blood he-
moglobin behaves as if it were a peroxidase enzyme. Peroxidases are 
enzymes that augment the efficiency of hydrogen peroxide in oxi-
dizing certain substrates, such as phenols or aromatic amines. When 
benzidine and hydrogen peroxide are added to blood, an oxidation-
reduction reaction occurs in which the benzidine is converted to a 
product with a bluish-green color known as a diazo dye.

The Adlers’ test is called a presumptive test, because it is based on 
the presumption that the material being tested is blood. Presumptive 
tests are quick, simple tests on evidence left at the scene of a crime 
to get an idea as to whether additional testing is needed. If an inves-
tigator finds a dark spot on the floor of a crime scene, the first step 
is to find out if the spot is blood, particularly human blood. If the 
spot turns out to be spilled ink or paint, no further testing is likely 
necessary. A presumptive test either rules out a piece of evidence 
as irrelevant or indicates that additional testing is necessary. The 
additional testing that occurs is confirmatory testing. Confirmatory 
testing usually takes more time, is conducted at a forensic labora-
tory, and provides more specific and detailed information about the 
object or material being tested.

In 1973, the U.S. Environmental Protection Agency banned ben-
zidine as a suspected carcinogen. By that time, however, a variety 
of alternative presumptive tests for bloodstains was under develop-
ment. One that has become especially popular is the Kastle-Meyer 
test. The Kastle-Meyer reagent is made by mixing potassium hy-
droxide, phenolphthalein, and zinc dust. When hydroxide perox-
ide and the reagent are added to blood, hemoglobin in the blood 
catalyzes the conversion of phenolphthalein to its deep pink con-
figuration. Forensic scientists do not have to be concerned with the 
actual preparation of Kastle-Meyer reagent since it, like most other 
forensic chemicals, is readily available from commercial suppliers 
in easy-to-use kits.
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Another popular presumptive test for bloodstains involves the use 
of Hemastix, a product of the Bayer Corporation. Hemastix are cel-
lulose strips that contain a mixture of o-toluidine (2-methylaniline) 
and hydrogen peroxide. They are easy to use because one needs only 
to moisten the strip and dip it into the sample to be tested. If blood 
is present, hemoglobin catalyzes the conversion of o-toluidine to a 
greenish product. The intensity of the green color can be matched 
against a scale provided with the testing strips to determine the con-
centration of the blood present in the sample.

Another presumptive test for bloodstains that is based on a some-
what different principle is the luminol test, first developed by the 
German criminologist Walter Specht in 1937. Luminol is 5-amino-
2,3-dihydro-1,4-phthalazinedione. Its structural formula is shown 
in the reaction in the diagram below. When treated with hydrogen 
peroxide in the presence of blood, one of the rings in the luminol 

Luminol reaction
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molecule breaks open, releasing nitrogen gas and producing a com-
pound known as 3-aminophthlate in an excited state. In the reaction 
shown on page 49, the excited form of 3-aminophthlate is indicated 
with an asterisk. After a brief moment, 3-APA* gives off a photon with 
a wavelength of about 425 nanometers that corresponds to a bluish-
violet light; it fluoresces.

Luminol reagent can be made “from scratch” by dissolving 5.0 
grams (g) of sodium carbonate and 0.1 g of luminol in 100 milliliters 
of distilled water. Just before use, 0.7 g of sodium perborate is added 
to the sodium carbonate/luminol solution. The test is conducted in 
a darkened room so that the fluorescence produced by blood can be 
easily seen. The area to be tested is first covered with filter paper 
and then sprayed with a solution of household bleach. The luminol 
solution is then sprayed immediately on top of the bleach-soaked fil-
ter paper. If blood is present, it fluoresces with a bluish-violet color.

This fairly lengthy process is seldom used in actual practice since 
commercially prepared solutions of luminol are readily available. 
These solutions come in four-, eight-, and 16-ounce disposable spray 
bottles that can be used directly on suspected bloodstains.

The luminol test is popular because it is highly sensitive. It is ca-
pable of detecting bloodstains that have been diluted up to 10 million 
times. Luminol also produces positive tests even when a bloodstain 
is a few years old. It has been used to detect the presence of blood 
after other presumptive tests have been tried and produced negative 
results.

Two common confirmatory tests on bloodstains are the Takayama 
and Teichmann tests, both named after their inventors, the Japanese 
criminologist Masaeo Takayama and the Polish anatomist Ludwig 
Karl Teichmann (1823–95). The Teichmann test is much older, hav-
ing been developed in 1853, while the Takayama test dates to 1912. 
In both tests, the addition of a reagent to blood results in the forma-
tion of distinctive crystals. In the Teichmann test, the reagent is 
a mixture of glacial acetic acid and sodium chloride. The reagent 
causes hemoglobin molecules to cleave, producing brownish crys-
tals of pure hemin that have a violet, almost black, sheen. (Hemin is 
the form of heme that contains the Fe3+ ion.) In the Takayama test, 
pyridine is added to blood, causing the reduction of hemoglobin to 
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a pyridine-hemoglobin complex with a characteristic salmon-pink 
color. In both tests, the distinctive colored crystals can easily be 
observed under the optical microscope.

Once a bloodstain has been confirmed, the forensic serologist 
must determine whether that stain has come from a human source 
or from some other species of animal. The test used to make this 
determination is called the precipitin test. The precipitin test is 
also known as the Ouchterlony test, after the Swedish bacteriologist 
Örjan Ouchterlony, who described the test in the early 1960s.

The precipitin test is based on the same antigen-antibody principle 
described earlier in this chapter. An experimental animal (usually a 
rabbit) is injected with a sample of human blood. The rabbit’s blood 
then “recognizes” the human blood as a foreign invader and begins to 
manufacture antibodies to combat the human blood. Finally, blood 
is drawn from the rabbit. This blood now contains antibodies against 
human blood. If it is mixed with human blood, an antigen-antibody 
reaction will cause the blood mixture to agglutinate, forming a  
precipitate.

A variety of techniques is available for conducting this last stage 
of the test, including use of a capillary tube, gel diffusion, and elec-
trophoresis. In the first method, the sample of blood to be tested and 
the rabbit serum can be added to a capillary tube. If the sample is 
human blood, a ring of precipitate (agglutinated blood) will appear 
between the two layers in the tube.

In the method known as gel diffusion, the blood sample and rab-
bit serum are placed in shallow wells in an agar gel-coated plate. 
Antibodies in the serum and antigens on the red blood cells have a 
tendency to migrate toward each other, resulting in the formation of 
a thin line of precipitate between the two on the test plate, as shown 
in the diagram on page 52. This process of diffusion of antigens and 
antibodies toward each other is known as immunodiffusion.

In the third version of the precipitin test, the rate of immunodiffu-
sion is increased through the use of electrophoresis. Electrophoresis 
is a useful analytical technique in which one or more substances to 
be analyzed are deposited on a plate (usually coated with starch or 
agar gel). An electric potential is created across the plate by attach-
ing a positive charge at one end of the plate and a negative charge at 
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the opposite end of the plate. Charged particles within the sample 
placed on the plate then migrate to the end of the plate with the 
opposite charge. When antigens and antibodies are deposited on 
the electrophoresis plate and the charge applied, the two materials 
migrate toward each other, eventually forming a line of precipitin 
between them.

Once a blood sample has been identified as being human in ori-
gin, the last step in blood characterization is to determine its blood 
type or types, using the ABO, Rh, MN, and other systems described 
earlier. Characterization into one or more blood types is relatively 
simple and straightforward with samples of liquid blood, but it is 
somewhat more complicated with dried blood. Once blood has dried, 
red blood cells rupture and die. As a result, no RBCs exist with which 
to do standard blood-typing tests.

Alternative methods are available for use on dried blood samples, 
however. The two most popular are the absorption-inhibition test 
and the absorption-elution test. Both tests take advantage of the ten-
dency of antibodies to attach themselves to and agglutinate with an-
tigens. In the case of dried bloods, those antigens remain within the 
bloodstain even though the RBCs themselves have been destroyed.

The diagram on page 53 outlines the steps involved in conducting 
an absorption-inhibition test. First, the tester prepares a sample of 

Immunodiffusion
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antiserum with a known concentration of antibodies. (An antiserum 
is blood serum that contains antibodies.) In this example, suppose 
that the antiserum contains anti-A antibodies. A moistened sample 
of the antiserum is placed in contact with the dried blood to be tested 
and allowed to remain in place for a period of time. As time passes, 
antibodies in the antiserum will migrate to and attach themselves to 
any A antigens present in the dried blood. After some period of time, 
the antiserum is washed off the dried bloodstain and the concentra-
tion of antibodies determined by titration. The reduction in antibody 
concentration in the antiserum indicates whether A antigens were 
present in the bloodstain or not. If the concentration of antibodies 

Absorption-inhibition test
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was the same before and after the test, then no A antigens were 
present. If the concentration decreased as a result of the test’s being 
conducted, A antigens were present and the blood can be typed.

The absorption-elution technique is conducted in much the same 
way as the absorption-inhibition test. Antiserum containing known 
antibodies (again, assume they are anti-A antibodies for this ex-
ample) is allowed to remain in contact with a dried bloodstain for a 
period of time. Again, anti-A antibodies will bond with any A anti-
gens present in the blood sample and remain fixed on the stain, as 
shown in the diagram below. Any excess antiserum is then washed 
off with cold water or a saline solution, and the bloodstain is heated 

Absorption-elution test
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to a temperature of 56°C. The removal of excess antiserum by this 
procedure is known as elution. If A antigens were present in the 
dried bloodstain, antigen-antibody bonding will occur. But heating 
then causes those antigen-antibody clusters to break apart, releas-
ing free antigens and free antibodies into the washing solution. If 
A antigens were not present in the original bloodstain, all anti-A 
antibodies would have been washed off during elution.

Finally, red blood cells of some known blood type (type A would 
be used in this example) are added to the solution. If anti-A anti-
bodies remain in the solution, they will agglutinate with the added 
blood cells, producing a visible clumping that indicates the presence 
of the A antigen in the original bloodstain. If no anti-A antibodies 
are present, no agglutination will occur, and no clumping will be 
observed in the solution.

The procedures described here with an antiserum containing 
anti-A antibodies can be repeated with anti-B antibodies. The results 
of these tests permit the classification of dried blood as A, B, AB, or 
O. Of the two tests, the absorption-elution method tends to be some-
what more sensitive, easier to conduct, and, hence, somewhat more 
popular. It can be used successfully on samples of blood as small as 
one centimeter in diameter and as old as 10 years or more.

Bloodstain Patterns
Forensic scientists have realized for more than a century that a great 
deal of information can be obtained, not only from the presence 
of blood at a crime scene and the type of blood that has been left 
behind, but also from the patterns in which that blood is distributed. 
One of the earliest works on this topic was a book published in 1895, 
Origin, Shape, Direction and Distribution of the Bloodstains following 
Head Wounds Caused by Blows, by Eduard Piotrowski. A decade later, 
one of the classics in the field of bloodstain pattern analysis (BPA) 
was published: Manual for Examining Magistrate Judges, a System for 
Criminalists, by the German criminologist Hans Gross (1847–1915). 
By the mid-20th century, forensic scientists were beginning to make 
extensive use of mathematics and physics in the analysis of BPA. 
In 1939, Victor Balthazard, professor of forensic medicine at the 
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Sorbonne, and his colleagues offered a paper at the 22nd Congress 
of Forensic Medicine in Paris on the use of geometric principles to 
obtain information from bloodstain patterns.

In the 21st century, the study of bloodstain patterns is a well-
developed, highly sophisticated technology that can, under certain 
circumstances, provide extensive information about the events that 
occurred at a crime scene. A few of the most important elements 
involved in BPA studies are the types of surface on which blood falls, 
the shapes of the individual drops, and the shape of the overall spat-
ter pattern.

In the first place, the type of surface on which blood falls de-
termines to a considerable extent the type of stain formed. As the 
photograph on page 58 shows, the harder and smoother the surface, 
the more clearly defined the stain and, consequently, the more in-
formation it can provide.

The angle at which blood was projected onto a surface can also 
be determined from a bloodstain. If a drop of blood is dropped verti-
cally onto a surface, for example, it tends to form a perfectly circular 
drop. If the blood is dropped on the surface at some angle, its shape 
tends to become more elliptical. The greater the angle of projection, 
the more elliptical the shape of the blood droplet. The angle of im-
pact can be determined mathematically from a simple trigonometric 
equation:

wbloodstainsinα   =   
1bloodstain

where α is the angle of impact and wbloodstain and lbloodstain are the 
greatest width and length, respectively, of the bloodstain.

The direction taken by blood before striking a surface can also 
be determined from another aspect of the bloodstain’s shape. 
Bloodstains are usually not exactly ellipsoidal in shape, but they 
tend to have a rounded edge at one end of the major axis and  
a pointed edge at the opposite end of the major axis. The pointed  
end of the bloodstain always faces in the direction of the blood’s 
source.
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This information can be used to reconstruct the pathway 
taken by blood in traveling from its source (usually the victim) 
to the surface on which it was found. At one time, this recon-
struction was carried out with long strings, laid out on the crime 
scene in directions indicated by bloodstain patterns. That pat-
tern of strings showed the source from which the blood came, the 
force with which it was projected, the amount of blood involved, 
and other factors. Today computer programs are available to carry 
out such reconstructions without an investigator having to lay out  
strings.

Further information about a crime can be obtained from spatter 
patterns associated with a bloodstain. For example, a low-velocity 
pattern may be produced if someone steps into a pool of blood, pro-
jecting it outward in a relatively cohesive amoeba-shaped array. But if 
the blood is projected at a greater velocity, it tends to break apart into 
individual droplets about one millimeter or more in diameter, form-
ing a medium-velocity pattern. Such patterns are typical of wounds 
produced by relatively slow-moving blunt instruments, such as a per-
son’s fist, a hammer, knife, or baseball bat. Such weapons typically 
move with a velocity of less than 100 feet per second (30 m/s).

Finally, blood is broken apart into much smaller particles when it 
is projected by a rapidly moving object, such as a bullet fired from 
a gun. This configuration is called a high-velocity pattern. Except 
for explosions, gunshot wounds are almost invariably the cause of a 
high-velocity bloodstain pattern.

When all the tools of BPA are put to use, an investigator can make 
a number of determinations about the nature of the crime that has 
been committed, including:

�The source of the blood, that is, the place where a victim was 
struck in some way so as to release blood;

�The type of impact made that produced the blood, that is, the use 
of fists, a blunt instrument, a knife, or a gun;

�The number of incidents that occurred to produce the blood, that 
is, the number of gunshots or knife wounds;

➢

➢

➢
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�The direction and speed with which the victim was moving dur-
ing the crime;

�The position of the victim during the crime; and

�Whether one of the victim’s arteries might have been cut during 
the crime.

➢

➢

➢

Determining blood splatter patterns is a common part of investigating a crime scene.
(Mauro Fermariello/Photo Researchers, Inc.)
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Sophisticated methods of blood-splatter analysis that often make 
use of computer programs now provide extensive and detailed in-
formation about the events that occurred at a crime scene. Evidence 
obtained from such studies is now widely accepted as evidence in 
criminal cases at local, state, and federal levels.

Testing for Semen and Saliva
Blood is only one bodily fluid used to determine the identity of a 
perpetrator in a crime. Two other bodily fluids that can be used for 
identification purposes are semen and saliva. Both fluids have spe-
cial significance in certain types of crime, such as rape and sexual 
crime for example. Semen can be a valuable form of evidence in 
cases of rape; it can often be used to demonstrate that a rape has 
actually occurred and, in many cases, to identify the person respon-
sible for the crime.

Characterization of semen is possible because certain compo-
nents are present only in semen or are present in concentrations 
significantly greater than in other parts of the body. The most  
distinctive of these indicators, or markers, is the presence of  
spermatozoa.

Semen (also known as seminal fluid) is a complex mixture pro-
duced by the male reproductive organs. It contains secretions from 
the seminal vesicles, the prostate gland, and bulbourethral gland, 
the most important of which are spermatozoa, or sperm cells, the 
male reproductive cells. In the course of each ejaculation, the typi-
cal male produces two to five milliliters of semen containing from 
100 million to 150 million sperm cells per milliliter.

Semen is typically collected at crime scenes from either of two 
sources. First, it may be found on some material present at the 
scene, such as clothing or bedding. Second, it may be obtained from 
the victim’s body by means of a swab or washing of the vagina or 
rectum. The existence of semen is sometimes suggested by its ap-
pearance as a white crusty stain on an object. But the best single 
confirmatory test for semen is the presence of spermatozoa them-
selves. A suspected sample is typically moistened and examined un-
der the microscope, sometimes with the use of a stain to make the 
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spermatozoa more clearly visible. The detection of spermatozoa in a 
suspected sample is positive evidence for the existence of semen.

Although the detection of spermatozoa is a highly desirable test 
for semen, it is an insufficient test for a number of reasons. First, 
some men are aspermic, that is, incapable of producing sperm cells. 
For example, men who have had vasectomies are typically asper-
mic. Their semen is usually lacking in spermatozoa, so microscopic 
examination is useless in detecting the presence of semen from 
such men. Also, sperm tend to be relatively fragile and are easily 
destroyed, especially after they become dry. For these reasons, it is 
necessary to have additional tests for the detection of semen.

One of the most popular of such tests is the acid phosphatase 
test. Acid phosphatase is an enzyme that is secreted by the prostate 
gland. Its concentration is anywhere from 50 to 1,000 times as great 
in semen as in any other bodily fluid, so its presence in an unknown 
sample of material is suggestive of the material being semen. The test 
for acid phosphatase usually consists of two steps. First, the sample 
to be tested is sprayed with an acidic solution of sodium α-naphthyl 
phosphate, which is converted by acid phosphatase to α-naphthol. 
The α-naphthol is then detected by adding any one of a number of 
dyes, which produces a colored reaction with the α-naphthol. For 
example, the addition of a complex diazo dye known as Fast Blue B 
results in the formation of a deep purple color.

Interestingly enough, Japanese scientists have recently developed 
an over-the-counter version of the acid phosphatase test that they 
are marketing to women who wish to check up on their husbands’ 
fidelity. The product, called S-check, involves a two-step process like 
that described above except that the second reagent reacts with α-
naphthol to produce a bright green product. Acid phosphatase tests 
are useful in the detection of semen, at least partly because they are 
effective for periods of up to a few years if the material on which a 
stain is deposited has not been washed.

A related method for the detection of semen involves moistening 
the suspected sample with a compound known as 4-methyl umbel-
liferyl phosphate (MUP) or a derivative, 6,8-difluoro-4-methyl um-
belliferyl phosphate (DiFMUP), and then exposing the moist sample 
to ultraviolet light. In the presence of ultraviolet light, the treated 
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semen fluoresces with a maximum intensity between 358 and 455 
nanometers in the blue region of the electromagnetic spectrum.

Another test for semen involves a protein that occurs uniquely 
in semen, the P30 or prostate-specific antigen (PSA) test. The test is 
conducted in essentially the same way as the precipitin test in the 
preceding section. The P30 protein is isolated from a known sample 
of human semen and then injected into a rabbit. The rabbit’s blood 
produces anti-P30 antibodies, which are then extracted and used to 
test for P30 proteins in an unknown sample.

Two less commonly used tests are those for the detection of cho-
line (CH3)3N(OH)CH2CH2OH) and spermine (NH2(CH2)3NH(CH2)4 

NH(CH2)3NH2), both present in semen but also present in other bodi-
ly fluids. The standard test for choline (also known as the Florence 
test) involves the addition of elemental iodine in solution to the sam-
ple. If choline is present in the sample, it forms a complex periodide 
of choline that precipitates out in the form of distinctive crystals. In 
the test for spermine (also known as the Barberio test), a saturated 
solution of picric acid is added to the specimen. If spermine is pres-
ent, the compound spermine picrate is formed, again in the form 
of crystals with a distinctive and identifiable shape. Since choline 
and spermine are both present in bodily fluids other than semen, 
the Florence and Barberio tests are both presumptive; they suggest 
rather than prove the presence of semen. Given the more conclusive 
tests for semen that are available, these tests are seldom used today.

The procedures described in this section thus far all have a single 
objective: to discover whether a particular stain is, in fact, human 
semen. Once that determination has been made, another step re-
mains: finding out whether the semen belongs to a particular in-
dividual. That step is different for a group of individuals known as 
secretors and for those who are not secretors. Secretors are people 
whose blood type antigens also appear in their other bodily fluids. 
Thus, secretors have the same ABO groups in their semen as in their 
blood. For nonsecretors, it is often possible to use some polymorphic 
protein or antienzyme (such as PGM or 6-PGD) to narrow down the 
list of possible suspects related to the semen sample discovered.

The presence of saliva at a crime scene can sometimes be of 
value, although tests confirming the presence of saliva (except for 
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DNA testing, discussed in the next chapter) are more difficult than 
similar tests for blood and semen. For example, in the investigation 
of a suspected case of oral sex, a forensic scientist may look for the 
presence of saliva on the victim’s body. Saliva may also be present 
on many other pieces of forensic evidence. For example, it may be 
detected in the adhesive on the stamp of a kidnap letter.

The standard method for identifying saliva has long been based 
on the presence of an enzyme known as amylase. The amylases are 
a group of enzymes produced in various parts of the body, primarily 
the pancreas and three pairs of salivary glands in the mouth. Their 
function is to break down starch molecules into smaller molecules. 
Starch is a glucose polysaccharide, that is, a very large polymer made 
of glucose monomers. Amylase hydrolyzes some of the α-1,4 link-
ages in starch, resulting in the formation of lower molecular weight 
glucose polysaccharides known as dextrins. Dextrins are then fur-
ther hydrolyzed by amylase to form the disaccharide maltose:

amylase       amylase         maltase
starch  k  dextrins  k  maltose  k  glucose

The most commonly used saliva test looks for enzymatic activity of 
the type shown in the equation above, in which maltose is formed.

In order to conduct the amylase test, one first moistens a filter 
paper or swab with a starch solution. The filter paper or swab is 
then pressed against the stain suspected to contain saliva. If saliva 
is present, the amylase it contains will hydrolyze starch on the filter 
paper or swab, converting it to maltose. To test for the presence 
of maltose, the filter paper or swab is then sprayed with a solution 
that detects the presence of maltose, such as Benedict’s solution, 
Brentamine Blue, or Procion Red.

The amylase test described here is a qualitative test; that is, it 
indicates whether amylase is present. Since amylase is present in 
other bodily fluids, a preferred test is one that determines the quan-
tity of amylase present. Since amylase occurs in a greater concentra-
tion in saliva than anywhere else in the body, a high concentration 
of amylase strongly suggests the presence of saliva.

Since confirmatory and characterization tests for saliva (except 
for ABO testing) are generally not available, a newer analytical tool, 
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DNA fingerprinting, is now more commonly used when informa-
tion about the presence and nature of saliva is needed in a criminal  
investigation.

Over the past century, an impressive variety of tests has been de-
veloped to identify and characterize blood, semen, saliva, and other 
bodily fluids. Many of those tests are still in wide use today. They 
often make it possible to identify samples no more than a few nano-
grams in size and those that may be as much as a few years old. In 
many cases, the tests are sufficiently definitive to positively identify 
an individual as the person responsible for a crime. In spite of the 
effectiveness of these tests, a new and very powerful tool for discov-
ering the relationship between forensic samples (blood and semen, 
for example) and one particular individual has been developed over 
the past two decades: DNA fingerprinting, discussed in chapter 6.
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4
Toxicology and  
Drug Testing

Frankie and Johnny sure threw a nice party tonight! I probably 
shouldn’t have had that last beer, but I feel OK. I can drive home 
without any problems. And Dad will be happy that I got in almost 
a half hour before my curfew. All in all, it has been an almost 
perfect night . . . except for the flashing lights in my rearview  
mirror!

So the state trooper says my car was weaving back and forth. 
She probably thinks I’m drunk. Well, I can walk a straight line for 
her. And I can pass any breath test or any other test she wants me 
to take. . . . I hope!

Drunk driving is one of the most serious law enforcement prob-
lems in the United States and many other parts of the world. In 

2003, the last year for which data are available, 17,013 people were 
killed in motor vehicle accidents that involved at least one driver 
with a blood alcohol concentration (BAC) of 0.01 or above. Beyond 
drunk-driving offenses, the U.S. Bureau of Justice Statistics has esti-
mated that in 2002 nearly half (46.6%) of all inmates in U.S. prisons 
and jails were either dependent on alcohol or alcohol abusers.
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Determining whether a person has been using alcohol, and if so, 
how much, is one of the important tasks performed by forensic toxi-
cologists. But testing for alcohol consumption is only one of many 
responsibilities assigned to a forensic toxicologist. These experts are 
also involved in determining whether a person has ingested and/or 
died from a poisonous substance, what that substance is, and how 
much was ingested. The American Academy of Forensic Sciences has 
defined the science of forensic toxicology as the “branch of toxicology 
that deals with the medico-legal aspects of toxicology.” Forensic toxi-
cologists answer the question “Did prescription or illegal drugs and/or 
alcohol lead or contribute to the person’s death or intoxication?”

Another definition that has been suggested says that forensic toxi-
cology deals with the relationship of the “biochemical, physiological, 
and pharmacological properties of drugs and poisons to the medical 
and legal implications associated with their used abuse or medical 
administration.” This chapter begins with an overview of the work 
of a forensic toxicologist in dealing with alcohol-related problems. 
It then details how forensic toxicologists analyze a host of more 
complex substances, ranging from household cleaning supplies to 
opiates, cyanides, strychnine, and other poisons.

Alcohol and the Human Body
The “alcohol” in an alcoholic beverage refers to the organic chemical 
ethanol, or ethyl alcohol. Its chemical formula is CH3CH2OH. It is a 
colorless, volatile liquid with a pungent taste and pleasant, grapelike 
odor. It is completely miscible with water. Ethanol is formed during 
the fermentation of many organic substances, including corn, wheat, 
potatoes, and grapes. Ethanol is also known by a number of other 
names, including grain alcohol, fermentation alcohol, and spirits. 
Alcoholic drinks consist of alcohol mixed with water, to which may 
be added small amounts of other substances that add flavors and 
odors to the final product.

When a person ingests an alcoholic beverage, a small amount of 
the alcohol is absorbed by the mucous membranes that line the nose 
and throat, and some vaporizes into the lungs. The vast majority of
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the alcohol finds its way into the stomach and small intestine, how-
ever, where it enters the bloodstream. About 20 percent of the alco-
hol is absorbed through the walls of the stomach, and the remainder 
is absorbed through the walls of the small intestine.

The presence of alcohol in the blood can be detected within min-
utes after a person has consumed an alcoholic beverage. Typically, 
blood alcohol concentration (BAC) builds rapidly, reaching a maxi-
mum an hour or two after consumption. BAC then falls off somewhat 
less rapidly. The pattern of BAC versus time is affected by a number  
of factors. For example, the presence of food in the stomach tends  
to decrease the amount of alcohol absorbed, although the general pat-
tern of absorption and elimination tends to be similar. Carbonation 
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also affects the rate at which alcohol in a drink is absorbed. The pres-
ence of bubbles tends to increase the rate at which alcohol is absorbed, 
meaning, for example, that alcohol in a glass of champagne tends 
to enter the bloodstream more rapidly than alcohol from a glass of 
wine.

The body eventually eliminates between 95 and 98 percent of the 
alcohol consumed in an alcoholic beverage by two processes: oxi-
dation and excretion. Oxidation takes place in the liver, where the 
enzyme alcohol dehydrogenase, in conjunction with the coenzyme 
nicotinamide adenine dinucleotide (NAD), converts ethanol first to 
acetaldehyde, then to acetic acid, and eventually to carbon dioxide 
and water:
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alcohol dehydrogenase + NAD(1)  CH3CH2OH                                                           CH3CHO
                               

k

  acetaldehyde dehydrogenase + NAD
(2)  CH3CHO                                                                          CH3COOHk

(3)  CH3COOH  k  CO2 + H2O

The metabolism of alcohol differs significantly from that of other 
drugs. In most cases, increasing the amount of a drug in the blood-
stream increases the rate at which it is metabolized. In the case of 
alcohol, the rate of metabolism is independent of its concentration 
in the bloodstream. If a person continues to drink alcoholic bev-
erages over a period of time, it results in a constantly increasing 
level of blood alcohol concentration, with no increase in the rate of 
metabolism. That rate averages about 0.3 ounce ([oz.]; 10 milliliters 
[mL]) of pure (100 percent) ethanol per hour, which is equivalent to 
about 1 oz. (25 mL) of a “hard” alcoholic beverage, such as whiskey 
(about 40 percent ethanol); about 3 oz. (80 mL) of wine (about 12 
percent ethanol); or about 7 oz. (200 mL) of beer (about 5 percent 
ethanol).

These data provide guidelines for relatively safe drinking. If a 
person limits alcohol intake to 1 oz. of “hard” liquor per hour (or 
an equivalent amount of beer or wine), the body will be able to me-
tabolize most of the ethanol ingested without any buildup in the 
bloodstream. If one consumes alcohol at a faster rate, it will continue 
to accumulate in the bloodstream, resulting in increasing levels of 
intoxication.

Once alcohol reaches the bloodstream, it is carried to all parts 
of the body and absorbed by cells throughout the body, where it 
produces its pharmacological effects. Pharmacological effects are 
changes caused by drugs on the physiology and behavior of an or-
ganism. Alcohol has a great effect on the central nervous system, 
where the compound acts as a general, nonselective depressant, that 
is, it slows down the function of neurons within the brain. The in-
creasingly severe effects of this depressive action are summarized 
in the chart on pages 69–70, which shows the effects of various blood 
alcohol concentrations on a person’s behavior.
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←  �Behavioral Effects of Varying Levels of 
Blood Alcohol Concentration (BAC)  ➢

BAC* State Characteristics

0.03–0.12 Euphoria

Increased sociability,  
talkativeness, self- 
confidence; decreased  
inhibition; loss of judgment, 
control, and attention;  
some loss of sensory- 
motor function; decreased 
efficiency in performance 
tests 

0.09–0.25 Excitement

Emotional instability;  
loss of critical judgment; 
drowsiness; further loss of 
sensory-motor function and 
coordination; decreased re-
action time; impaired  
perception, memory, and 
comprehension; reduced 
visual acuity and peripheral 
vision

0.18–0.30 Confusion

Disorientation, mental  
confusion, dizziness,  
exaggerated emotional 
states, increased threshold 
for pain, staggering, slurred 
speech, apathy, and lethargy

(continues)



70  forensic CHEMISTRY

Testing for Blood Alcohol Concentration
Blood alcohol concentration (BAC) became a matter of concern 
to forensic scientists in the mid-1930s. On December 5, 1933, the 
Eighteenth Amendment to the United States Constitution, prohibit-
ing the manufacture, sale, and transportation of alcoholic beverages 

←  �Behavioral Effects of Varying Levels 
of Blood Alcohol Concentration 
(BAC)  (continued)  ➢

BAC* State Characteristics

0.25–0.40 Stupor

Inability to stand or walk, 
vomiting, incontinence, 
sleepiness, lack of  
response to stimuli, loss 
of most motor functions, 
impaired consciousness, 
and inertia

0.35–0.50 Coma

Complete unconsciousness, 
depressed body  
temperature, inconti-
nence, impairment of 
circulatory and respiratory 
functions, depressed or 
abolished reflexes, and 
possible death

>0.45 Death
Death from respiratory 
arrest

*Parts alcohol per 1,000 parts of blood
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in the United States, was repealed. It once again became legal for 
U.S. citizens to buy and use alcoholic beverages. With the repeal of 
the Eighteenth Amendment, law enforcement officials were con-
fronted with a variety of problems related to the misuse of alcoholic 
beverages.

In March 1939, Indiana became the first state to adopt legislation 
permitting police to stop motorists suspected of being under the in-
fluence of alcohol and to conduct tests to determine motorists’ BAC. 
A month later, Maine passed similar legislation. The question both 
laws raised was how one would determine a person’s BAC. To be 
strictly accurate, the only way to determine how a person’s behav-
ior (such as the ability to drive) was being affected by alcohol would 
be to draw a blood sample from a person’s brain and determine the 
BAC of that sample. Such a procedure is obviously impossible to 
implement for at least two reasons. First, the procedure would be 
far too risky for the benefits achieved. And second, there would be 
no way to conduct such tests “on the spot,” that is, on a highway or 
road where a motorist with suspicious driving patterns could be 
tested.

Forensic scientists realized early on, however, that alternative 
methods of testing for BAC were possible. Probably the first of these 
alternative methods to be adopted involved the testing of a person’s 
breath for alcohol. The BAC of a person’s breath is not identical with 
the BAC of his or her blood, but it is an accurate enough reflection of 
BAC to be a useful measure of a person’s level of inebriation.

The first device for measuring the BAC of a person’s breath was the 
Drunkometer, invented by Rolla Harger, professor of biochemistry 
at Indiana University. The Drunkometer consisted of a balloon into 
which a person exhaled. The air in the balloon was then released into 
a chemical solution that changed color in proportion to the amount 
of alcohol present in the balloon (and, hence, the person’s breath).

The reaction on which the Drunkometer was based, in which eth-
anol reacts with and reduces potassium permanganate (KMnO4), is 
one familiar to many high school students. A deeply purple perman-
ganate solution gradually loses its color as more ethanol is added to 
it. A series of reactions occurs during this change, one of which is 
the following:
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3CH3CH2OH + KMnO4 k 3CH3CH2O + MnO2 + KOH + H2O

A device similar to the Drunkometer, called the Intoximeter, op-
erated on a similar principle. The operation of a third device, called 
the Alcometer, was based on a similar oxidation-reduction reaction 
between ethanol and iodine pentoxide (I2O5). In this case, the oxi-
dizing agent is diiodine pentoxide (I2O5), which oxidizes ethanol and 
is itself reduced to elemental iodine:

I2O5 + 10CH3CH2OH k I2 + 10CH3CH2O + 5H2O

The elemental iodine that forms has a pale brown color, contrast-
ing with the colorless diiodine pentoxide from which it is formed. 
The intensity of the color increases as more ethanol is present to re-
act with the diiodine pentoxide. The color change can be made even 
more pronounced by adding starch to the solution. Iodine reacts 
with starch to give a pronounced and characteristic blue color whose 
intensity, again, varies with the concentration of ethanol present.

Ethanol-detecting instruments with the names Intoximeter and 
Alcometer are still available for sale. They no longer operate on the 
chemical principles just described, however, but on newer and more 
accurate reactions that will be described later in this chapter.

In any case, the Drunkometer, Intoximeter, and Alcometer were 
all soon displaced by another invention, the Breathalyzer, invented 
in 1954 by Robert Borkenstein (1912–2002), then of the Indiana State 
Police and later chairman of Indiana University’s new Department 
of Police Administration. In the Breathalyzer test, a subject is asked 
to breathe into a container, whose contents are then emptied into a 
chamber containing potassium dichromate (K2Cr2O7), sulfuric acid 
(H2SO4), and silver nitrate (AgNO3). The reaction that occurs is pri-
marily between ethanol in the sample that has been collected and 
potassium dichromate, with sulfuric acid providing hydrogen ions 
necessary for the reaction and silver nitrate acting as a catalyst. The 
reaction that occurs is as follows:

AgNO3

3CH3CH2OH + 2K2Cr2O7 + 8H2SO4 k  
2Cr2(SO4)3 + 2K2SO4 + 3CH3COOH + 11H2O
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The key change that takes place occurs when the reddish-orange 
dichromate ion is converted to the greenish chromium(III) ion. The 
greater the amount of ethanol present, the more complete the con-
version of dichromate to chromium(III).

This conversion can be seen easily with the naked eye, but the 
amount of change cannot be judged reliably by visual means only. 
Instead, the reaction chamber is exposed to a photometric analysis 
that determines the pattern of wavelengths present in the final solu-
tion, indicating the extent to which conversion of the chromium has 
occurred. This analysis can be converted into an electric signal that 
can be read easily on a dial, indicating the subject’s BAC.

Breath-testing devices were widely used in the United States from 
the early 1940s until the 1990s. Such devices were subject to a num-
ber of errors, however, many of them resulting from incorrect op-
erator use. As a consequence, the devices were largely replaced by 
other types of analytical devices, primarily infrared spectroscopic 
and fuel cell devices.

A motorist suspected of driving under the influence of alcohol takes a Breathalyzer test 
at the side of the road.  (Jim Varney/Photo Researchers, Inc.)
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The most widely used forms of breath alcohol testing in use to-
day are based on spectroscopic techniques. The diagram on page 76 
illustrates the general principles involved in spectroscopic analysis. 
A sample to be examined is inserted into a container, (1) in the dia-
gram. A light source (2) emits a beam of light that passes through 
the chamber and exits at the opposite end (3). The exiting light is 
then passed through filters (4) that separate the light into its com-
ponents and is transmitted to a photodetector (5) that measures the 

←  Robert Borkenstein (1912–2002)  ➢

Drinking and driving are a deadly combination. Every forensic scientist, 
every law enforcement officer, and most average citizens recognize 

that fact. But just knowing that fact does not necessarily make it any easier 
for law enforcement officials to prevent people who have had too much to 
drink from driving and becoming involved in accidents. Those officials also 
need tools to let them know how much a particular person has had to drink 
and how likely it is that that person will become involved in an accident.

Few people in the history of forensic science have contributed more to 
both of these questions than Robert Borkenstein. Borkenstein was born in 
Fort Wayne, Indiana, on August 31, 1912. He had a relatively modest early 
education that ended when he graduated from high school in 1930. After a 
series of jobs, he was hired as a photographer by the Indiana State Police in 
1936. Borkenstein soon discovered that police work was the career in which 
he was most interested, and he remained with the state police for 22 more 
years. He was eventually appointed director of the state crime lab, and he 
retired from the state police with the title of captain in 1958.

Late in his law enforcement career, Borkenstein decided that he wanted 
to earn a college degree, and he enrolled at Indiana University, where he 
majored in forensic science. He received his bachelor’s degree in that field 
in 1958 and was immediately made professor and chair of the Department 
of Police Science at Indiana. He remained in this post until his retirement in 
1983.

Long before he had earned his college degree, Borkenstein had begun to 
make important contributions to the field of forensic chemistry. In 1938, he 
and Rolla Harger, a friend at Indiana University, invented the Drunkometer, 
a simple device for measuring blood alcohol concentration (BAC). Although 

the invention broke new ground in attempts to measure a person’s BAC, the 
device was clumsy and unreliable. Sixteen years later, Borkenstein produced 
an improved model of the Drunkometer, the Breathalyzer, which quickly 
became a valuable field assessment tool for police officers.

Shortly after joining the Indiana faculty, Borkenstein began to plan 
the first epidemiological study on the effects of BAC on the likelihood of 
one’s becoming involved in an automobile accident. He and his colleagues 
studied 5,985 drivers in Grand Rapids, Michigan, who had been involved in 
accidents during 1962–63. The study results suggested a driver with a BAC 
of 0.08 percent was twice as likely to have a crash as one with a BAC of 0.05 
percent. Borkenstein’s study had a number of important limitations, but it 
is widely recognized as the first piece of scientific research on which DUI 
(driving under the influence [of alcohol]) laws could be based.

Borkenstein was involved in a number of forensic and traffic organiza-
tions throughout his life. He attended the first meeting of the International 
Council on Alcohol, Drugs, and Traffic Safety in 1950 and, according to an 
obituary in the council’s newsletter, “provided the leadership and inspiration 
for organizing its international meetings through the next four decades.” 
He was awarded an honorary Doctor of Science degree from Wittenberg 
University in Springfield, Ohio, in 1963 and an honorary Doctor of Laws de-
gree from Indiana University in 1987. He was also recognized by a number 
of honors and awards, including the Liberty Bell Award of the Indiana Bar 
Association in 1966, a special citation from the Republic of China in 1970, 
and the Widmark Award of the International Council on Alcohol, Drugs, 
and Traffic Safety in 1981. He was the author of more than 45 articles in the 
field of forensic science and traffic safety. Borkenstein died in Bloomington, 
Indiana, on August 10, 2002.
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amount of light received at each wavelength. The pattern produced 
by the photodetector is then converted by a microprocessor (6) into 
an electric signal, which can be read directly by an operator.

The physical principle involved in the operation of the spec-
trometer is that each atom, molecule, ion, or free radical absorbs 
energy from the incident light in a unique way. Each particle (atom, 
molecule, ion, or free radical) uses that energy to change its rate 
of vibration, molecular rotation, or electronic state. Since the bond 
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structures in all chemical species differ from each other in unique 
ways, the amount of energy they will absorb at various wavelengths 
will also be different. That is, the absorption spectrum obtained by 
this device serves as a distinctive fingerprint by which any particu-
lar chemical species can be identified.

The only adaptation needed to use the device (explained in the 
diagram above) as a breath alcohol analyzer is to add portals through 
which air can enter and exit. The subject is asked to breathe into 
one portal (7). That air then exits through a second portal (8). Any 
alcohol in the subject’s breath is retained in the chamber. When 
light passes through the chamber, that alcohol will absorb wave-
lengths in its own pattern, a pattern that can then be detected at the 
microprocessor. The intensity of the pattern can also be measured, 
indicating the concentration of ethanol present in the subject’s 
breath.

The type of light source used in spectrometric methods is very im-
portant. The spectrograms obtained by using visual light and light of 
longer wavelengths (in the ultraviolet region) tend to be fairly simple 
and often quite similar for different chemical species. Spectrograms 
obtained using infrared light, however, are much more complex and 
reliably unique. The diagram on page 77, for example, shows the 
spectrograms obtained for aspirin using both infrared light (at the 
left) and ultraviolet light (at the right). Clearly, the infrared spectro-
gram is far more useful in identifying the product than the ultravio-
let spectrogram because it has more detail.

Principle of spectrophotometry
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Another device that has been developed for testing a subject’s 
BAC is based on the fuel cell, a device for converting chemical en-
ergy directly into electrical energy. The diagram on page 78 shows 
how a fuel cell can be adapted for use as a BAC testing device. 
The fuel cell contains two electrodes separated from each other 
by an electrolyte. The electrodes are typically made of platinum 
metal, and the electrolyte is normally sulfuric acid. The fuel cell 
casing consists of a porous material that allows air to pass into and 
out of the container. A subject is asked to breathe into a tube that 
carries air from his or her mouth into the fuel cell. Any alcohol 
in the subject’s breath will be oxidized at the anode of the fuel 
cell to yield acetic acid (CH3CH2COOH), hydrogen ions (H+), and 
electrons (e-). The electrons travel to the cathode, where they are 
routed through an electrical meter before they return to the elec-
trolyte. The hydrogen ions combine with atmospheric oxygen and 
excess electrons to form water. And the acetic acid becomes part 
of the electrolyte.

The subject’s BAC is measured by recording the amount of current 
that flows through the fuel cell. The more alcohol he or she breathes 
into the device, the greater the amount of oxidation that will occur, 
the greater the number of electrons that will be formed, and the 
stronger the electrical current that will be produced. The number 

Ultraviolet and infrared spectra of aspirin
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of electrons passing through the electrical meter is registered by a 
microprocessor and converted to a readable output.

The fuel cell is widely regarded as one of the most reliable devices 
for measuring BAC and one of the easiest such devices for law en-
forcement officers to use, especially for on-site testing of subjects. 
Wider use is limited, to some extent, by its high price, ranging from 
about $400 to $700 per unit.

Another form of BAC testing device has been developed, partly in 
the hope that individuals themselves may be interested in their own 
blood alcohol levels. These consumer-oriented devices are small, rel-
atively simple, less expensive, and considerably less accurate than 
devices used by law enforcement officials. But they do provide the 
user with a general idea as to his or her BAC, perhaps encouraging a 
more cautious approach to drinking and/or driving.

One such device looks something like a cellular telephone, except 
smaller. To test one’s BAC, the user must turn on the device and al-
low a battery to heat up a small metal coil within the casing. The coil 
is embedded in a sensing element made of a semiconductor, most 
frequently consisting of tin oxide (SnO2). When the person’s breath 
passes over the heated coil, alcohol molecules lose electrons to the 
coil. The additional electrons change the resistance of the coil, a 
change that can be detected by the semiconductor. The semiconduc-

Fuel cell used as a breath analyzer
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tor converts the change in resistance of the coil to an equivalent 
BAC level that is then displayed on a screen. Devices of this design 
are now available for as little as about $50.

A number of devices have been developed for testing the alcohol 
concentration in a person’s saliva. The alcohol concentration found 
in saliva is not identical to that found in blood or breath, but it is 
close enough to measure a person’s sobriety. In a saliva test, a cotton 
swab is passed around the inside of a person’s mouth and under the 
tongue until the swab is thoroughly moistened. The swab is then 
brought into contact with a test surface that changes color if alcohol 
is present. The degree of color change, again, is a direct indication 
of the amount of alcohol in the person’s saliva and can be displayed 
as a number, such as 0.02 or 0.05.

One system used as a detector for the test surface consists of 
two enzymes, alcohol oxidase and peroxidase, and color indicator 
3,3',5,5'-tetramethylbenzidine (TMB). If alcohol is added to this sys-
tem, it is oxidized by the alcohol oxidase, forming an aldehyde and 
hydrogen peroxide (H2O2):

A simple test for blood alcohol level involves the use of a test stick, shown at the right of 
this photograph, that is inserted into one’s mouth.  (Voisin/Photo Researchers, Inc.)
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alcohol oxidase
CH3CH2OH + O2                               CH3CH2O + H2O2 k

The hydrogen peroxide formed in this reaction then reacts with 
TMB to form a colored product, whose intensity of color is directly 
related to the amount of alcohol in the sample being tested:

peroxidase
H2O2 + TMB                            colored productk

Scientific studies suggest that saliva tests for BAC are about as ac-
curate as other measurements based on breath analyzers.

Blood alcohol concentration can also be measured by taking a 
sample of a person’s blood and then testing it by a variety of means 
to determine the amount of alcohol present in the sample. The most 
reliable and most commonly used method for testing BAC by this 
direct approach is by means of a combination of gas chromatography 
and mass spectrometry, a technique described in the next section.

Like other forensic tests, BAC measurements are always subject 
to some question because of personal errors, problems with equip-
ment, and other factors. Overall, however, BAC measuring devices 
are regarded as highly reliable when operated properly by trained 
personnel, and evidence obtained from such devices is routinely ac-
cepted in most courts of law as sufficient evidence for a guilty find-
ing in a driving under the influence case or a similar alcohol-related 
crime.

Testing for Drugs
Although alcohol testing is an important part of the work of the mod-
ern forensic toxicologist, a specialist in that field is also called upon 
to test for a wide variety of other substances that fall into two gen-
eral categories: poisons and illegal drugs. Well over 10,000 different 
poisons are known, but only a small number of these substances are 
likely to be involved in some kind of criminal activity with which a 
forensic toxicologist has to deal. Examples of those poisons include 
arsenic, strychnine, atropine, and cyanide.
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Testing for illegal drugs has become an increasingly important 
part of the forensic toxicologist’s job description over the past few 
decades. According to the 2005 National Survey on Drug Use and 
Health produced by the Substance Abuse and Mental Health Service 
Administration, 19.7 million Americans over the age of 12 had re-
ported using an illicit drug during the previous month. Marijuana 
and hashish were by far the most popular illegal drugs, with 14.6 
million Americans reporting that they had used the drugs in the pre-
ceding month. The next most popular illicit drugs were cocaine (2.4 
million individuals); hallucinogens, such as LSD, PCP, and ecstasy 
(1.1 million individuals); and heroin (136,000 individuals). About 3.6 
million Americans were classified as being dependent on an illegal 
substance or as abusing that substance on a regular basis.

Drug abuse is a matter of concern to forensic toxicologists because 
such acts are in and of themselves illegal. Beyond that, however, 
drug use is often closely related to violent and nonviolent crime. In 
its 2001 annual report, for example, the National Institute of Justice 
reported that about 6.3 percent of all Americans reported using  

Cocaine hydrochloride has a characteristic crystalline structure.  (Leonard Lessin/Photo 
Researchers, Inc.)
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illegal drugs, whereas about 65 percent of all criminal offenders  
used illegal drugs. Obviously, the link between drug abuse and crimi- 
nal activity is strong.

In addition, one of the primary techniques now being used to 
control and reduce the problem of drug abuse in the United States 
is the use of drug-testing programs by business and industry. In its 
2001 survey of medical-testing practices in companies, the American 
Management Association found that 68 percent of the 1,627 firms 
that responded to its survey reported using drug testing of its cur-
rent employees and/or of all applications for employment.

Tests for drugs and poisons tend to fall into two categories: screen-
ing and confirmation. A screening test is generally performed first 
on a sample to be identified. The purpose of the test is to “weed out” 
a large number of drugs or poisons from consideration. Such tests 
identify the general class of substances to which the sample may 
belong, but they do not give a unique and specific characterization. 
A special type of screening test that is frequently used is a presump-
tive test. A presumptive test is one that is carried out when an inves-
tigator has enough reason to believe that a particular substance is 
present in a sample; that is, its presence is presumed.

Screening and presumptive tests are only the first step in deter-
mining the identity of some unknown substance, however. A second 
type of test, a confirmatory test, must always be carried out follow-
ing the screening or presumptive test in an effort to identify the 
specific and unique chemical identity of the substance present in 
the sample being studied.

Over the years, a number of chemical tests have been developed 
as screening tests for certain drugs. These tests are not necessar-
ily specific for the drugs involved since, in many cases, they can 
produce a false-positive. A false-positive is a test result that suggests 
that a particular substance is present in a sample when it is really 
not. A comparable result known as a false-negative is also some-
times obtained. A false negative is a test result that suggests that 
a particular substance is absent from a sample when it is actually 
present. Since false-positives and false-negatives are not unusual in 
screening tests, confirmatory tests are usually necessary to deter-
mine whether a suspected substance is actually present in a sample. 
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Some commonly used chemical color tests for drugs are the Marquis 
test, the Mandelin test, the Scott test, the Dille-Koppanyi test, the 
Duquenois-Levine test, and the Van Urk (or Ehrlich’s) test. All color 
tests like these are used for screening purposes only and never as 
confirmatory tests.

The Marquis test has been known since at least 1896. It provides 
useful results primarily with two classes of organic compounds, 
the opiates and the amphetamines. Opiates are natural or synthetic 
drugs whose effects on the body are similar to those produced by 
morphine, a natural product obtained from the opium poppy, Papaver 
sominferum. These effects include difficulty in breathing, swelling of 
the lips and tongue, seizures, clamminess, dizziness, severe weak-
ness, and unconsciousness. Some of the most familiar opiates are 
morphine itself; its natural derivatives (codeine and heroin); and 
the synthetic and semisynthetic derivates of morphine, meperidine 
(Demerol), and methadone (Dolophine). The amphetamines are a 
family of synthetic compounds derived from the neurotransmitter 
epinephrine (adrenaline). Like the natural compound on which 
they are based, amphetamines stimulate the central nervous system 
(CNS), producing “highs” that make them popular as recreational 
drugs. Some common examples of amphetamines are benzedrine 
(“bennies” or “uppers”), dexedrine (“dexies”), methedrine (“crank,” 
“crystal,” “ice,” “splash,” or “speed”), and a group of compounds 
synthesized from the amphetamine methylenedioxyamphetamine 
(MDA), all the members of which are known as “ecstasy.” Some mem-
bers of the ecstasy group are 4-bromo-2,5-dimethoxyamphetamine 
(DOB); N-methyl-1-(1,3-benzodioxol-5-yl)-2-aminobutane (MBDB); 
3,4-methylenedioxyethamphetamine (MDE); and the most widely 
sold form of ecstasy, methylenedioxymethamphetamine (MDMA).

The Marquis reagent consists of a mixture of formaldehyde and 
sulfuric acid in a ratio that differs somewhat from test to test. Most 
commonly, the concentration of formaldehyde ranges from about 2 
to 5 percent. A drop or two of the reagent is placed on the sample 
to be tested, and any color changes that occur are noted. With the 
opiates, the reagent gives a purple color that differs somewhat in 
hue and intensity depending on the specific opiate present. With 
amphetamines, the reagent turns orangish-brown, with similar 
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variations because of the specific chemical present. The chart above 
shows the characteristic reaction of the Marquis reagent with se-
lected examples of other, less well-known drugs.

As with nearly all color tests, forensic chemists are generally not 
familiar with the specific chemical reactions by which such color 
changes occur. Such changes are often complex, with mechanisms 
that have not yet been determined.

←  �Color Changes for Marquis Reagent  
with Selected Drugs  ➢

Drug Color change

2C-C (2,5-dimethyoxy-4- 
chlorophenethylamine)

Lime green

2C-T-4 (2,5-dimethoxy-4-(i)-
propylthiophenethylamine)

Orange to red

AMT (α-methyltryptamine) Dark brownish-yellow

DPT (N,N-dipropyltryptamine) Dirty olive

MBDB (2-methylamino-1-
(3,4-methylenedioxyphenyl) 
butane)

Dark brown to black

PMA (p-methoxyamphet-
amine)

No color change

Yohimibine
Slight fizzing, turning olive 
green

Source: Adapted from “Ecstasy Testing Kit FAQ,” http://www.erowid.org/chemi-
cals/mdma/mdma_faq_testing_kits.shtml
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Mandelin reagent is a solution that can be used to test for a some-
what wider variety of drugs known as alkaloids. The alkaloids are a 
large class of naturally occurring compounds with complex structures
that usually include a heterocyclic nitrogen-containing ring. Some 
familiar alkaloids include atrophine, codeine, caffeine, cocaine, her-
oin, morphine, nicotine, quinine, and strychnine. Mandelin reagent 
consists of a 1 percent solution of ammonium vandanate (NH4VO3) 
in concentrated sulfuric acid. Various alkaloids produce characteris-
tic color changes when treated with Mandelin reagent. For example, 
cocaine turns orange; codeine, olive; and heroin, brown.

Cobalt(II) thiocyanate (Co(CNS)2) is widely used as a test for co-
caine, an analysis generally known as the Scott test. The test can 
be used for the two forms in which cocaine is typically available, 
“crack” or “free base” cocaine—in which the compound exists as a 
basic substance—and cocaine hydrochloride—a form in which the 
substance has been converted to an acidified powdered form. This 

Crack cocaine is prepared by mixing ammonia with a solution of cocaine hydrochloride, 
producing rocklike lumps of nearly pure cocaine.  (TEK Image/Photo Researchers, Inc.)
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difference is of some practical significance because the legal penal-
ties for the possession of crack cocaine are generally more severe 
than those for possession of cocaine hydrochloride.

To perform the Scott test, a tester adds a few drops of a 2 percent 
solution of cobalt(II) thiocyanate and a small amount of chloroform 
to a small sample suspected of containing cocaine. The chloroform 
is needed to dissolve any cocaine that may be present. If cocaine 
hydrochloride is present in the sample, a blue precipitate will form. 
If crack cocaine is present, there will be no color change. The pres-
ence of cocaine in its basic form can be detected, however, by adding 
to this mixture a drop or two of any strong acid, such as nitric or 
sulfuric acid. The acid converts the basic crack cocaine to its acidi-
fied form, which then forms a blue precipitate with the cobalt(II) 
thiocyanate.

The Dille-Koppanyi test is commonly used as a presumptive test 
for barbiturates. Barbiturates are depressants that are derivatives 
of the heterocyclic compound barbituric acid (C4H4N2O3). Some 
commonly used barbiturates include phenobarbital (a tranquilizer), 
pentobarbital sodium (Nembutal, a sleeping pill), the sedatives seco-
barbital (Seconal) and amobarbital (amytal), and sodium pentothal 
(an anesthetic). The Dille-Koppanyi reagent consists of two solu-
tions. Solution A consists of a 0.1 percent solution of cobalt acetate 
(Co(C2H3O2)2 ) dissolved in methanol or isopropanol to which has 
been added a few drops of glacial acetic acid (HC2H3O2). Solution B 
consists of a 5 percent solution of isopropylamine (2-aminopropane; 
(CH3)2CHNH2) dissolved in methane. Two parts of solution A are 
added to the sample being tested, followed by the addition of one 
part of solution B. If a barbiturate is present in the sample, the mix-
ture turns violet blue.

A widely used presumptive test for marijuana is the Duquenois-
Levine test. The Duquenois-Levine reagent consists of three parts. 
Solution A is a mixture of 1 percent acetaldehyde (CH3CHO) and 
2 percent vanillin [(CH3O)(OH)C6H3CHO] in ethanol. Solution B 
consists of concentrated hydrochloric acid, and Solution C is pure 
chloroform. When the three solutions are added to the sample being 
tested, multiple layers are formed, the most dense of which is the 
chloroform layer. If that layer develops a purple color, marijuana 
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may be present in the sample. But this test, like other presumptive 
tests, is not specific for marijuana; it produces similar results with a 
variety of vegetative materials.

←  �Some Selected Microcrystalline  
Test Results  ➢

Drug Reagent Test Results

Codeine HgI2 + KI
Small, yellowish 
spheres

Heroin HgCl2
Fine dendritic  
crystals

Methadone I-KI
Small colorless to 
white needles

Methamphetamine HAuBr4

Irregular orangish-
brown blades to 
needles

Morphine K2HgI4
Brownish brushes, 
fans, or rosettes

Quinine H2PtBr6
Orange plate-
shaped crystals

Sources: Adapted from “Microchemical Identification of Some Modern 
Analgesics.” United Nations Office on Drugs and Crime, Bulletin 1959-01. 
Available online. URL: http://www.unodc.org/unodc/en/bulletin/bulletin_1959-
01-01_1_page005.html; “Micro-identification of the Opium Alkaloids.” United 
Nations Office on Drugs and Crime, Bulletin 1955-01. Available online.  
URL: http://www.unodc.org/unodc/en/bulletin/bulletin_1955-01-01_3_
page005.html.
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A popular test for LSD (lysergic acid diethylamide) makes use of 
the Van Urk reagent, sometimes referred to as Ehrlich’s reagent. LSD 
is a moderately popular recreational drug with hallucinatory effects 
that can become habit-forming and may result in serious long-term 
physical and psychological effects. The Van Urk reagent consists of a 
1–2 percent solution of p-dimethylaminobenzaldehyde (p-(CH3)2NC6 
H4CHO) dissolved in equal parts concentrated hydrochloric acid and 
absolute (95 percent) ethanol. When LSD is added to this solution, it 
turns bluish purple. The Van Urk reagent also gives characteristic 
results with certain other hallucinogenic drugs, such as psilocin 
(bluish gray) and psilocybin (reddish brown), both components of 
certain species of mushrooms that produce hallucinogenic effects.

Although color tests can be helpful as presumptive tests for a va-
riety of drugs, they tend to be nonspecific. A more precise test for 
such drugs is based on their crystalline structure. When a particular 
drug is treated with a few drops of a specific reagent, small crystals 
with characteristic shapes are formed. These microcrystals can be 
examined under a microscope and compared with recorded images 
from libraries that contain hundreds of such crystalline patterns. 
For example, when a 10 percent aqueous solution of sodium acetate 
(NaC2H3O2) is added to heroin, crystals with the shape of hexagonal 
plates are formed. The same solution added to quinine, by contrast, 
produces crystals with irregular, log-shaped crystals. The chart on 
page 87 lists the types of results that are obtained for certain drugs 
with certain reagents. These results are highly dependent on the 
conditions under which the tests are carried out.

Color tests and microcrystalline tests are useful screening tests 
in determining the likelihood that some given substance is a drug. 
When positive results are obtained from such tests, confirmatory 
tests are necessary to obtain positive identification of a substance.

Testing for Poisons
Testing for poisons is somewhat more daunting than testing for 
drugs. At least 10,000 toxic substances (poisons) are known. A foren-
sic toxicologist, however, is likely to encounter only a small fraction 
of that number.
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Poisons are often divided into two general categories: inorganic 
substances and organic substances. Some examples of inorganic 
poisons are the compounds of metals and semimetals such as anti-
mony, arsenic, barium, cadmium, copper, and iron. Some common 
organic poisons are the carbamate pesticides, digoxin and digitoxin, 
the organophosphorus pesticides, nicotine, and strychnine. The 
IPCSINTOX database published by the International Programme 
on Chemical Safety of the United Nations Environment Programme 
lists 113 different poisons with methods for testing that are, in most 
cases, unique to the specific poison. The number of different poi-
sons and the specificity of tests makes it impractical to describe the 
testing of poisons in this book. One example, the Forrest test for 
imipramine, however, illustrates the approach that is used in many 
cases.

Forrest reagent is used to test for the presence of imipramine, a 
tricyclic organic compound widely used as an antidepressant. Forrest 
reagent is made by mixing 25 milliliters (mL) of a 2 percent aque-
ous solution of potassium dichromate (K2Cr2O7) with equal volumes 
of concentrated sulfuric acid, concentrated perchloric acid (HClO4), 
and concentrated nitric acid. The Forrest test is conducted by adding 
1 mL of this reagent to 0.5 mL of urine, then stirring the mixture for 
five seconds. In a positive result, the solution turns a yellowish-green 
hue that slowly deepens to give a dark green through blue color. 
The test, like most tests described in the IPCSINTOX document, is a 
presumptive test, since similar results are obtained by compounds 
related to imipramine, such as desipramine, trimipramine, and clo-
mipramine. A positive result with the Forrest reagent is followed, 
therefore, by a confirmatory test, such as a gas chromatography/
mass spectrometry test, described in the next section.

Confirmatory Tests
Only a few tests can provide unequivocal evidence of the presence 
of a specific chemical compound in a test sample. One of those 
methods, infrared spectrophotometry, was already discussed in the 
section on alcohol testing. The spectral patterns obtained for vari-
ous chemical compounds are essentially unique, and they can be 
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IR spectra for cocaine (a), heroin (b), and LSD (c)
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used as confirmatory tests for drugs and poisons that might have 
been indicated by earlier presumptive tests or screenings. The infra-
red spectra for three common drugs, cocaine, heroin, and LSD, are 
shown in the diagram on page 90.

Probably the most popular method now used for confirming the 
presence of a specific compound in a sample being tested uses a 
combination of two tests familiar to many high school chemistry 
students: gas chromatography (GC) and mass spectrometry (MS). 
The two tests are carried out in tandem to identify compounds pres-
ent in a sample.

Chromatography is a method for separating a mixture—often a 
complex mixture—into its component parts. It was invented in the 
early 1900s by the Russian botanist Mikhail Semenovich Tswett 
(1872–1919) as a means of separating the various pigments found 
in plants. Various kinds of chromatography are available, but all

Paper chromatography is the original method by which components of a mixture 
are separated by passing them across a supporting material to which they adhere 
differentially.  (Andrew Lambert Photography/Photo Researchers, Inc.)
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are based on a simple principle: When a mixture of substances is 
passed over a fixed base, the individual substances in that mixture 
have varying tendencies to adhere to that base. After the mixture has 

←  Mikhail Semenovich Tswett  
(1872–1919)  ➢

“Think outside the box!” That popular expression is one that encour-
ages people to try to look at problems in new ways, to ignore old 

answers or old ways of dealing with issues, and to find new approaches 
for challenging puzzles. “Thinking outside the box” was how the Russian 
botanist Mikhail Tswett discovered the process of chromatography in the 
early 1900s.

Mikhail Semenovich Tswett was born in Asti, Italy, on May 14, 1872. His 
parents had arrived in Italy a few weeks earlier, planning to spend their va-
cation at Lake Maggiore, near the Swiss border. Tswett’s mother died shortly 
after he was born, and his father took the baby to Lausanne, Switzerland, 
where he was to spend the next 24 years of his life. Tswett’s father returned 
to Russia but came back to Switzerland every year for extended vacations 
that he shared with his son.

After completing high school, the younger Tswett enrolled at the 
University of Geneva, where he majored in botany. For his doctoral thesis, 
Tswett examined the various pigments (such as chlorophyll, the carot-
enoids, and the phycobilins) that occur in plants and the methods by which 
they can be extracted from plants. One of his first discoveries was that vari-
ous solvents were more or less effective in dissolving these pigments from 
plant material. For example, some pigments dissolve readily in ethanol 
or acetone but not in other common organic solvents, such as petroleum 
ether and ligroin. This “discovery” was not original with Tswett—it was com-
mon knowledge among botanical researchers. But those researchers did 
not give much thought to the phenomenon, attributing it to a matter of 
some pigments being more soluble in some solvents, and other pigments, 
in other solvents.

Tswett, however, suggested an alternative explanation. The reason for 
the differential solubility of pigments in various solvents, he said, was that 
those compounds were bonded more or less strongly to the plant tissue in 
which they occurred. Solvents that were able to overcome these bonding 

forces could dissolve a pigment, while those that could not overcome those 
forces could not dissolve a pigment.

And thus was born the idea of chromatography. If this explanation 
describes the way pigments bind naturally with different strengths in 
plants, then maybe a technique could be developed in which a mixture of 
pigments could be passed through a column containing a solid phase to 
which the pigments would bond more or less strongly and, thus, become 
separated during the process. Tswett announced his discovery of chroma-
tography in a paper entitled “On a New Category of Adsorption Phenomena 
and Their Application to Biochemical Analysis,” presented at a meeting of 
the Biological Section of the Warsaw Society of Natural Sciences on March 
8, 1903.

Shortly after finishing his doctoral studies at Geneva in 1896, Tswett 
decided to return to Russia and seek a university appointment there. The 
Russian academic community generally did not accept degrees from other 
universities, however, so he had to begin his doctoral studies over. In 1901, 
five years after returning to Russia, he was awarded a Ph.D. in botany from 
the University of Kazan. He then accepted a position at the University of 
Warsaw, in a region of Poland then occupied by Russia. He remained at the 
University of Warsaw until 1908, when he moved to the Polytechnic Institute 
in the same city.

Tswett was forced to flee Warsaw in 1915 when German troops entered 
the city. He was unemployed until 1917, when he was able to find a post 
at the University of Tartu, in present-day Estonia. Within a year, he had to 
abandon his academic post again, however, when the Germans overran the 
area in which he was living. At the end of 1918, he found yet another job, this 
time at the State University of Voronezh, in Russia. By this time, however, he 
was quite ill, and he died less than a year later, on June 26, 1919.

Tswett’s name is sometimes spelled with a v (Tsvett) because the letter 
w in German is pronounced as “v.” Ironically, the word tswett in German 
means “color,” a fitting congruity with the discovery he made. He is widely 
known today as the father of chromatography.
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passed over the base, the components of which it is made are depos-
ited at different positions on the base. The base can then be analyzed 
to determine what each of the components of the mixture is.

←  Mikhail Semenovich Tswett  
(1872–1919)  ➢
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In forensic science, the most common type of chromatography 
used is gas chromatography. In gas chromatography, the substance 
to be analyzed is first vaporized, as shown in the diagram below, 
and mixed with an inert gas, the mobile phase in the process. The 
two gases most commonly used in this process are nitrogen and 
helium. The carrier gas and the sample to be tested are then passed 
through a gas column. A thin layer of some material is deposited on 
the inside of the column walls, providing the stationary phase for the 
process. As the carrier gas and dissolved sample pass through the 
glass tube, the components of the sample are attracted in varying 
degrees to the material in the thin layer. Those most attracted to the 
thin layer will be deposited near the top of the tube, while those less 
strongly attracted will be carried farther down the column before 
they are deposited on the inside of the tube. As the carrier gas flows 
out the bottom of the tube and exits, a sensing device detects the 
individual components of the mixture. The detector then converts 
this information to an electrical signal that can be registered by the 

Gas chromatograph
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recorder as a graph showing the concentration of various substances 
detected over a period of time.

The recording, known as a chromatogram, provides a visual record 
of the number and type of components present in the original sam-
ple. A sample chromatogram is shown on page 96. It shows the number 
of components present in the original sample, the probable identity of 
those components, and the relative concentration of each component. 
The tester identifies the components obtained in any given experiment 
by comparing the chromatogram with a library of chromatograms for 
many different substances. Chromatogram libraries, requiring paid 
registration for viewing, are sometimes available online.

Gas chromatography is a popular analytical tool because it is 
so sensitive. It is capable of detecting material at nanogram (10-9g) 
levels. The major problem with chromatograms is that they are 
not conclusive tests. That is, chromatograms for two or more sub-
stances may be so similar that it is impossible to tell which of the 
substances is present in any given case. When gas chromatography 

In forensic laboratories, a gas chromatograph (shown at the left in this photograph) is 
usually connected with a mass spectrometer (shown at the right).  (Dr. Jurgen Scriba/
Photo Researchers, Inc.) 
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is paired with mass spectrometry, however, this disadvantage is 
overcome.

The second element in the GC/MS system used in forensic analy-
sis is the mass spectrograph, first invented in 1919 by the English 
physicist Francis William Aston (1877–1945). The basic principle on 
which the mass spectrometer is based is that the path taken by a 
charged particle moving through a magnetic field is dependent on 
the electrical charge (e) and the mass (m) of that particle. The gov-
erning equation for this phenomenon is:

e        2V 
 = 

m       B2r2,

where V is the voltage applied to the instrument, B is the strength 
of the magnetic field, and r is the radius of the path followed by the 
charged particle.

A sample gas chromatogram
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In a GC/MS system, the individual components produced in the 
gas chromatograph are transmitted from that device into a mass 
spectrometer. The figure below shows a schematic diagram of the 
mass spectrometer. As the components obtained from gas chroma-
tography enter the spectrometer, they are bombarded with electrons, 
a process that results in the loss of a single electron from each of 
the molecules present in the mixture. The molecules then become 
positively charged ions and can be represented by the expression 
e/m, where e is the same for all molecules, and m is unique for every 
molecule of the type likely to be encountered in this analysis.

The charged molecules are then accelerated by a voltage through 
a magnetic field of strength. Each type of molecule will follow a 
slightly different path depending on its own value of e/m. A detec-
tor placed at the back of the spectrometer detects the specific path 
taken by each type of molecule that enters the instrument. Then, 
knowing the values of V and B (set for the machine) and observed for 
r, the tested can determine the value of e/m for each different kind 
of molecule in the original sample.

Mass spectrometer
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The result of this analysis is a spectrogram of the type shown 
on page 99. The three spectrograms shown in this figure illustrate 
the fact that the more complex the molecule, the more complex the 
spectrogram that will be produced.

The availability of a host of screening and presumptive tests, along 
with a handful of powerful confirmatory tests, now makes it possible 
for forensic chemists to analyze many kinds of unknown substances, 
ranging from pure but complex compounds to highly complex mix-
tures, with a significant likelihood of obtaining reliable results. Results 
of chemical tests as well as confirmatory results from gas chroma-
tography and mass spectrometers make it possible to identify a wide 
range of illegal drugs and poisons. Today it is not unusual for an ana-
lyst to obtain nearly proof-positive results on samples of no more than 
a few micrograms in short periods of time. These identifications often 
provide strong evidence that make possible the apprehension and con-
viction of individuals involved in many different kinds of crimes.

A scientist inserts a sample to be tested into the mass spectrometer shown here.  
(G. Tompkinson/Photo Researchers, Inc.)
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Mass spectrograms for three substances



100

5
Arson and Explosives 
Investigations

Arson and explosives detonation have become problems of con-
siderable interest to the general public in the last decade. News 

broadcasts carry frequent reports of groups and individuals who 
set fires or explosives in terrorist attacks around the world. These 
events represent a changing trend in the use of arson and explosives 
by criminals and terrorists. At one time, forensic scientists were 
most concerned about fires set by businesspeople trying to collect 
on their hazard insurance or by youngsters or adults simply fasci-
nated by fires. Today a far greater range of people are using fires and 
explosives to make political statements that result in the death and 
injury of innocent people.

Arson as an Economic and Social Problem
Arson is one of the most common and most serious problems faced 
by forensic scientists. Arson is defined as the willful or malicious 
burning of property, usually with criminal or fraudulent intent. For 
example, a business owner might arrange to have his or her building 
burned down in order to collect insurance money. Or an individual 
might burn down someone else’s building because of bad feelings 
between the two people. Or a person might set fire to a structure just 
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for the pleasure of watching it burn. Arsonists of this kind are often 
called firebugs.

Arson is the second-leading cause of fires in the United States today, 
exceeded only by smoking. In 2005, according to a report by Michael 
J. Karter of the National Fire Protection Association, 315 Americans 
were killed by intentionally set fires. About 31,500 structure fires, 6 
percent of all such fires, were set by arsonists. These fires resulted in 
a total cost of $664 million in property damage, about 6 percent of the 
total property damage caused by fires. In addition to structural fires, 
about 21,000 vehicle fires were attributed to arson or other suspicious 
causes, adding an addition $113 million to the cost of arson fires in the 
United States. Arson fires cause more than death and property dam-
age—they also displace families who have lost their homes in such 
fires. In 2000, the American Red Cross reported that they had helped 
to relocate 76,276 families who had lost their homes due to fires, more 
than half of all the families assisted by the organization in that year.

Arson Investigations
Arson presents one of the most challenging types of crime forensic 
chemists encounter. In many cases, a building or vehicle has been 
badly damaged or totally destroyed by a fire. The fire scene is typi-
cally covered with burned wood, charred concrete, partially melted 
metals, and other materials that provide only fragmentary evidence 
as to the events that occurred before and during the fire. In addition, 
such materials are often soaked with water used by firefighters, who 
may also have cut apart, pulled down, or otherwise damaged materi-
als originally present at the scene.

These factors severely complicate the task of analysis for the fo-
rensic chemist and often limit his or her contributions to solving a 
crime. Sometimes forensic scientists can only identify suspicious 
materials present at the fire scene. However, this contribution can 
be an important one, because the presence of certain materials at 
the scene of a fire can strongly suggest whether the fire was inten-
tionally set. For example, the presence of kerosene or gasoline where 
such materials would normally not be found or expected suggests 
that the fire was set intentionally.
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As a consequence, the forensic chemist’s primary task in the in-
vestigation of possible arson fires is to identify accelerants and/or 
explosives that may have been present at the site of the fire. This 
information can then be used in combination with other types of 
evidence collected by law enforcement officials to arrest and convict 
persons responsible for an arson crime.

Fire is a form of combustion, an oxidation reaction in which no-
ticeable heat and light are produced. Such reactions are known, in 
general, as exothermic reactions because heat (-thermo) is given off 
(exo-) during the chemical change.

One of the simplest combustion reactions is the one that takes 
place between carbon and oxygen:

←  �Heat of Combustion of  
Some Common Fuels  ➢

Substance Heat of Combustion

Wood (pine) 18 kJ/g; 7,500 Btu/lb

Coal, anthracite 31 kJ/g; 13,000 Btu/lb

Coal, bituminous 32 kJ/g; 13,500 Btu/lb

Natural gas
49 kJ/g; 20,000 Btu/lb;  
850 Btu/ft 3

Gasoline 48 kJ/g; 20,000 Btu/lb

Diesel oil 47 kJ/g; 19,500 Btu/lb

Charcoal 34 kJ/g; 14,000 Btu/lb

Hydrogen
142 kJ/g; 59,000 Btu/lb;  
77 Btu/ft 3
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C + O2 k CO2

In this case, carbon is oxidized because it has lost electrons to oxy-
gen, which in turn has been reduced. The amount of heat produced 
in this reaction is known as the heat of combustion. The heat of com-
bustion for the oxidation of pure carbon is about 33 kJ/g (kilojoules 
per gram), or 14,093 Btu/lb (British thermal units per pound). The 
heat of combustion for some common fuels are given in the chart 
on page 102.

The conditions needed for combustion to occur are sometimes 
represented by means of the fire triangle, whose three components 
are (1) a substance that can be oxidized, the fuel; (2) an oxidizing 
agent, usually oxygen itself; and (3) sufficient heat to initiate the 
reaction between the fuel and the oxidizing agent. Although com-
bustion reactions are exothermic overall, they generally require the 
input of some minimum amount of energy, such as that provided 
by a match, to initiate the reaction. This energy is needed to break 
the chemical bonds present in the reactants (the fuel and oxidizing 
agent), after which sufficient energy is released to maintain the re-
action and allow it to proceed exothermically overall.

Because the energy required to break the oxygen-oxygen bonds 
in an oxygen molecule is constant, the amount of heat needed to 
initiate any specific combustion reaction depends primarily on the 
fuel. The amount of energy required for combustion of a substance 
to begin is its ignition temperature. The ignition temperature is de-
fined as the lowest temperature at which a substance will begin to 
burn and then continue to burn without the additional application of 
external heat. Ignition temperature is also known as ignition point 
or kindling point. Ignition temperatures are determined experimen-
tally. The ignition temperatures of some common fuels are shown in 
the chart on page 104.

Discussions of fires usually refer to the combustion of all kinds of 
fuels, solids, liquids, and gases. Yet, in fact, the only state in which 
combustion actually occurs is in the gaseous state. In order for a 
solid or liquid to catch fire, it must first be converted into one or 
more combustible gases. For example, when gasoline is heated with 
a flame, the first change that occurs is vaporization of some portion 
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of the gasoline. The vapor can then begin to react with oxygen or 
some other oxidizing agent rapidly enough for combustion to occur.

The lowest temperature at which a liquid vaporizes sufficiently 
to permit combustion is known as its flash point. If the temperature 
of the liquid remains lower than its flash point, then no amount of 

←  �Ignition Temperatures of  
Some Common Fuels  ➢

Substance Ignition Temperature

Wood (varies with type) 190–250°C (90–120°F)

Paper 232°C (450°F)

Benzene 562°C (1,044°F)

Carbon monoxide 609°C (1,128°F)

Acetone 538°C (1,000°F)

Gasoline (octane) 220°C (428°F)

Kerosene 254°C (490°F)

Petroleum ether 288°C (550°F)

Turpentine 253°C (488°F)

Hydrogen 585°C (1,085°F)

Source: NAO Gas Composition Data. Available online. URL: http://www.nao.com/
gascompositiontable.htm. (Because various sources give somewhat different 
values, the above values should be taken as approximations.)
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heat can cause ignition of the fuel. The flash points of some typical 
liquids are listed in the chart above.

The combustion of a solid is generally a more complex phenom-
enon than the combustion of a gas or liquid. In some cases, the only 
necessary step before combustion can occur is that the solid melt 
and vaporize. Probably the most familiar example of such an in-
stance is the combustion of a candle. When the wick of a candle is 
lit, the flame provides sufficient heat to melt the wax of which the 
candle is made. Some portion of the molten wax then vaporizes, 
providing a gaseous material in which combustion can occur.

←  Flash Points of Some Typical Fuels  ➢

Fuel Flash Point

Ether (diethyl ether) -49°C (-66°F)

Gasoline -43°C (-45°F)

Petroleum ether (benzin[e], 
naphtha, ligroin)

-40°C (-40°F)

Benzene 10°C (50°F)

Ethanol 12.7°C (54.9°F)

Turpentine 34°C (93°F)

Kerosene 80°C (176°F)

Note: Since gasoline, petroleum ether, turpentine, and kerosene are mixtures, 
their flash points may vary over a considerable range depending on their precise 
composition. Values given here are typical for the fuel in  
question.
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In other solids, the changes that take place are more complex 
and generally involve some chemical change. For example, when 
wood burns, the molecules that are present first break down to pro-
duce gaseous products, such as carbon monoxide and hydrocarbons. 
These gaseous products then react with oxygen, initiating a combus-
tion reaction. Solids that break down to produce flammable gases 
when exposed to heat are called pyrolyzable solids. The name comes 
from the word pyrolyze, which means “to decompose or transform 
a material by subjecting it to heat.” Wood and coal are perhaps the 
most common pyrolyzable solids.

Solids that do not break down to form flammable gases may also 
undergo combustion, but a different kind of combustion known as 
glowing combustion. Glowing combustion occurs when the molecules 
on the surface of a solid react with oxygen or some other oxidizing 
agent rapidly enough to produce noticeable heat and light but not 
a visible flame. A common example of glowing combustion is seen 
when the coals remaining after a piece of wood has burned continue 
to give off heat and light.

One limitation of the fire triangle is that it provides too simplistic 
a view of the conditions necessary for combustion. The triangle sug-
gests that any combination of fuel, oxygen, and heat can result in a 
fire. That statement is not true, as shown by the preceding discus-
sion of ignition temperature: A minimum temperature is necessary 
for combustion to occur. Similarly, it is not true that any combina-
tion of fuel and oxidizing agent will result in a combustion reaction. 
Indeed, combustion will not take place if the concentration of either 
fuel or oxidizing agent is too high or too low. Instead, combustion oc-
curs only when the relative amount of these two factors falls within 
a certain range, known as the flammable range.

For example, it is obvious that combustion will not occur in a 
mixture of 99.9 percent gasoline and 0.1 percent oxygen. In such a 
mixture, there is simply not enough oxygen available to allow com-
bustion of the gasoline to continue. Conversely, a mixture of 99.9 
percent oxygen and 0.1 percent gasoline will also not ignite. In this 
case, there is too little fuel to permit combustion to continue. In the 
case of gasoline, the flammable range falls between about 1.5 and 7.6 
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percent. The flammable range of some common fuels is given in the 
chart above.

Investigation of a fire scene usually takes place in two major 
parts. In the first stage, an investigator looks for physical evidence 
that suggests where the fire may have started and whether there is 
reason to believe that it may have been set intentionally. One of the 
best clues in this phase of the investigation is the pattern formed 
when a fire occurs. That pattern usually consists of a V-shaped path, 
in which the origin of the fire is located at the vertex of the V. This 

←  �Flammable Range of  
Some Common Fuels  ➢

Fuel
Flammable Range 
(percent)

Ether (Ethyl ether) 1.9–36.0

Benzene 1.3–7.1

Ethanol 3.3–19.0

Petroleum ether (benzin,  
naphtha)

0.8–6.0

Kerosene 0.7–5.0

Gasoline 1.5–7.6

Turpentine 0.8–(no upper limit available)

Source: U.S. Department of Labor, Occupational Safety and Health 
Administration. “Flammable and Combustible Liquids—1910.106.” Available on-
line. URL: http://www.osha.gov/SLTC/smallbusiness/sec8.html.
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pattern occurs because as a fire burns it tends to spread outward 
from its point of origin. Once the point of origin has been located, an 
investigator can examine the area below and around that point for 
signs that accelerants may have been used to initiate the fire—that 
is, that arson has been committed.

Other types of physical evidence can be used to suggest the pos-
sibility of arson. For example, one might find multiple V-shaped pat-
terns at the site of a fire, suggesting that combustion was initiated at 
more than one point. Such a pattern tends to be unlikely in the case 
of a natural fire and suggests that an arsonist may have started the 
fire at more than one location.

Other physical evidence may suggest that arson was not the cause 
of the fire. For example, investigations of electrical wiring near the 
origin of the fire might indicate that faulty wires may have ignited 
the fire. In such a case, arson tends to be less likely. Broken gas 
lines, electrical appliances that have not been turned off, flammable 
chemicals, or cigarette butts at the scene of the fire may also indi-
cate that a fire occurred by accident, rather than having been set 
intentionally.

Arson dogs and mechanical devices are both useful in locating the 
origin of a fire and, in some cases, providing presumptive evidence 
for any accelerants present in the area. Dogs are generally trained 
not only to locate the origin of a fire and the presence of accelerants 
but also to respond to specific kinds of accelerants. Some dogs are 
able to identify a dozen or more different kinds of accelerants and 
respond specifically to those materials at the site of a fire.

A variety of devices are available for on-site investigation of ac-
celerant residues. These include

�Chemical color test methods, in which dyes are added to ma-
terials collected in an area. The dyes produce distinctive color 
changes with various types of accelerants. One test that is some-
times used is called the Griess test. The Griess reagent contains 
a mixture of sulfanilamide and N-1-naphthylethylenediamine 
dihydrochloride (NED) acidified with phosphoric acid. This re-
agent reacts with nitrate ion contained in a residue to produce a 
characteristic purplish color.

➢
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�Catalytic combustion detectors that contain a wire coil coated 
with platinum. When the wire is heated at the scene of the fire, 
any accelerants remaining in the air will be oxidized, produc-
ing a characteristic heat of combustion. The heat of combustion 
produced can be converted to an electrical signal that can give 
an immediate readout.

�Flame ionization detectors, in which the sample is mixed with 
hydrogen gas and then ignited. The ionization this method pro-
duces in the sample changes the conductivity of the carrier gas 
inside the device, producing an electrical signal that can be re-
lated to that of known accelerants.

�Ultraviolet fluoroscopes, which, as their name suggests, illumi-
nate a crime scene with ultraviolet light (“black” light) in which 
different accelerants glow with different and characteristic light 
patterns.

�Infrared spectrometers, which are portable versions of a com-
mon type of laboratory device that analyzes the light given off 
when a sample is burned within it.

As with many forensic tests, all of the tests listed above are pre-
sumptive tests only. They are used to refine inspection of the fire 
scene. Samples taken from the scene are then subjected to confirma-
tory tests conducted at a forensics laboratory.

Once the origin of a fire has been located, the investigator’s next 
task is to look for any foreign material—any accelerant—that might 
have been used in starting the fire. That task might at first appear to 
be impossible because one might reasonably assume that any flam-
mable chemical used in starting a fire would itself be consumed in 
the blaze that followed. In fact, such is generally not the case. Small 
amounts of an accelerant tend to be absorbed by materials present at 
the scene, such as carpet, wood flooring, and plastic floor tiles. Such 
materials are generally known as substrates. An arson investigator’s 
task is to remove samples of such materials with sufficient care so 
that any accelerant residues are not disturbed. Those residues can 
then be tested with greater specificity at the forensics laboratory.

➢

➢

➢

➢
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Samples of the accelerants themselves may sometimes be found 
at the scene of a fire. “Empty” containers in which the accelerant 
was carried to the crime scene are usually not entirely empty. The 
presence of even a few drops of an accelerant is sufficient to permit 
analytical tests identifying the material used in the crime.

Once potential accelerant samples have been found, they must be 
treated in such a way as to extract any accelerants present and to 
prepare them for confirmatory tests. Five major methods are used 
for the extraction process: steam distillation, vacuum distillation, 
solvent extraction, charcoal sampling, and headspace sampling.

Steam distillation is one of the oldest and simplest methods of 
accelerant extraction. The sample removed from the fire scene is 
added to water in a distilling flask, and the mixture is heated to the 
boiling point. Any volatile material in the sample that will form an 
azeotropic mixture with water will boil over in the vapor produced 
during boiling. (An azeotropic mixture is a liquid mixture of two 
or more substances that retains the same composition in the vapor 
state as in the liquid state.) It can then be condensed and captured in 
the usual method of distillation. The most important limitation on 
this procedure, of course, is that any accelerant present in the fire 
sample must form an azeotropic mixture with water. The method 
cannot be used, then, for liquids such as ethanol and acetone.

Vacuum distillation is similar to steam distillation, except it takes 
place under reduced pressure. Under those conditions, the boiling 
point of the water-sample mixture is reduced, and possible damage 
to the fire sample is also reduced. Vacuum distillation is used when 
the higher temperatures needed for steam distillation are likely 
to damage the sample; for example, when the sample consists of 
charred pieces of paper.

Solvent extraction, as the name suggests, makes use of some 
solvent in which accelerants thought to be present in a sample are 
soluble. The solvent (usually n-pentane, n-hexane, carbon disulfide, 
or methylene chloride) is added to the sample, and sufficient time is 
allowed for the dissolving of any soluble accelerant present. The sol-
vent is then allowed to evaporate to see if the desired accelerant(s) 
are left behind for analysis. One situation in which solvent extrac-
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tion might be used is that in which the substrate is a nonporous 
material, such as glass or metal.

Charcoal sampling is a simple and powerful tool for extracting ac-
celerants from a sample. In the process, a strip of activated charcoal 
(finely divided charcoal) or a wire coated with charcoal is suspended 
in the air above the sample to be analyzed in a closed container. 
Over a period of time, accelerants in the sample are adsorbed to the 
surface of the carbon. The container may be warmed to increase the 
rate at which adsorption occurs. After about an hour, the charcoal 
strip or wire is removed and immersed in a solvent, such as n-hex-
ane or carbon disulfide. The accelerants dissolve in the solvent and 
are then recovered by permitting the solvent to evaporate.

Headspace sampling is perhaps the most common method of 
accelerant extraction used in forensic laboratories. In one form of 
the technique, the sample is placed in a closed container with two 
holes, as shown in the diagram below. Some carrier gas, such as 
argon, nitrogen, or room air, passes into the container through one 
hole. Vapors from any accelerants present in the sample mix with 

Headspace sampling
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the carrier gas and are removed through the second hole. The con-
tainer may be warmed to increase the rate at which accelerants 
evaporate and are removed from the container. After the carrier- 
accelerant mixture leaves the container, it is passed through a char-
coal filter, where accelerants are adsorbed and removed from the  
carrier gas.

In one variation of this procedure, a syringe is inserted into a sin-
gle hole in the top of the container, and a sample of vapors present in 
the space above the sample (the headspace) is removed. The sample 
can then be injected directly into a gas chromatograph, where its 
composition is analyzed. The most serious drawback with this varia-
tion is that the size of the syringe used for extraction limits the size 
of the sample that can be extracted and analyzed.

Headspace extraction is popular because it is among the most 
sensitive of all extraction techniques and can be used with virtually 
any substrate. It does, however, require more sophisticated equip-
ment than most other extraction methods, and it can be used only 
once on a given sample.

The most popular method for analyzing the composition of sub-
stances extracted from a sample by the various procedures just de-
scribed is gas chromatography. This testing method was described 
in chapter 4. The value of gas chromatography lies in its ability to 
differentiate among the many hydrocarbons that are present in gaso-
line, kerosene, and other commonly used accelerants. Although the 
specific chromatogram for any given petroleum product is unique, 
various gasoline samples, kerosene samples, turpentine samples, 
and the like are sufficiently similar to allow a relatively positive 
identification of accelerants present in a sample.

The diagram on page 113 shows chromatograms obtained for 
samples of gasoline and turpentine. A chromatogram for gasoline 
obtained from a different refinery at a different time will vary to 
some degree from that shown in the graph. However, it will bear no 
resemblance at all to the chromatogram for turpentine. The distinc-
tive character of chromatograms makes it possible to use them as 
confirmatory tests for nearly all common accelerants.

The use of chromatography has revolutionized the science of ar-
son investigation. The procedure makes possible the identification 
of trace amounts of accelerants that confirm whether a fire has been 
set intentionally or has occurred accidentally.
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Chromatograms for two accelerants
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←  Paul Leland Kirk (1902–1970)  ➢

“The standard in its field.” That description is an honor with special sig-
nificance to any professional. It is an acknowledgment that one has 

attained the highest possible achievement in some academic discipline. And 
that is the recognition that is usually given to the book Fire Investigation by 
Paul Leland Kirk, first published in 1969 and now in its fifth edition. The book 
provides a comprehensive treatment of virtually every aspect of fire investi-
gation theory and practice, including all types of fires, arson, and explosions; 
fundamental chemical and physical aspects of fires; on-site investigations; and 
laboratory analysis of accelerants, explosives, and other fire-related evidence.

Paul Leland Kirk was born in Colorado Springs, Colorado, on May 9, 1902. 
After attending local schools, he enrolled at the Randolph-Macon Academy 
in Fort Royal, Virginia. He then transferred to Ohio State University, from 
which he graduated in 1924. Kirk then moved to the University of Pittsburgh, 
where he was awarded his master’s degree in chemistry in 1925. He com-
pleted his formal education at the University of California in Berkeley, from 
which he received his Ph.D. in biochemistry in 1927. As is often the case 
with doctoral students, Kirk was employed as a teaching assistant at the 
university while working on his degree. After graduation, he was appointed 
research fellow in biochemistry. Over the next decade, he was promoted 
to assistant professor, associate professor, and, finally, full professor of bio-
chemistry in 1945. During World War II, he was on leave of absence from the 
university while working on the Manhattan Project, through which the first 
atomic bomb was developed and built.

During the early 1940s, Kirk became interested in the application of 
scientific information and techniques to the solution of forensic problems. 
After the war, he not only returned to his post at the university but also 
opened his own consulting firm in the field of forensic analysis. He soon be-
came widely recognized as an authority in the field and, along with criminal 
expert and Berkeley police chief August Vollmer, was asked to establish the 
School of Criminology at the University of California at Berkeley.

Some authorities argue that Kirk’s greatest contribution to forensic 
science was in defining the approach that one should follow in analyzing 
a crime. Until the 1950s, most forensic scientists were specialists in other 
fields (biology, chemistry, physics, and so on) who applied their specialized 
knowledge to some aspect of forensic analysis. Kirk argued that criminology 
was and ought to be a specialized field in and of itself in which the forensic 

scientist was able to draw on information and practices from a wide variety 
of scientific and nonscientific disciplines.

In addition, Kirk strongly emphasized a principle sometimes known as in-
dividualization, the concept that any individual piece of evidence of whatever 
kind can be conclusively linked to the presence of a specific individual at the 
crime scene. The problem for the forensic scientist is to find that evidence and 
make the irrevocable connection between it and the perpetrator of the crime.

During his life, Kirk became a popular expert witness in a number of 
criminal cases. Perhaps the most famous of those cases involved the trial 
of Dr. Samuel H. Sheppard, accused of killing his wife in 1954. Kirk provided 
evidence that Mrs. Sheppard’s killer was left-handed. Although Dr. Sheppard 
was right-handed, he was convicted of the crime. That conviction was over-
turned 12 years later, to a large degree because of Kirk’s testimony.

Paul Kirk is a major figure in the history of forensic science, not only for 
his classic textbook on fire investigations, but also for his efforts to make 
criminology a profession. In 1963, he wrote a now-famous article for the 
Journal of Criminal Law, Criminology, and Police Science in which he asked “Is 
Criminalistics a Profession?” Kirk confessed that he did not know the answer 
to the question but suggested the criteria that had to be met if forensic 
scientists were to think of themselves as “professionals.” They would have 
to develop a formal program of education, design and adopt a code of eth-
ics, and find ways to demonstrate competence in their field if they were to 
be recognized by others as professionals.

Kirk made important contributions to the accomplishment of those 
goals. For example, he helped establish the first school of criminology in the 
United States. Working with Vollmer, Kirk helped establish the Institute of 
Criminology and Criminalists at the University of California in 1937. Thirteen 
years later, Kirk and Vollmer collaborated again to oversee the establish-
ment of the nation’s first formal school of criminology in a major university, 
located at the University of California. He remained affiliated with that pro-
gram until his death in Berkeley on June 5, 1970.

In addition to Fire Investigation, Kirk wrote a number of other books on 
forensic science, including Density and Refractive Index: Their Applications in 
Criminal Identification (1951), Crime Investigation: Physical Evidence and Police 
Laboratory Interscience (1953), and The Crime Laboratory (1965; with Lowell 
W. Bradford). Kirk continued in his post at the School of Criminology until 
his retirement in 1967.
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Explosives Investigations
Explosives are compounds or mixtures that undergo rapid chemical 
or nuclear reactions that result in the formation of large volumes of 
gas, usually at high temperatures. The gases formed in the reaction 
expand outward rapidly, producing a shock wave. The shock wave is 
usually responsible for most of the immediate damage caused by the 
explosion, such as the splitting of rock or the destruction of build-
ings. A secondary effect of an explosion is the fire that results when 
flammable materials are ignited by the heat of the explosion. The 
composition of explosive devices can be modified to alter the rela-
tive amount of shock and fire damage.

Until the 19th century, the only type of explosive known was the 
chemical explosive referred to as gunpowder or black powder. The 
first mention of such a material was in a Chinese book, Classified 
Essentials of the Mysterious Tao of the True Origin of Things, writ-
ten in about 850 c.e. Gunpowder is a mixture of charcoal, sulfur, 
and potassium nitrate (nitre). When gunpowder is ignited, its com-
pounds react with each other to form a variety of gases, including 
carbon monoxide, carbon dioxide, sulfur dioxide, and nitric oxide. 
No single chemical equation adequately represents the variety of 
reactions that occur among the three reactants during the explosion. 
The heat released during the reaction causes the gases to expand 
rapidly, forming shock waves.

Explosives are classified based on a variety of characteristics, 
such as their chemical composition, rate of reaction, or use. The 
most common system for classifying explosives divides them into 
low explosives and high explosives and further splits each of these 
large classes into more specific subcategories.

Low explosives are compounds or mixtures that burn rather than 
explode. The damage they cause results more from the heat and 
flames they produce than from any shock wave that may occur. 
Low explosives usually begin burning at one surface, after which  
a flame moves slowly through the mass of the material. The two 
most common low explosives are gunpowder and smokeless pow-
der. The latter is generally available in two forms: single-base  
powder, which contains either nitrocellulose or nitrated cotton, and 
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double-base powder, which contains a mixture of nitroglycerin and 
nitrocellulose.

Low explosives are used as propellants for bullets, fireworks, and 
rockets and in safety fuses. Safety fuses are made by wrapping gun-
powder in a casing made of plastic or fabric. When ignited at one 
end, the gunpowder burns slowly along the length of the wire until 
it reaches another type of explosive (a high explosive) that is ignited 
by the flame. Although low explosives are characterized by their ten-
dency to burn rather than to explode, they may react more violently 
if they are confined. In such a case, the heat and gases produced 
during combustion are unable to escape into the surrounding air 
and may build to a point where the mixture explodes.

Although gunpowder and smokeless powder are the most com-
mon types of low explosives, many other variations are possible. 
In general, all that is required is a strong oxidizing agent (such as 
potassium nitrate) and one or more reducing agents (such as char-
coal or sulfur). Other common oxidizing agents include potassium 
perchlorate (KClO4), potassium chlorate (KClO3), ammonium per-
chlorate (NH4ClO4), barium nitrate (Ba(NO3)2), and sodium perox-
ide (Na2O2). Other possible reducing agents include phosphorus, 
magnesium filings, starch, and sawdust.

High explosives are compounds or mixtures that quickly detonate 
throughout every part of their mass. The chemical reactions that 
cause the explosion are often completed within a few microseconds 
after ignition. One measure of the effectiveness of an explosive is 
its rate of detonation, the speed at which an expanding gas moves 
outward from the point of detonation. The chart on page 118 lists the 
rates of detonation of some common explosives.

High explosives are subdivided into two classes, primary explo-
sives and secondary explosives. Primary explosives are sensitive and 
unstable and may be detonated easily by the application of heat, 
mechanical shock, or an electric spark. Some typical primary ex-
plosives are lead azide (Pb(N3)2), mercury fulminate (mercury 
cyanate; Hg(CNO)2), lead styphnate (lead trinitroresorcinate; 
[C6H(NO2)3(PbO2)]), diazodinitrophenol [(NO2)2C6H2ON2], and tetra-
cene (tetrazene; H2NC(:NH)NHNHN:NC(:NH)NHNHNO). Because 
these compounds are so unstable, they are often used to ignite other
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explosives, such as in the form of a blasting cap. A blasting cap is 
a small container filled with an explosive that is used to detonate 
other explosives. The blasting cap is usually detonated by means of 
an electrical current. Because they are so difficult and dangerous to 
work with, primary explosives are rarely used by amateurs in the 
construction of homemade bombs.

Secondary explosives are more stable than primary explosives. If 
ignited in open air, they tend to burn quietly rather than exploding. 

←  �Rate of Detonation of Some  
Common Explosives  ➢

Explosive Rate of detonation*

Gunpowder 400 m/s; 1,300 ft/s

Lead azide 4,600 m/s; 15,000 ft/s

Mercury fulminate 5,000 m/s; 16,000 ft/s

Ammonium nitrate 1,750 m/s; 5,700 ft/s

C-4 8,000 m/s; 26,500 ft/s

HMX 9,000 m/s; 30,000 ft/s

Nitroglycerin 4,600 m/s; 15,000 ft/s

PETN 8,250 m/s; 27,000 ft/s

RDX 8,200 m/s; 26,800 ft/s

TNT 7,000 m/s; 22,000 ft/s

*Values given are averages
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However, when detonated by another explosive, such as a blasting 
cap, they explode in much the same way as primary explosives. Some 
common secondary explosives are dynamite (a generic term for a 
wide variety of explosives whose primary component is nitroglycerin 
or ammonium nitrate); TNT (trinitrotoluene; CH3C6H2(NO 2)3); RDX 
(cyclotrimethylenetrinitramine; cyclonite; N(NO2)CH2N(NO2)CH2N
(NO2)CH2); and PETN (pentaerythritol tetranitrate; C(CH2ONO2)4). 
At least two dozen other secondary explosives are used and gener-
ally available, many of them combinations or variations of the four 
basic explosives listed. For example, Octol is a mixture consisting of 
75 percent HMX and 25 percent TNT; Torpex is a mixture of 37–41 
percent TNT, 41–45 percent RDX, and 18 percent powdered alumi-
num; and Minol-2 contains 40 percent TNT, 40 percent ammonium 
nitrate, and 20 percent powdered aluminum.

For nearly a century after its discovery by the Swedish chemist 
Alfred Nobel (1833–96), dynamite was the most popular second-
ary explosive for use in industry and the military. In recent years, 
however, dynamite has been replaced in most applications by safer, 
less expensive alternatives based on compounds of ammonia. These 
explosives are usually prepared in one of three formulations: water 
gels, emulsions, and ANFO explosives. Water gel explosives were 
first made available commercially in 1958. They consisted of a mix-
ture of ammonium nitrate, TNT, water, a gelatinizing agent (usually 
guar gum), and a bonding agent (such as borax). Later, gels were 
made more powerful and efficient by the addition of aluminum and 
other metallic components and by the development of better gelati-
nizing agents. Water gels are popular in industry because they are 
water-resistant, very powerful per gram of weight, safe, and flexible 
enough to be shaped into almost any desired form.

As their name suggests, emulsions consist of two phases, one oil 
and one water. The water phase is a supersaturated solution of am-
monium nitrate, while the oil phase is a hydrocarbon fuel, such as 
diesel oil or fuel oil. An emulsion between the two liquids is made 
possible by the use of an emulsifying agent, such as sodium dodecyl- 
sulfate or sorbitan monooleate. Emulsions are popular as industrial 
explosives for most of the same reasons as water gels. For example, 
they can be transported to a construction site in a larger tanker 
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truck and sprayed directly into the region where they are to be used. 
They provide a powerful explosive in an expensive, easily transport-
able form.

ANFO explosives get their name from their two primary com-
ponents, ammonium nitrate and fuel oil. One of their most attrac-
tive properties is ease of preparation. They can be made by simply 
soaking ammonium nitrate in the fuel oil. The moist mixture can 
then be packaged and safely transported, ready for detonation at 
an industrial location. In fact, their ease of preparation has made 
ANFO explosives popular among terrorists and other criminals. 
Perhaps the best-known example of the use of ANFO explosives by 
a terrorist was the 1995 bombing of the Alfred P. Murrah Federal 
Building in Oklahoma City by Timothy McVeigh. McVeigh made his 
explosive device by soaking readily available commercial fertilizer 
in ordinary fuel oil. The device was powerful enough to blow apart 
the Murrah building, killing 168 people.

The popularity of ammonium-based explosives in the United 
States is reflected in the fact that they now account for about  
99 percent of all explosives used in industry, as reported in the  
U.S. Geological Survey’s Minerals Yearbook 2005. More than two-
thirds of those explosives are used by the coal mining industry, 
with quarrying and nonmetal mining, metal mining, and construc-
tion work making up the remaining one-third of explosions used in 
the nation.

Improvements in explosion technology over the past few decades 
have been a boon to industry, which now has a variety of relatively 
safe, inexpensive, powerful explosives to use in mining, construc-
tion, and other applications. The ease with which these explosives 
can be made, transported, and used, however, has also made them 
an attractive material for individual terrorists like Timothy McVeigh 
and members of al-Qaeda, the Arab Islamist terrorist group that 
bombed the World Trade Center in New York in 1993.

As with fire accelerants, forensic scientists have now developed a 
number of techniques for locating, collecting, and identifying explo-
sives that may have been used in the commission of a crime. These 
techniques fall into two general categories. First are those methods 
used for analyzing the residues left at the site of a bombing in order 
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to determine the type of explosive(s) used in that act. Second are 
those methods used for screening individuals and cargo that have 
the potential for use in terrorist or other kinds of criminal activity.

As is the case with arson investigations, the goal of a forensic 
scientist in examining the site of an explosion is to locate the point 
at which the explosive was detonated, collect samples of the ex-
plosive that may have been left at the site, and carry out tests that 
may determine the nature of the explosive. The first step is usually 
straightforward since an explosion almost always leaves a crater at 
the point of detonation. Almost invariably, some residue of the un-
exploded material will remain embedded in the soil or surrounding 
materials. An investigator must, therefore, examine these materials 
carefully for even microscopic particles of the original explosive. In 
most cases, soil is passed through a fine screen to separate out and 
collect such particles.

A common and long-used on-site method for determining the 
identity of an explosion is a color test, similar to the color tests used 
in arson investigations. The three most common reagents used for 
such tests are the Griess reagent, diphenylamine, and alcoholic po-
tassium hydroxide (KOH). The Griess reagent was discussed earlier 
in this chapter. The diphenylamine reagent is made by dissolving 
one gram (g) of the compound in 100 milliliters (mL) of concentrated 
sulfuric acid. And the alcoholic KOH reagent is made by dissolving 
10 g of potassium hydroxide in 100 mL of absolute ethanol. The chart 
on page 122 summarizes the colors produced by a variety of com-
mon explosives with these three major tests.

As the chart suggests, color tests do not provide much detail as to 
the specific explosive used in a particular incident. For example, a 
substance that gives a pink-to-red color with the Griess test, a blue 
color with the diphenylamine test, and no color with the alcoholic 
KOH test could be a number of different explosives, including a ni-
trate, nitroglycerin, PETN, or RDX. Color tests are therefore useful 
primarily as screening tests for substances that must undergo more 
sophisticated techniques in the forensic laboratory.

At one time, most of these technologies required fairly sophisti-
cated equipment, often of considerable size—a factor that limited 
their uses to the forensic laboratory itself. Advances in technology 
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have made it possible to design smaller equipment. Equipment sizes 
for some tests have reduced to a degree that they can be used for 
on-site testing of explosives. The same technologies can also be used 
at airports, seaports, and other locations to screen luggage, cargo, 
and individuals.

An example of the kind of portable explosive detection and 
identification system that is now widely used by forensic investi-
gators is the EGIS system, manufactured by Thermo Electron of 
Waltham, Massachusetts. The EGIS system consists of two parts, a 

←  Color Tests for Some Common Explosives  ➢

Substance
Griess 
test

Diphenyl- 
amine test

Alcoholic  
KOH test

Chlorates None Blue None

Nitrates
Pink to 
red

Blue None

Nitrocellulose Pink Dark blue None

nitroglycerin
Pink to 
red

Blue None

PETN
Pink to 
red

Blue None

RDX
Pink to 
red

Blue None

TNT None None Red

Tetryl
Pink to 
red

Blue
Reddish- 
violet
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gas chromatograph and a chemiluminescent detector. The gas chro-
matograph works in exactly the same way as the laboratory model 
described earlier in this chapter. A sample taken from the crime 
scene is heated and passed through the chromatograph, which sepa-
rates the explosive mixture into its component parts. The compo-
nents are then passed into the chemiluminescent detector for final 
identification.

The chemiluminescent detector operates on the principle that ni-
trate groups found in most explosive compounds, under the proper 
circumstances, emit infrared light of characteristic wavelength 
that can be detected and measured. In the EGIS detector, molecules 
containing the nitrate group (NO2

–) are first pyrolyzed to produce 
nitric oxide (NO). The nitric oxide is then reacted with ozone (O3) 
to produce nitric oxide molecules in an excited state (NO2*). The 
excited NO2* molecules then decay to a more stable state (NO2) by 
emitting a photon of characteristic wavelength that can be detected 
and identified. The sequence of reactions is as follows:

heat
molecules of explosive k NO

NO + O3 k NO2* 
NO2* k NO2 + hv

A second device that has been widely used in the detection and 
identification of explosive materials is the ion mobility spectrometer 
(IMS), shown in the diagram on page 124. Air in the vicinity of the 
explosion site is drawn into the IMS through the entry port at the 
left in the diagram. Just inside this port is a radioactive material, 
usually nickel-63. Radiation emitted by the radioactive material ion- 
izes molecules of any explosion material present, forming positively 
charged ions. These ions are accelerated by a negative charge at the 
opposite end of the ionization region, through a gate in the middle 
of the device, and into the drift region. The rate at which ions travel 
through the drift region is a function of their mass and charge. 
That rate has been measured and is well known for the ions of all 
common explosive materials. As ions drift through the device, they 
eventually come into contact with a detector plate at the end of the 
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Ion mobility spectrometer and typical spectrogram
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IMS, where their presence is detected and recorded as an IMS spec-
trum, similar to the one shown in the accompanying figure. The 
peaks shown at about 13 and 14 minutes are characteristic of those 
observed for TNT and two forms of RDX.

A somewhat similar method for detecting the presence of explo-
sives is the electron capture detector (ECD) shown in the diagram on 
page 126. Air is drawn into the instrument at one portal and mixed 
with an inert carrier gas, such as argon or helium. The gas mixture 
passes into the central portion of the device, where a radioactive 
source causes ionization of the carrier gas and explosive molecules. 
Electrons released during the ionization process travel to an anode 
that runs through the center of the chamber. The flow of electrons 
along this anode into an exterior circuit is measured by an ammeter. 
In the absence of any explosive molecules, the electrical current will 
be constant and known for any given voltage applied to the anode. 
As explosive molecules enter the chamber and are ionized, however, 
they exert an attraction for some of the electrons being released 
from the carrier gas. The presence of these explosive molecules, 
therefore, reduces the number of electrons reaching the anode and, 
hence, the current observed. Further, the reduction in current will 
differ for various explosive molecules because of differences in their 
size and charge. An ECD by itself is not able to identify specific ex-
plosive molecules, so it is generally paired with a gas chromatograph 
to sort out the explosive molecules before they enter the ECD.

Some detection devices use chemical mechanisms that are propri-
etary information, that is, information that is kept secret by companies 
that manufacture the devices. One such instrument is the thermo-redox 
detector (TRD), which is produced by a number of companies, includ-
ing IDS of Ottawa, Canada. In a TRD instrument, air is drawn into a 
portal and passed over a coil heated with a proprietary material that is 
designed to attract molecules of explosives. Once attracted, those mol-
ecules are pyrolyzed, and during pyrolyzation, they release nitrogen 
dioxide gas. The nitrogen dioxide gas is then reduced by a proprietary 
reaction, and the rate of reduction is recorded by a detection device. IDS’s 
model EVD-3000 weighs less than seven pounds, is ready to operate in 
about a minute, and gives results in about 15 seconds. It is able to detect 
most common explosives, including dynamite, nitroglycerin, TNT, C-4, 
RDX, and PETN, and it costs in the range of about $20,000 per unit.
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An intriguing suggestion for the tracing of explosives was offered in 
1973 by Richard G. Livesay, a chemist working at the 3M Corporation 
in St. Paul, Minnesota. Livesay invented a tiny particle called a tag-
gant that could be used to provide a distinctive “fingerprint” for every 
explosive material manufactured. The particle consists of several 
layers of a melamine polymer tightly bonded to each other. Most 
taggants consist of about eight such layers. Each melamine layer 
has a distinctive color that can be translated numerically using a 
color-coding system used for electrical resistors. In that system, the 
color black represents the number 0, brown stands for 1, red for 2, 
and so on. Taggants are about the size of fine sand or ground pepper, 
with a minimum dimension of 44 micrometers. When an explosive 
containing taggants is detonated, most of the taggant particles will 
be destroyed. The number originally present in the taggant is so 
great, however, that at least some are certain to survive. The surviv-
ing particles can be found by using a magnetic source or ultraviolet 
light; afterward they can be examined and identified with a pocket 
microscope of at least 100X magnification.

Taggants are currently not being used in the United States, al-
though they have been required by law in Switzerland since 1980. 

Electron capture detector
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The Swiss government reports that taggants have been very helpful 
in identifying explosives used in the commission of crimes. As of 
late 2006, however, the United States had not yet decided to require 
the use of taggant technology in the manufacture of explosives.

Some of the detection devices developed for on-site investigations 
can be adapted for use as screening tools at sensitive locations through 
which terrorists or other criminals might be expected to pass. Airports 
are perhaps the most obvious of these locations. For example, the EGIS 
detection system described above is now widely used in the United 
States and other countries to screen luggage checked by passengers 
on airline flights. The operator of the system wipes a swab across the 
surface of a passenger’s luggage and then places it in a holder attached 
to the inlet port in the EGIS machine. The swab will pick up even 
minute particles of explosive material that have come into contact 
with any part of the luggage, and the EGIS device will detect and send 
an “alarm” message to the operator. If no such particles are detected, 
the device registers a “clear” signal. An EGIS test is highly reliable and 
very fast, usually completed in no more than about 15 seconds. An 
EGIS detector can be used to scan virtually any kind of surface with 
which an explosive may have come into contact, including a person’s 
clothing, a vehicle, or a building surface.

Portable, on-site detection devices such as those described here 
provide preliminary information only, information that can sug-
gest additional lines of research by forensic investigators. In order 
to obtain definitive identifications of suspected explosives, on-site 
personnel must send samples to the forensic laboratory, where they 
are submitted to a GC/MS examination.

Other devices are used to screen larger containers, such as cargo 
containers. These devices usually incorporate the same technology 
as that used in computed tomography imaging, otherwise known 
as CT or CAT scans. In this technology, an object being screened 
is passed through a tunnel that contains a rotating X-ray source. 
The X-ray source makes images of the object and its interior com-
position from a number of different angles. Those images are then 
assembled into an overall image by a computer and compared to 
a standard library of similar images for explosive materials. If the 
machine detects a match between an object being scanned and the
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standard library of images, it emits a warning signal, indicating that 
the object should be examined more closely by an operator. The most 
widely used instrument of this type is the CTX 5500 DS, produced 
by InVision Technologies of Newark, California.

Few areas of forensic science are developing and changing as 
rapidly as the detection of explosive materials. The rapid rise of ter-

←  Richard G. Livesay (1921–  )  ➢

Among the most difficult kind of crimes to solve today are those that 
involve the use of explosives. When an explosive is detonated, it is 

almost entirely destroyed, along with much of the material surrounding the 
detonation site. It is not difficult to imagine the challenge facing a forensic 
investigator who must sort through the rubble of a building destroyed by 
the use of a high-power explosive. During the 1970s, Richard G. Livesay, an 
employee of the 3M Corporation in St. Paul, Minnesota, devised a method 
for making the forensic investigator’s task somewhat easier: the use of  
taggants.

Richard G. Livesay was born in Milwaukee, Wisconsin, on August 8, 1921. 
In correspondence with author David E. Newton, he reports that he first 
became interested in chemistry as a small boy when he received a chemis-
try set and began to work his way through the experiments provided with 
it. Livesay earned his B.S. degree in organic chemistry in 1947 and his M.S. 
degree in biochemistry in 1958, both from the University of Wisconsin at 
Madison (UW-Madison). He then completed all of the course work neces-
sary for his Ph.D., but did not present his dissertation.

While still a student at Madison, Livesay worked as a photographic tech-
nician at the University of Wisconsin Naval Research Laboratory (1946–49). 
From 1949 to 1951, he served as head of the chemistry department at 
Wisconsin State Teacher’s College at Whitewater (now the University of 
Wisconsin at Whitewater), and from 1951 to 1956, he worked as an intel-
ligence officer for the U.S. government. While studying for his master’s 
degree and his Ph.D., he worked as a research assistant in the biochemistry 
department at UW-Madison.

After leaving UW-Madison in 1959, Livesay took a job as a research spe-
cialist and patent liaison at 3M. It was there that he invented the taggant, 

a microparticle made of thin pieces of melamine plastic of different colors. 
Taggants inserted into an explosive at the site of manufacture would help 
investigators determine the company that produced the explosive and, 
hence, provide a possible clue as to the person who bought it. In later de-
velopments, fluorescing dyes were added to taggants to make them more 
visible to investigators at the scene of a crime.

In 1985, Livesay left 3M to form his new corporation, Microtrace, Inc., 
to make and sell the taggants he had invented. He served as president 
and director of technology at Microtrace from 1985 to 1996. Since leaving 
Microtrace, Livesay has continued to remain active in research, serving as a 
technical consultant in identification systems. He currently resides with his 
wife, Corinne, in St. Paul.

Despite their obvious value, taggants have not been widely used in the 
United States. Some opponents suggest that the addition of taggants to an 
explosive might contribute to the deterioration of the material. They also 
worry that the addition of a foreign material—the taggant—might disrupt 
the delicate balance of chemicals present in an explosive and, perhaps, 
cause a premature explosion. An unexpressed but likely concern is that 
explosives manufacturers do not want to be held legally accountable for 
accidents involving their products.

Those who support the addition of taggants to explosives point to 
their successful use in Switzerland since 1984. The Swiss government has 
reported that taggants were used in solving 559 bombing cases in the 
small country between 1984 and 1996. Proponents point out how helpful 
taggants could have been in solving the larger number of crimes in which 
explosives were used in the United States during the same time period. As 
of the early 2000s, however, the U.S. government has still not authorized 
the use of these markers in explosives manufactured in the United States. 
Livesay’s exciting discovery has yet to realize its promise in this country.
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rorist activities around the world in the early 21st century has made 
the quick, accurate analysis of transported materials a high priority. 
The U.S. government has initiated a program to encourage the devel-
opment and use of smaller devices that are still able to produce fast 
and accurate screening results. Part of the problem, however, is that 
research on explosives is going forward at a rapid rate, producing new 
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materials that are effective and efficient for a variety of industrial 
operations but, at the same time, easy for terrorists and other crimi-
nals to make and use. The competition between ever-improving ex-
plosives and better-designed detection systems is likely to continue 
well into the future.

The analysis of crime scenes at which fires and explosions have 
occurred is a major part of the forensic chemist’s job. Today investi-
gators have a wide range of analytical tests and sophisticated equip-
ment with which to study microscopic pieces of evidence collected 
at such crime scenes. As disgruntled individuals and terrorists con-
tinue to use fire and explosives to disrupt society, forensic chemists 
will go on developing methods for identifying the persons respon-
sible for such events.
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6
DNA Fingerprinting

In July 1984, Kirk Bloodsworth felt his life was coming unraveled. 
He had left his home in Cambridge, Massachusetts, to seek recon-

ciliation with his wife in eastern Maryland. When his efforts failed, 
he disappeared for a week before returning to Cambridge. There he 
agonized to a friend about the “terrible thing” he had done by aban-
doning his wife, leaving her with the family’s debts.

But Kirk never realized just how difficult his life was to become. 
On August 7, 1984, he was arrested for the rape and murder of nine-
year-old Dawn Hamilton. He had been identified by two teenage 
boys fishing near the scene of the crime. And Kirk’s “terrible thing” 
comment was reported to police by a Cambridge friend. Kirk’s guilt 
seemed certain, and he was convicted and sentenced to death by a 
Baltimore County judge in 1985. Kirk successfully appealed his con-
viction and was retried in 1986. He was again found guilty and, this 
time, sentenced to two life sentences, without possibility of parole.

In retrospect, Bloodsworth’s convictions were somewhat surpris-
ing. As a young man, he had led a traditional and unremarkable life 
on Maryland’s Eastern Shores, fishing, trapping, hunting, and crab-
bing, like many boys his age. His career in the U.S. Marine Corps 
was similarly unremarkable, marked only by a previously unknown 
prowess in the discus throw, a sport in which he hoped to compete 
further after being discharged from the Marines. Bloodsworth had 
no convictions on his record, no history of trouble with the law, 
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and no connection with the murdered girl. Nonetheless, he entered 
prison with no hope of parole and no likelihood of ever again being 
a free man.

That scenario began to change, however, in 1992. Centurion 
Ministries of Princeton, New Jersey, an organization devoted to 
obtaining freedom for men and women falsely convicted of crimes, 
contacted Bloodsworth about the possibility of using a new investiga-
tive technique—DNA fingerprinting—in reconsidering evidence col-
lected at the scene of the 1984 crime. DNA fingerprinting is a method 
by which the DNA pattern of an individual is compared against DNA 
from blood, semen, or other bodily materials collected at the scene 
of a crime. Since every person’s DNA pattern is unique (except in the 
case of identical twins), a DNA fingerprint match is as close to an 
absolute identification as forensic scientists are likely to achieve.

Nearly a year after Centurion Ministries initiated the analy-
sis of DNA samples taken from Bloodsworth and semen found on 
the murder victim’s clothing, investigators at the Federal Bureau 
of Investigation (FBI) announced that the samples did not match. 
Bloodsworth could not have committed the crime for which he 
was convicted. On June 28, 1994, he was released from prison, and 
18 months later, he received a full pardon by Maryland governor 
Donald Schaefer. The state awarded Bloodsworth $300,000 in com-
pensation, or about $90 a day for each of his 3,247 days of wrongful 
confinement.

An Introduction to DNA
For more than a century, forensic scientists have relied heavily on 
the use of digital fingerprints—that is, prints formed by skin pat-
terns on people’s fingertips—as being the most certain method for 
identifying the perpetrator of a crime. Although no scientific evi-
dence exists for the belief, fingerprint analysis is based on the as-
sumption that no two individuals have exactly the same set of digital 
fingerprints. From time to time, that assumption has been contested 
in the courts, but judges tend to reject such arguments, and finger-
print evidence continues to be a powerful evidentiary tool for law 
enforcement officials.
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Over the last two decades, a new analytical tool has been devel-
oped. It is based on variations in a person’s DNA that can be broadly 
compared to differences in the fingerprint patterns of various indi-
viduals. Emphasizing this similarity, the new tool has been called 
DNA fingerprinting.

Many scientists suggest that this term is misleading or imprecise. 
In the case of digital fingerprinting, an analyst always has a com-
plete set of data with which to work: all of the ridges, whorls, loops, 
stripes, and other distinctive characteristics on (usually) all 10 of a 
person’s fingers. There are no missing data in a digital fingerprint. 
By contrast, an investigator has access to only a limited amount of 
any one person’s DNA. As the discussion that follows explains, one 
person’s DNA consists of billions of variable units (base pairs), only 
a small fraction of which, for practical reasons, can actually be ex-
amined. Because of this difference with the data available in digital 
fingerprinting, experts often suggest the term DNA typing or DNA 
profiling for the comparable analytical technique with DNA.

DNA is an abbreviation for the term deoxyribonucleic acid, a group 
of biochemical compounds found in the cells of nearly all living or-
ganisms. These compounds carry the genetic code that tells cells 
what functions they are to perform; thus they are arguably the most 
essential of all biochemical molecules. They also provide the mecha-
nism by which this information is transmitted from generation to 
generation.

As shown in the diagram on page 134, a DNA molecule consists of 
two long strands wrapped around each other in a geometric confor-
mation known as a double helix. The two strands are bonded loosely 
to each other by means of hydrogen bonds between adjacent units 
on each strand. The long, spaghettilike strands that make up DNA 
consist of repeating units known as nucleotides. Each nucleotide con-
sists of three units: the sugar deoxyribose, a phosphate group, and 
one of four nitrogen bases. Two of the four nitrogen bases present 
in DNA, cytosine and thymine, are derivatives of the nitrogen base 
called pyrimidine, and two, adenine and guanine, are derivatives of 
the base known as purine.

Two nucleotide units can bond to each other to form a dinucleotide; 
three can bond to form a trinucleotide; four, to form a tetranucleotide; 
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and so on. A single strand of DNA consists of many hundreds or thou-
sands of nucleotides bonded to each other, a polynucleotide. In na-
ture, the reaction of two nucleotides with each other is catalyzed by 
an enzyme called DNA polymerase. DNA polymerase is one member 
of a class of enzymes, the polymerases, that catalyze the addition of a 
subunit to a polymer.

In a DNA molecule, the two complementary strands are arranged 
with the sugar-phosphate backbone of the strand on the outside of 
the double helix, and the projecting nitrogen bases facing inward, 

Structure of a DNA molecule
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adjacent to each other. These bases are not arranged randomly; they 
are paired according to a specific chemical rule: A purine base may 
align itself with a pyrimidine base only, and vice versa. That is, the 
only pairings of nitrogen bases permitted are those in which a gua-
nine (G) on one strand is aligned with a cytosine (C) on the opposite 
strand and those in which an adenine (A) on one strand is matched 
with a thymine (T) on the opposite strand. Only these pairings per-
mit the formation of the hydrogen bonds that stabilize the double 
helix and allow it to exist. The association of two nitrogen bases, one 
on each strand of a DNA molecule, is called a base pair. A typical 
DNA molecule contains about 3 billion base pairs.

Chemistry Explains Biology
Since the 1950s, scientists have discovered that the chemical struc-
ture of DNA determines an organism’s biological form and function. 
In other words, they have learned that essentially all biological phe-
nomena, such as growth, development, and reproduction, can be 
explained on the basis of chemical reactions as completely as can 
nonbiological phenomena, such as rusting and combustion.

Consider the process of inheritance as an example. For well over 
a century, biologists have understood the general rules that deter-
mine how certain traits are transmitted from generation to genera-
tion. The most fundamental of these rules are often known as the 
Mendelian laws, after the Austrian monk Gregor Mendel (1822–84), 
who carried out the original experiments on which they are based. 
These rules make use of certain units, called genes, that are pre-
sumed to be present in an organism’s cells and that are passed 
down in some way from parent to offspring. But, for more than a 
century, biologists had no idea as to what a gene actually was. It 
remained a convenient and highly useful code word for the unit of 
inheritance.

Scientists now know precisely what a gene is: It is a sequence of 
nucleotides on a DNA molecule, like the one shown below.

-G-C-C-C-T -A-T -T -G-T -A-C-G-T -T -A-A-C-G-G-G-C-T -C-T - 
-C-G-G-G-A-T -A-A-C -A-T -G-C-A-A-T -T -G-C-C-C-G-A-G-A-
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One might say that the sequence of base pairs shown in this dia-
gram represents a gene—except that the sequence shown is much 
too short. A single gene consists of tens or hundreds of thousands of 
base pairs, a structure that is not easily shown on one page.

One of the great accomplishments of modern science has been the 
elucidation of the human genome, the complete set of genes found 
in the human organism. Scientists have now determined the loca-
tion and chemical structure of virtually all of the genes present in 
human cells, a total of somewhere between 30,000 and 40,000 genes. 
“Locating” a gene means locating the chromosome on which a gene 
is found and its position on that chromosome relative to other genes. 
The position of a gene on a chromosome is known as its locus.

In the process of recording the human genome, researchers have 
also found a chemical explanation for the existence of alleles. The 
term allele, like gene, was introduced by biologists to explain the 
fact that genetic traits often have two or more manifestations. That 
is, a person may be right-handed or left-handed (or, occasionally, 
ambidextrous). He may have blue eyes, hazel eyes, green eyes, or 
eyes of some other color. She may have blond, red, black, or brown 
hair, or hair of some other color. The presence of two or more forms 
of a genetic trait was said to be due to the fact that the gene control-
ling a particular physical characteristic could exist in two or more 
forms, or alleles.

Formerly, the word allele expressed a condition that scientists ob-
served but could not account for. Today we know that alleles are nu-
cleotide sequences (genes) that have different base-pair sequences. 
If a particular gene or genetic marker has many base-pair variations, 
it is said to be polymorphic (“many forms”). (A genetic marker, or, sim-
ply, marker, is any portion of a DNA molecule with a clearly defined 
genetic characteristic. It may or may not be a specific gene.)

Polymorphisms may occur in either of two forms: as variations 
in a nucleotide sequence or variations of nucleotide length. The dia-
gram below shows three polymorphic forms (alleles) of a gene in 
which the third base pair from the left varies.

-A-A-C-A-G-T -T -A-C-G- 
-T -T -G-T -C-A-A-T -G-C-
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-A-A-T-A-G-T -T -A-C-G- 
-T -T-A-T -C-A-A-T -G-C-

-A-A-A-A-G-T -T -A-C-G- 
-T -T -T -T -C-A-A-T -G-C-

Length variations consist of DNA segments in which leading 
and trailing units are identical, but the segments enclosed between 
these units consist of differing base-pair segments. These base-pair 
segments are identical in structure but variable in length. The dia-
gram below shows two polymorphisms of this kind. Notice that the 
first polymorphism contains four base-pairs repetitions, or tandem 
repeats, while the second polymorphism contains three tandem re-
peats. The tandem repeats are indicated in alternating degrees of 
shading. Tandem repeats that contain a relatively small number of 
repeated segments—usually two to five base pairs—are known as 
short tandem repeats, or STRs.

-G-C-T-A-T-C-G-C-T-A-T-C-G-C-T-A-T-C-G-C-T-A-T-C- 
-G-C-T-A-T-C-G-C-T-A-T-C-G-C-T-A-T-C-

One erroneous impression that the above diagram may suggest is 
that DNA is a static molecule, a molecule in which nucleotides and 
their components are essentially fixed in space. That picture is mis-
leading because DNA molecules, like all molecules, are constantly 
in motion, vibrating, rotating, and, most important, changing their 
physical and chemical compositions.

For example, DNA molecules are constantly in the process of rep-
licating themselves. Each individual strand of a DNA molecule has 
the capacity to make an exact and faithful copy of itself, resulting 
eventually in the formation of two DNA molecules that are identical 
to the original DNA molecule. At the beginning of this process, DNA 
molecules unravel and separate at some locations, changing from a 
helical to a linear shape. Hydrogen bonds break, allowing the two 
strands of which DNA is made to separate. At this point, each of the 
DNA strands selects nucleotides from a supply in the cell to begin 
making a new strand that is complementary to the existing strand. 
Eventually, two new strands are formed, each complementary to the 
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original strand from which it was produced. When the process of 
replication is finished, two DNA molecules exist, each an exact copy 
of the original DNA molecule from which they were formed.

The changes that take place during replication are made possible 
by a number of specialized enzymes that catalyze the breaking of 
bonds (the lyases) and the reconstruction of bonds (the ligases). Those 
enzymes that operate specifically on DNA molecules are known as 
DNA lyases and DNA ligases. Scientists have now identified many of 
these enzymes, manufactured them synthetically in the laboratory, 
and used them to manipulate DNA for a variety of purposes, includ-
ing DNA typing.

Applications of DNA Testing
Variations in DNA are probably the single most reliable measure of 
genetic diversity. Organisms whose DNA differ dramatically have 
the greatest physical and biological diversity, while those whose 
DNA differ only moderately are relatively similar in their physical 
and biological characteristics. For example, scientists have deter-
mined that humans and yeast have about 46 percent of their genes in 
common. That is not much of a gene match, and there are certainly 
few similarities in physical and biological characteristics between 
the two organisms. Humans and fruit flies share between 60 and 70 
percent of their genes; humans and dogs, about 75 percent; humans 
and mice, about 99 percent; and humans and chimpanzees and go-
rillas, about 99.4 percent. By comparison, all humans share about 
99.5 percent of their genes with each other.

Today a complete or partial DNA map is available for a number of 
species, including yeasts, dogs, mice, chimpanzees, gorillas, and hu-
mans. Such maps show the locations (or loci; singular, locus) of genes 
as well as their nucleotide composition. These DNA maps are now 
available online for many species. For example, the human genome 
map can be found online at http://mgc.nci.nih.gov.

Scientists now believe that the human genome contains about 
80,000 distinct genes. Each of these genes contains several thousand 
nucleotides. In addition to the genes that have been identified in 
the human genome, DNA maps also show regions within a DNA 
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molecule that lie between genes, long nucleotide strings that have 
no known function. Such sequences are sometimes known as junk 
DNA. Junk DNA may make up as much as 97 percent of the total 
human genome, although it constitutes a much smaller portion of 
the genome of other species, such as the mustard weed, with about 
11 percent junk DNA; the common housefly, about 3 percent junk 
DNA; and the pufferfish, nearly 0 percent junk DNA.

The availability of DNA maps makes possible a number of ap-
plications, including some of interest to a relatively small number of 
researchers and others of considerable practical value to many sci-
entists and other professionals. For example, evolutionary biologists 
are interested in discovering how various species are related to each 
other and, therefore, what their evolutionary histories may be. If 
one could show, for instance, that 99 percent of the DNA in humans 
and raccoons were identical, then one might conclude that the two 
species are closely related to each other and that they evolved along 
similar paths through history.

The basis for this conclusion is that DNA is normally transmitted 
conservatively (without error) from parent to offspring. The DNA in 
an organism’s cells is usually identical to that found in the cells of 
its parents’ bodies. That general rule is violated only when mutations 
occur. A mutation is a change in DNA sequence caused by a burst 
of energy (such as X-rays), certain chemicals, or other factors. For 
example, a photon of radiation might strike a DNA molecule, rup-
ture a bond within a nucleotide, and cause a change in nucleotide 
sequence.

Such mutations are thought to occur at the rate of about 2–4 per-
cent per million years. That is, every million years, an average of 
two to four out of 100 base pairs on a DNA molecule will have mu-
tated. Thus, the greater the number of different base pairs in the 
DNA of two species, the longer it has been since the two species have 
stopped interbreeding and become distinct species.

No close relationship between the DNA of humans and raccoons 
has been found. By contrast, there is a great similarity in the DNA of 
humans, gorillas, chimpanzees, and other apes. That result is hardly 
surprising, since other evidence has already demonstrated a close 
evolutionary relationship among humans and the apes.
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Another field in which DNA testing has found application is wild-
life biology. The protection of endangered species, for example, de-
pends on knowing as much as possible about the behavior of these 
species in the wild and then doing whatever is necessary to protect 
their survival. In the past, the studies needed to learn about animal 
behavior were often invasive and disruptive. Researchers often had 
to anesthetize an animal with a dart gun and attach a collar or tag 
with a radio transmitter. Signals from the transmitter allowed re-
searchers to track the animal, but the effect on the animal’s normal 
behavior was sometimes impossible to estimate.

Now researchers can study animal behavior using DNA testing 
with little or no disruption of the animal’s normal behaviors. For 
example, scientists can collect fur, hair, feathers, blood, feces, and 
other materials left behind by animals to determine the number, 
sex, age, location, migration pattern, and other characteristics of 
animals.

DNA testing can also be used to identify plant and animal life tak-
en illegally by poachers. For example, logging is prohibited by law 
in some areas in order to protect certain endangered plant species. 
Individuals who violate such laws can be identified by examining 
DNA samples of trees and other plants found in their possession. If 
these DNA samples match similar samples taken from endangered 
species, the individuals are presumed to have taken those trees or 
plants illegally.

The first and one of the best-known fields in which DNA typing 
was used is paternity testing. Although it is always clear who the 
mother of a child is, there is sometimes a question as to who the 
child’s father is. That information is often important for legal rea-
sons, for instance, to determine the man who is legally responsible 
for a child’s upbringing and/or financial support.

The DNA argument for paternity is simple. It is based on the fact 
that DNA is passed on conservatively (without change) from genera-
tion to generation. Thus, a child’s DNA is some mixture of both par-
ents’ DNA. The first step in using DNA to establish paternity, then, 
is to establish DNA patterns for child and mother, both of which 
are easily obtained. The mother’s DNA pattern can then, by some 
mechanism, be “subtracted from” the child’s DNA pattern. The DNA 
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that is left from that process must have come from the father’s DNA 
pattern. That pattern can be compared to DNA samples taken from 
individuals who are presumed or suspected to be the father to deter-
mine whether a match exists. The presence or absence of a match 
confirms or rules out a man as the father of the child.

This method was first used in 1985 by the English scientist 
Alec Jeffreys (1950–  ), then at Leicester University in the United 
Kingdom. Jeffreys had just discovered a method for comparing the 
DNA collected from two different sources, a method that came to 
be called restriction fragment length polymorphism (RFLP). He was 
asked to determine the paternity of a boy living in Ghana who 
wished to emigrate to Great Britain, where his mother was then liv-
ing. According to British law, the boy could be permitted to enter 
the country only if he could prove that he was a blood relative of an 
English citizen, in this case, his mother.

Jeffreys proposed to compare the boy’s DNA with that of his pre-
sumptive mother (to confirm the maternal component of his DNA) 
and that of the woman’s other children (to confirm the paternal 
component of the boy’s DNA). The latter test was necessary because 
the boy’s father could not be found and, therefore, could not provide 
a DNA sample directly.

When all DNA samples had been collected and analyzed, Jeffreys 
reported that the evidence was conclusive: The boy’s DNA matched 
that taken from the presumed mother and her children. No DNA 
from the father was needed to prove his paternity, Jeffreys explained, 
because his DNA “fingerprint” could be deduced in the DNA of his 
mother’s other children, the boy’s siblings.

Forensic DNA Typing
DNA typing is clearly a powerful tool with numerous applications. 
In forensic science, it is used for the identification of individuals 
accused of rape, murder, and other violent crimes. Such applications 
are possible because DNA in such crimes is usually available from 
three essential sources: the victim; the perpetrator of the crime; and 
evidence left behind at the scene of the crime, such as blood, semen, 
hair, or other biological materials. Forensic DNA typing generally
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involves the comparison of these three kinds of DNA, as shown in 
the diagram on page 144.

DNA typing can determine conclusively (1) whether evidence at 
the crime scene, such as blood, hair, or other biological materials, 
came from the victim or, if not, (2) whether it came from some other 
known or unknown individual. If an individual is suspected of the 
crime and can supply DNA for analysis, an investigator can then 
compare that DNA with DNA present in the evidence to determine 

←  Sir Alec Jeffreys (1950–  )  ➢

Discoveries in science are seldom due entirely to the work of a single 
individual. More often, many researchers studying a common prob-

lem make important contributions to major breakthroughs. Such was the 
case in the 1980s with the basic procedures used in DNA fingerprinting. As 
early as 1980, Ray White and his colleagues at the University of Utah had 
discovered the presence of structures known as variable number tandem 
repeats (VNTRs) in DNA molecules. VNTRs play a critical role in one of the 
two major techniques used in DNA typing, restriction fragment length 
polymorphisms (RFLP). But it took the ingenuity and creativity of British 
scientist Alec Jeffreys to see how the work of White and other researchers 
could be utilized in the development of DNA typing.

Alec John Jeffreys was born in Oxford, England, on January 9, 1950. He 
was educated at Stopsley, Luton, Infant and Junior Schools, and then at 
Luton Grammar School (1961–66) and Luthon Sixth Form College (1966–68). 
He attended Merton College, Oxford, where he studied biochemistry from 
1968 to 1972. In 1975, he was awarded his Ph.D. in human genetics by the 
University of Oxford. From 1975 to 1977, he worked as a postdoctoral stu-
dent at the University of Amsterdam. After completing his postdoctoral 
studies, Jeffreys accepted an appointment as lecturer in the Department of 
Genetics at the University of Leicester.

Jeffreys’s move to Leicester marked a new beginning in his research pro-
gram. At Amsterdam, he had worked on the cloning of mammalian genes, 
without much success. When he arrived at Leicester, he decided on a new 
line of work: analyzing structural variations in genes and the effects these 
variations have in inheritance. One of the first discoveries arising from this 
research was the existence of restriction fragment length polymorphisms, 

which were to form the basis of one of the two primary methods of DNA 

typing used today. In 1985, Jeffreys was asked to use DNA typing to deter-

mine the paternity of a young man who wished to emigrate from Ghana 

to the United Kingdom. In the same year, he assisted a rape and murder 

investigation by police in the West Midlands. In both instances, DNA typing 

provided key evidence. The forensic importance of Jeffreys’s discovery had 

been demonstrated beyond question.

Jeffreys has remained at Leicester since 1977, holding the posts of Lister 

Institute Research Fellow (1982–91), reader in genetics (1984–87), professor 

of genetics (1987–  ), Royal Society Wolfson Research Professor (1991–  ), 

and Howard Hughes International Research Scholar (1993–99). He is cur-

rently professor of genetics at Leicester.

Jeffreys has been awarded a host of honors, including election to 

the Royal Society (1986), the Colworth Medal for Biochemistry of the 

Biochemical Society (1985), the Linnean Bicentenary Medal for Zoology of 

the Linnean Society (1987), the Carter Medal of the Clinical Genetics Society 

(1987), the Davy Medal of the Royal Society (1987), the Allen Award of the 

American Society of Human Genetics (1992), the Gold Medal for Zoology 

of the Linnean Society of London (1994), and the Albert Einstein World of 

Science Award of the World Cultural Council (1996). In 1994, Jeffreys was 

knighted by Queen Elizabeth II for his services to science and technology. 

In 2004, he was awarded D.Sc. by the University of Leicester and the Royal 

Medal by the Royal Society.

Jeffreys is married with two daughters. He says that his pastimes include 

walking, postal history, movies, reading “rubbish novels,” and surfing (“the 

wet kind, not Internet”).
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whether it matches. If the match does exist, the suspect is almost 
certainly responsible for the crime. If no match exists, the suspect is 
almost certainly not responsible for the crime.

The essential scientific fact that makes this kind of analysis pos-
sible is that the biological origin of the DNA obtained from any one of 
the three sources is irrelevant. That is, the victim’s DNA sample may 
have come from a drop of blood; the evidentiary DNA from a flake 
of skin; and the suspect’s DNA from a single hair. The DNA found in 
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person’s body is the same in all of the 75 trillion cells that make 
up his or her body. DNA taken from blood cells, skin cells, semen 
cells, or any other kind of cell is identical. If the DNA from a drop 
of blood from one source, a flake of skin from a second source, and 
a hair from a third source all match, they must all have come from 
the same source.

Suppose that an analysis of blood taken from a crime scene and 
blood drawn from a suspect has been completed. And suppose that 
analysis shows a “match” of DNA patterns at all of the loci examined. 
Can it be said that the suspect is responsible for the crime?

That question is far more difficult to answer than it might at first 
appear. Some problems associated with the question are suggested 
by the use of quotation marks around “match.” One interpretation of 
that term might be that every base pair in the suspect’s DNA is iden-
tical with every base pair in the evidentiary DNA. But, of course, 
that kind of match could never be observed, because no DNA typing 

Basis of DNA typing
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ever examines every base pair in a person’s DNA. Indeed, typing 
looks at only a minute fraction of all possible base pairs. To say that 
two samples “match,” then, means only that any differences in the 
two DNA samples that do exist or may exist have not been found.

To increase one’s confidence in the “match,” an analyst would 
like to increase the number of loci studied. The more loci at which 
no differences are found, the greater his or her confidence that the 
two DNA samples are alike (similar or identical). Any trustworthy 
method of DNA typing, therefore, tests loci with as many different 
variations as possible.

Other reasons exist to question the strength of a “match.” For ex-
ample, while it is possible that the DNA sequences tested were identi-
cal for the sample and the suspect, it is also possible that the suspect 
and some other person shared the same DNA sequence at the loci 
being tested. Such results might be obtained for members of the same 
family because blood relatives are likely to share a greater portion 
of their DNA with each other than they do with strangers. Brothers 
and sisters, cousins and nephews and nieces, grandparents and third 
cousins are all more closely related to each other than they are to 
neighbors, coworkers, and friends; therefore, they have DNA that is 
more similar to each other than it is to nonrelatives. A DNA sample 
that “matches” that of a suspect might, under some circumstances, 
“match” that of the suspect’s brother, cousin, or aunt.

Thus “matching” of DNA samples is never a matter of certainty, 
an issue of “yes, they match” versus “no, they do not match.” Instead, 
matching is a question of probability. The question a forensic scien-
tist usually has to answer is, given the number and character of loci 
being tested, the type of test performed, the possibility of sample 
contamination, the possibility of laboratory error, and other factors, 
what is the likelihood that DNA from a piece of evidence is the same 
as DNA from a suspect?

That question is one of the most difficult and contentious of all 
issues raised by DNA typing. Whole books have been written in an 
effort to answer it in a way that will be acceptable to the legal sys-
tem, the scientific community, and the general public. These books 
make use of sophisticated statistical analyses to decide how a host of 
factors involved in DNA typing will affect the likelihood that some 
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specific correlation is likely to occur by chance. Some decision must 
then be made as to what an acceptable level of probability is, how 
likely it is that an observed match actually connects a suspect with 
a crime.

The fundamental question is what level of probability is needed 
to make a reasonable connection between DNA from evidence and 
DNA from a suspect. Is the probability that the match occurs by 
chance only one time in 100 conclusive? Or would it be necessary to 
have a probability of one out of 1,000 or one out of a million? What 
probability could be regarded as convincing?

The Federal Bureau of Investigation (FBI) has argued that a rea-
sonable probability level is about one in 100 billion (one in 1011). 
That is, if two DNA matches can be shown to occur with a likelihood 
of only about 1 out of 1011, then there is a 99 percent chance that the 
suspect is the only person in the United States who could have com-
mitted the crime in question.

At first glance, that standard seems high. Is it possible to obtain 
matches with this degree of probability in the kind of DNA typing 
that is usually carried out? The answer is yes, it can be done. Indeed, 
it is a commentary on the power of DNA typing that low probabili-
ties such as these can, under the proper circumstances, be obtained. 
Some authorities disagree with the FBI’s conclusion and/or the cal-
culations by which it was obtained. In spite of this controversy, a 
consensus appears to have evolved in which some probability level 
close to that suggested by the FBI will be accepted by a majority of 
forensic scientists.

On the other hand, debates about the relative value of one in 10 
billion versus one in 1 trillion probabilities may be reaching a level 
of academic absurdity that may not be relevant in practice: They 
may not convince judges and juries of the value of DNA evidence. 
As noted criminologist Dr. David Stoney has said, in referring to the 
value of digital fingerprints, “individualization cannot be proven; 
we can only become convinced of it.” In the last analysis, then, 
it may require some combination of strong mathematical analy-
sis that determines probabilities with a “sense of conviction” that 
will determine the guilt or innocence of many accused men and 
women.
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Procedures for DNA Typing
Two technologies are currently in general use for the analysis of 
DNA patterns: restriction fragment length polymorphisms (RFLP) 
and polymerase chain reaction (PCR). In either case, a number of 
steps are usually necessary before the analysis of a DNA sample can 
be initiated. First, the DNA sample must be removed from the mate-
rial on which it was deposited (a shirt, carpet, floor, victim’s skin, or 
other body part, for example). It must then be cleaned and separated 
from non-DNA materials that would contaminate the analysis. It 
must also be examined to determine the amount of DNA present 
and its integrity, meaning the amount of DNA that remains intact. 
Like most biological materials, DNA degrades over time. That is, a 
single DNA molecule tends to break apart into two, three, four, and 
eventually many parts. The type of analysis that can be used on any 
given DNA sample depends on both the integrity of the DNA and the 
amount available for testing.

Organic extraction is perhaps the simplest and most common 
method for removing a DNA sample from the material on which it 
has been deposited. In this procedure, a piece of the material is cut 
from the whole object (a garment or carpet, for example) and added 
to a flask containing an organic solvent—usually phenol, chloroform, 
isoamyl alcohol, or some combination of these solvents. The flask is 
then warmed, increasing the rate at which cells in the sample are 
released from the material and dissolved in the solvent.

When removal of the biological material from the sample appears 
complete, the cells obtained are transferred to a second flask and 
mixed with another reagent, such as EDTA (ethylenediaminetet-
raacetic acid), sodium dodecyl sulfate, or tris[hydroxymethane]am-
inomethane. This reagent causes the lysis (rupture) of cells, releasing 
pure DNA, which can then be concentrated and collected for fur- 
ther study.

Other methods of separation are also available. For example, the 
DNA-impregnated sample can be added to a flask containing Chelex 
beads. Chelex is a resin made of styrene divinylbenzene, to which 
are attached two iminodiacetate ions. The iminodiacetate ions act 
as chelating groups; that is, they appear to bind to the metal ions 
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that are involved in the breakdown of DNA chains. The flask is then 
heated to boiling. During the boiling process, cells break open (un-
dergo lysis) and release their DNA to the surrounding solution. Non-
DNA materials bind to the Chelex beads, while DNA itself remains 
in solution. Removal of the beads leaves behind a relatively pure 
solution of DNA, which can then be dried and used for analysis. The 
Chelex bead method is most frequently used with small samples that 
will be analyzed by the PCR method.

The presence of sperm cells on a piece of evidence may compli-
cate the extraction procedures just described. Sperm cells are more 
resistant to attack than other cells, requiring a modified approach to 
extraction. In this approach, the piece of evidence containing both 
sperm and nonsperm cells is exposed to organic extraction, as al-
ready described. That extraction removes both types of cells from 
the material on which they are deposited. The resulting mixture is 
then centrifuged, causing it to separate into a clear solution contain-
ing nonsperm DNA and a clump of material at the bottom of the 
centrifuge tube containing precipitated sperm DNA. The two com-
ponents can then be separated and treated with distinct reagents 
suitable for the lysis of each type of cell.

The next step in preparing for DNA analysis is quantitation, de-
termining the amount of human DNA present in the sample. The 
reason quantitation is necessary is that DNA samples are often con-
taminated with DNA from nonhuman sources, such as DNA from 
bacteria. Bacterial DNA does not interfere with the DNA analysis 
itself, but it may provide a false indication of the amount of DNA 
present, and this measure is essential in deciding what kind of DNA 
test to perform and how to carry out that test.

A common method for determining the quantity of human DNA is 
called the slot-blot test. In slot-blot testing, a drop of one or more sam-
ples to be tested is attached to a strip of nylon cloth. A series of drops 
containing DNA standards, each containing some known amount of 
DNA, is also attached to the nylon strip. Each standard drop contains 
some known amount of DNA. In the diagram on page 149, the column 
of lines at the left of the test strip contains samples of a known DNA. 
The other columns of lines contain DNA taken from samples collected 
from the victim, the crime scene, and/or the suspect.
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A drop of DNA probe is then added to each spot on the nylon strip. 
DNA probe is a chemical tool that consists of two parts. The first 
part is a short piece of synthetic DNA that will bind to a particular 
part of the human DNA present on the nylon strip. The second part 
of the probe is a “tag,” a chemical group that is chemiluminescent; 
that is, it will emit light when treated with the appropriate reagent. 
The two most common reagents used in the tag are luminol (3-ami-
nophthalhydrazide) in combination with horseradish peroxidase 
(HRP) and dioxethane in combination with the enzyme alkaline 
phosphatase (AP). In either case, the luminol or dioxethane emits 
visible light when it is stimulated by ultraviolet light, a process 
catalyzed by either HRP or AP. The DNA probes are allowed to 
bond with the spots on the nylon strip and then treated with the 
reagent. The spots then become visible as colored points on the 
nylon strip.

Slot-blot test
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The intensity of the color produced in each position on the ny-
lon strip provides a measure of the amount of human DNA present 
in each sample, compared with the standards present on the strip. 
Although estimates can be made visually of the quantity of human 
DNA present in each sample, a more precise measure can be obtained 
by making use of an automated colormetric system that measures 
the intensity of radiation emitted at each wavelength of light in the 
visible spectrum.

A second technique for assessing the amount of DNA present in a 
sample is called a yield gel. A yield gel consists of a solid platform (a 
support system; for example, a piece of plastic) covered with a thin 
layer of agarose gel, made by heating and then cooling agar, a col-
loidal extract of algae. A row of indentations (wells) runs parallel to 
the top of the platform. One or more samples are placed into each of 
these wells along with a number of standards. The standards consist 
of DNA samples of known size and complete integrity. An electrical 
potential is then applied to the agarose gel, drawing DNA fragments 
downward through the gel. After some period of time (usually less 
than an hour), the agarose gel is treated with the reagent ethidium 
bromide (EB). EB binds with double-stranded nucleic acids and fluo-
resces when exposed to ultraviolet light. The pattern of fluorescing 
spots on the agarose gel can then be photographed and/or analyzed 
by colorometric means to determine the amount of double-stranded 
DNA present.

The pattern formed in a yield gel also provides information about 
the integrity of DNA in a sample, because the larger a DNA mol-
ecule, the larger and more intense the spot of light it produces and 
the closer that spot is to its point of origin at the top of the gel. By 
contrast, a degraded piece of DNA produces a larger, less well-de-
fined, less visually intense spot of light that has migrated downward 
from its point of origin to a greater degree. Because EB bonds only 
poorly with single-stranded DNA, severely degraded DNA consisting 
of such structures will be only poorly visible, or not visible at all. 
The advantage of a yield gel is that it provides evidence as to the 
integrity of the DNA sample, that is, the extent to which it has or has 
not been degraded. Its disadvantage is that it does not distinguish 
among DNA from a variety of species.



DNA Fingerprinting  151

Methods of DNA Typing
Some of the steps involved in the two methods of DNA typing, RFLP 
and PCR, are similar, while others are quite different from each other.

The first DNA-typing technology to have been developed was re-
striction fragment length polymorphism (RFLP), initially worked 
out by Alec Jeffreys in 1985. This technology depends on the use of 
certain types of enzymes, known as restriction enzymes, that recog-
nize and cut DNA at specific locations identified by characteristic 
base patterns. Many different restriction enzymes are now known. 
For example, the restriction enzyme known as AluI recognizes the 
following base pattern wherever it appears in a strand of DNA:

AGCT 
TCGA

When it finds such a strand, it cuts the bonds at the middle of the 
pattern:

m�
AG CT 
TC GA 
n

An example of the way in which AluI would operate on an extended 
strand of DNA is shown on page 152.

In theory, a number of different restriction enzymes could be 
used in this type of reaction. A list of all known restriction enzymes 
with their DNA targets is available online at http://www.molecular-
workshop.com/data/endonucleases.html. In practice, however, re-
searchers have chosen to focus on a small number of such enzymes. 
The most popular enzyme in the United States is the enzyme HaeIII, 
and the most popular in Europe is HinfI. HaeIII recognizes the base 
pattern, which it cuts at the middle of the pattern:

m�
GG CC 
CC GG 
n
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By contrast, the enzyme HinfI recognizes the following base pat-
tern (where N represents any nitrogen base), which it cuts after the 
initial base pair:

m
G A NTC
C T NAGn

The first step in an RFLP analysis is to combine in an incuba-
tion tube the DNA sample to be tested and a carefully determined 
amount of the chosen restriction enzyme. The incubation tube is 
then maintained at an elevated temperature for a period of time, 
usually overnight. This process presumes that the restriction en-
zyme will find and cut all of the distinctive segments of DNA for 
which it has been selected. When this has occurred, the DNA is said 
to have been digested. Confirmatory tests are generally conducted 
after incubation to ensure that complete digestion has occurred. If 
it has not, some artificially large segments will remain, masking 
the true number of short tandem repeats (STRs) in the sample. If 
the DNA sample is not completely digested, additional restriction 
enzyme or an extended incubation time may be necessary.

Once digestion is complete, the incubation tube contains a num-
ber of alleles with identical initial and concluding base-pair patterns. 
These alleles differ only in the number of repeating units between 
the beginning and ending base pairs, or length polymorphisms. The 

Action of restriction enzyme AluI
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number of alleles may be quite large; indeed, DNA segments are 
chosen for cutting because they show so much variability.

The next step in the process is to determine the size of the STR 
segments that have been produced during incubation. The technique 
used to do so is called electrophoresis. The process described here is 
similar to gel electrophoresis. First, the digested DNA is added to a 
well at one end of a plate covered with agarose. (In actual practice, 
a number of DNA samples are added to a row of wells in the plate. 
These wells may contain DNA samples from one or more suspects, 
one or more victims, and evidence collected at the crime scene, as 
well as DNA segments used as references in typing.)

Next, an electrical charge is applied to the agarose-coated plate 
such that the upper end of the plate (the well) carries a negative 
charge and the lower end has a positive charge. This arrangement 
is selected because DNA fragments carry an overall negative charge 
and will be pulled out of their wells and through the agarose to the 
bottom of the plate. The rate at which DNA fragments move differs, 
however, depending on their sizes. The smaller the DNA fragment, 
the more rapidly it moves through the agarose gel, while the larger 
the fragment, the more slowly it moves.

After some period of time (a few hours), the lightest DNA frag-
ments have reached the bottom of the plate, and separation is pre-
sumed to be complete. The pattern of fragments formed as DNA is 
pulled out of each well by the electrical potential used is called a 
lane. The diagram on page 154 shows how lanes are formed during 
the process of electrophoresis.

At this point, the DNA fragments are denatured. Denaturation 
converts DNA fragments from a double-stranded form into a single-
stranded form. To accomplish this, the tester adds first hydrochloric 
acid (HCl) and then sodium hydroxide (NaOH) to the gel. These two 
reagents break the hydrogen bonds between the two complementary 
strands of DNA, converting them to single strands. The strands are 
then extracted from the gel by placing a sheet of nylon and a sheet of 
absorbent material, such as a paper towel, on top of the gel. This pro-
cess is known as Southern blotting. Single-stranded DNA fragments 
migrate upward from the gel, into the nylon, where they are fixed 
in position.
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At this point, the DNA fragments on the nylon platform are not 
visible. To make them visible, the investigator adds DNA probes, 
small fragments of synthetic DNA that have been designed to bond 
with base-pair sequences known to be present in the STR sections un-
der study. For example, suppose that an analyst knows that the STR 
section under investigation contains the base sequence ATCTTCAT. 
He or she can synthesize a DNA probe with the complementary se-
quence TAGAAGTA. When added to the nylon platform, the probe 
would “look for” and bind to all ATCTTCAT segments present.

Next, the investigator uses either a radioisotope or a chemical 
group that emits visible light under radiation to reveal the presence 
of the newly formed combination of DNA fragment plus DNA probe. 
One might, for example, use a radioisotope of one of the elements 
(such as phosphorus 32) present in the DNA probe that was syn-
thesized. In this case, the location of all fragment-probe complexes 
can be determined by placing a photographic plate on top of the 
platform. Radiation emitted by each radioactive probe segment then 
“takes its own picture,” producing an autoradiograph, or autorad. The 

Separation of DNA fragments by electrophoresis
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An autoradiogram of DNA sequences obtained in an RFLP test.  (Alfred Pasieka/Photo 
Researchers, Inc.)
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photograph on page 155 depicts an autoradiograph formed in this 
way. In the second approach, the DNA probe is attached to an ad-
ditional chemical group that emits visible light when stimulated by 
radiation (such as ultraviolet light). In this case, the presence of each 
fragment-probe complex is revealed by the glow it produces when 
exposed to such radiation.

In either case, a permanent record of the location of each DNA 
fragment can be obtained. This record is comparable to the UPC bar 
code by which many products are priced today. Each “bar” on the 
DNA autorad represents an STR fragment of some size, from largest 
to smallest in moving down the sheet. Any given autorad contains a 
number of columns (or lanes). One or more of these lanes shows pat-
terns from known standards (such as all the alleles possible within 
this locus); another may show DNA taken from a victim; a third, 
DNA from an evidentiary sample; and a fourth (and so on) from one 
or more suspects.

The analysis and interpretation of autorads like this one are gener-
ally quite difficult, depending to some degree on an individual’s abil-
ity to pick out and recognize significant patterns. One trend today in 
DNA typing is toward the development of mechanical devices that 
are able to detect and match radiograms or color spots from vari-
ous sources to provide more reliable comparisons of different DNA 
samples. Even when those comparisons have been made, however, 
questions about their statistical significance (as discussed earlier in 
this chapter) remain to be answered.

The second major method used in DNA analysis, polymerase chain 
reaction (PCR), is an adaptation of a common reaction involving 
DNA that occurs in nature: replication. Recall from the discussion 
earlier in this chapter that replication occurs when the two strands 
of which DNA are made uncoil and separate. Each of the exposed 
single strands then acts as a template from which a new strand of 
DNA is made. After replication is complete, two molecules of DNA, 
both identical to the original parent molecule, have been formed.

The steps involved in a PCR reaction are shown in the diagram 
on page 157. The first step in this sequence, denaturation, mimics 
the first step in replication by forcing a DNA molecule to uncoil 
and separate into two single-stranded segments. Denaturation is ac-
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complished simply by heating DNA to a relatively high temperature, 
about 94°C.

Next, two DNA primers are prepared synthetically. (A DNA prim-
er is the same as a DNA probe in that it contains some sequence of 
base pairs designed to find and bond to some specific base-pair se-
quence of interest in the sample DNA. Two separate terms are used, 
however, because of the different ways in which they are used.) For 
example, a researcher may wish to replicate only one segment of a 
DNA molecule, one with the sequence

GCAGGCATCTAG
CGTCCGTAGATC

The primers needed, then, will contain base-pair patterns comple-
mentary to the beginning and end of the desired segments. In this 
case, one primer would contain the sequence CGTC, complemen-
tary to the beginning of one (the upper) strand, and the other primer 
would contain the sequence GTAG, complementary to the ending of 

The polymerase chain reaction
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the other (lower) strand. When the two primers are mixed with the 
denatured (single-stranded) DNA, they will bond at either end of the 
segment to be replicated, a process known as annealing.

Then the final step, known as extension, begins. Extension occurs 
when the units of which DNA is made—nucleotides—are carried into 
position and joined to single-stranded DNA by “building enzymes,” 
as shown in the diagram. Building enzymes is an informal name 
for a group of enzymes more accurately known as polymerases. 
Polymerases are enzymes that join two or more molecular compo-
nents to make one large unit. The polymerases used in the exten-
sion step of PCR are DNA polymerases.

In theory, any number of polymerases could be used during the 
extension phase of PCR. But only one is actually used in practice—
the Taq polymerase, an enzyme that occurs naturally in bacteria 
found in hot springs and geysers. This enzyme, like the bacteria 
from which it comes, is able to survive high temperatures. It is used 
in PCR because it is not destroyed during denaturation when heat is 
used. As extension takes place, two new strands of DNA are formed, 
each identical to one of the original DNA strands. Four single strands 
of DNA, two complementary double strands, now exist.

The sequence of denaturation, annealing, and extension can then 
be repeated, resulting in the formation of four complete, double-
stranded DNA strands, all identical to the original DNA. The process 
can be repeated again and again, each time doubling the number 
of identical DNA strands. The process of producing more and more 
samples of identical DNA is known as DNA amplification. In a typi-
cal application of the PCR analysis of a DNA segment, amplification 
may be repeated about 30 to 35 times, resulting in the formation of 
1030 to 1035 (well over 100 million) copies of the original DNA.

One advantage of the PCR system is that amplification can be car-
ried out at more than one locus at a time. That is, DNA primers can 
be designed to replicate a number of different loci at once, a process 
known as multiplexing. Multiplexing is what makes PCR a more pow-
erful and more popular analytical tool for DNA typing than RFLP. 
Although the variability in any one locus is likely to be less than that 
for a locus used with RFLP, PCR can study a larger number of loci at 
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one time, resulting in an overall greater power of discrimination (the 
ability to distinguish between any two individuals or events).

The product of PCR amplification is a mixture of DNA fragments 
with polymorphisms at a number of different loci. Identification of 
those DNA fragments involves a comparison of their characteristics 
against DNA taken from other sources, such as the victim or evi-
dentiary material, and/or against certain standards, such as known 
alleles. This identification is carried out by analysis of either length 
polymorphisms or sequence polymorphisms, depending on the 
nature of the polymorphisms being examined. Analysis of length 
polymorphisms is generally similar to that for RFLP, although the 
process is often simpler and “cleaner” with PCR because a single, 
very pure segment of DNA is available with PCR but not necessarily 
with RFLP.

The product PCR is prepared for electrophoresis: It is loaded into 
a well on a platform containing polyacrylamide gel. Adjacent wells 
contain allelic ladders with which the sample(s) will eventually be 
compared. An allelic ladder is a set of DNA fragments of precise 
and known size that can be used to estimate the size of an unknown 
DNA fragment. A potential difference (voltage) is then applied to the 
platform, as in RFLP, and DNA fragments of various sizes migrate 
down the platform at different rates. Smaller fragments move more 
rapidly and reach the bottom of the platform first, while larger frag-
ments migrate more slowly and tend to remain near the top of the 
platform. The bands formed in this process are then stained with 
silver nitrate and compared to the standard ladders and to other pat-
terns formed on the platform. The product of this separation process 
is similar to the autorad depicted on page 155.

In one modification of this procedure, the PCR product is added 
to a capillary column containing liquid polyacrylamide. The separa-
tion produced by electrophoresis in the sample can then be com-
pared directly with comparable tubes of known standards.

Sequence polymorphisms are usually analyzed by means of the 
reverse dot-blot procedure (also known as the sequence specific oligo-
nucleotide test). This procedure makes use of commercially available 
test strips made of nylon to which are attached small oligonucleotides 
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of known composition. An oligonucleotide is a molecule consisting 
of “many” (usually fewer than 25) nucleotide units bonded to each 
other. It is equivalent to the size and character of a DNA segment am-
plified by PCR methods. In fact, the coding of the oligonucleotide se-
quence is specifically designed to complement a portion of one such 
segment. If one of the DNA loci being tested by PCR contains the 
segment ATTCTTGTTCCAG, for example, then a comparable oligo-
nucleotide probe will be designed with the complementary structure 
TAAGAACAAGGTC. A discrete probe for each locus tested by PCR is 
needed and is generally available.

The procedure for testing for a sequence polymorphism is shown 
in the diagram on page 161. The test strip contains a row of spots at 
which different oligonucleotides have been placed. Each oligonucle-
otide is marked for purposes of identification. The PCR product is 
added to each of the spots on the test strip. At any location where 
the product and the oligonucleotide match, a bond forms between 
the probe and the PCR product. Bonding occurs if, and only if, the 
oligonucleotide and DNA fragment match exactly, base for base.

DNA-oligonucleotide complexes that form are clear and colorless. 
A prior step in the testing procedure is necessary to make them 
visible. Namely, a molecule of biotin must be attached to the DNA 
fragment developed during PCR. Biotin is a member of the vitamin B 
complex family and is sometimes referred to as vitamin H.

After the PCR product has been added to the nylon test strip, a 
drop of a mixture of streptavidin (a protein) and horseradish peroxi-
dase conjugate (HRP) is added to each oligonucleotide drop on the 
strip. Then a drop of the chemical tetramethylbenzidine (TMB) is 
also added to each oligonucleotide site.

The biotin that has been added to the PCR product tends to bond 
tightly with streptavidin. At the same time, the HRP associated with 
the streptavidin reacts with TMB to form a characteristic blue color. 
The blue HRP-TMB complex, bonded tightly to the DNA-biotin-strep-
tavidin complex provides a vivid, simple, and obvious indication of 
where DNA fragments have bonded to the oligonucleotide. Because 
the structure of each oligonucleotide on the strip is known, the 
complementary structure of the attached DNA fragment is easily 
identified.
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An application of the reverse dot-blot procedure is shown in the 
diagram on page 162. In this diagram, PCR samples from the victim 
(V), two suspects (S1 and S2), and two pieces of evidence (a drop of 
blood, B, and a sample of semen, Se) are compared with two controls 
(C+ and C-). Notice that matches are obtained for the victim and the 
blood sample, for suspect 1 and the blood sample, and suspect 1 and 
the semen sample. An actual reverse dot-blot strip would contain ad-
ditional measures that would strengthen any conclusions drawn from 
this test. Even based on this simplified example, however, it is clear 
that suspect 2 can be excluded from consideration as a perpetrator 
of this crime, while the evidence implicating suspect 1 is somewhat 
convincing. Again, statistical analysis would be needed to provide a 
numerical probability of this individual’s involvement in the crime.

DNA typing strip
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Each DNA-typing technology uses its own approach and has its 
own strengths and weaknesses. For example, RFLP testing requires 
some minimum amount of relatively high molecular weight (HMW) 
DNA. The term high molecular weight means a fragment size of at 
least 20,000 to 25,000 base pairs. The amount of HMW DNA needed 
for a test varies according to the procedure used, but falls in the 
range of 10–50 nanograms (10-9g).

By contrast, PCR technologies can be used with much shorter 
DNA strands, sometimes as small as a few hundred base pairs. They 
also require much smaller samples, often as little as 0.3 nanogram 
of DNA under the best of circumstances.

The greatest strength of RFLP is that it focuses on certain DNA 
loci with many (often hundreds) of variations. Thus, the analysis of 
only one or two loci may be sufficient to show significant differences 
between two DNA samples. The problem is that RFLP examines only 
one locus at a time before moving on to the next locus, making the 
process somewhat slow and laborious. In addition, RFLP is largely 
a manual, labor-intensive, time-consuming process that has been 
difficult to automate.

By contrast, PCR tends to use loci with less variability than does 
RFLP, resulting in a reduced power of discrimination for any given 
locus. But PCR has the ability to examine many loci simultaneously,

Reverse dot-blot test
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←  Kary B. Mullis (1944–  )  ➢

The key problem facing any forensic scientist is to find a way of link-
ing one particular individual with one specific crime. Criminologists 

have developed a number of techniques to accomplish this goal, ranging 
from fingerprinting to blood tests. No identification test has ever been 
so powerful and so widely accepted, however, as DNA typing. During the 
1980s, two techniques for identifying a person on the basis of DNA tests 
were developed, restriction fragment length polymorphisms, by Alec 
Jeffreys, and polymerase chain reactions, by Kary Mullis.

Kary B. Mullis was born in Lenoir, North Carolina, on December 28, 
1944. He attended Georgia Institute of Technology, from which he 
received his B.S. degree in chemistry in 1966. He then enrolled at the 
University of California at Berkeley (UCB), where he earned his Ph.D. in 
biochemistry in 1972. After graduation, Mullis remained at UCB as a lec-
turer in biochemistry for one year before taking a postdoctoral appoint-
ment in pediatric cardiology at the University of Kansas Medical School. 
In 1977, he began a two-year postdoctoral program in pharmaceutical 
chemistry at the University of California at San Francisco.

In 1979, Mullis was offered a position with the biotechnology company 
Cetus Corporation. He spent seven years there, working primarily on oli-
gonucleotide synthesis. It was during this period that Mullis conceived of 
the method that has become known as polymerase chain reaction. That 
procedure was already well understood by chemists. It occurs naturally 
during the replication of DNA in cells, and researchers had succeeded in 
replicating the process in the laboratory. The problem they encountered, 
however, was that the high temperatures needed for denaturation of the 
DNA molecule destroyed the enzyme (DNA polymerase) needed for an-
nealing. Mullis’s great contribution was his suggestion of using DNA poly-
merase taken from thermophilic bacteria, which can withstand the heat 
used during denaturation. For his discovery, Cetus paid Mullis $10,000, 
an insignificant amount in view of the fact that the company later sold 
rights to the PCR process to Hoffman-LaRoche pharmaceutical company 
for $300 million. Mullis is now vice president and director of molecular 
biology for Burstein Technologies, located in Irvine, California.

In addition to the Nobel Prize, Mullis has been awarded the Japan 
Prize (1993), the Thomas A. Edison Award (1993), the California Scientist 
of the Year Award (1992), the National Biotechnology Award (1991), the 
R&D Scientist of the Year award (1991), and the Gairdner Award (1991). He 
was inducted into the Inventors Hall of Fame in 1998.
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greatly increasing its overall power of discrimination. In addition, 
PCR has been automated, making its use faster and less expensive.

Whatever advantages RFLP may have had in the past, it now ap-
pears to be losing favor compared with PCR technologies. In fact, 
some authorities have predicted that the [RFLP] method is likely to 
disappear from active use in the near future.

Issues Involved in DNA Typing
DNA typing clearly provides a powerful analytical tool for forensic 
scientists. The ability to say with a probability of one out of a mil-
lion or one out of a billion that a specific individual is or is not the 
perpetrator of a crime provides law enforcement officials with what 
may be the most useful tool they have ever had.

Despite what the preceding discussion might suggest, the devel-
opment and use of DNA typing is not—and never has been—a simple 
and “clean” technology. This is one drawback of DNA typing. Another 
is the potential for invasion of privacy. The availability of DNA typ-
ing opens the door for a host of new programs and procedures in 
which governmental agencies might be able to collect personal in-
formation about an individual, store those data in huge databanks, 
and use it in (theoretically) whatever way they wanted.

Problems with the use of DNA typing in criminal cases became 
obvious soon after forensic scientists adopted the techniques. The 
first case in which RFLP was used, State of Florida v. Tommy Lee 
Andrews (1986), resulted in a hung jury when jurors were unable to 
agree whether DNA typing provided convincing proof of Andrews’s 
guilt. Nonetheless, the courts did accept the validity of DNA typ-
ing both at the original trial and at the subsequent retrial, in which 
Andrews was found guilty.

Less than a year later, the first formal legal objection to the use 
of DNA evidence was raised in the case of the murder of a Bronx 
woman, Vilma Ponce, and her two-year-old daughter. A neighbor, 
Joseph Castro, was charged with the murders, partially because of a 
blood smear found on his watchband. The blood was later analyzed 
by scientists at a company called Lifecodes that specialized in RFLP 
testing. Those scientists issued a report saying that RFLP analysis 
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proved conclusively that the blood on Castro’s watchband matched 
that of the murdered woman.

Castro’s attorneys questioned that conclusion. They asked for a 
review by four authorities in the field of DNA typing of Lifecode’s 
procedures and interpretation of the evidence. The authorities 
found a number of problems with Lifecode’s work. For one thing, 
they discovered that the DNA samples examined by Lifecodes had 
been contaminated by bacterial DNA, resulting in the formation of 
two extra bands in the RFLP pattern. Lifecodes scientists had incor-
rectly chosen to ignore those bands. Also, Lifecodes workers had 
carried out a statistical analysis of the typing results that, the four 
authorities decided, was incorrect and that greatly overestimated 
the probability of Castro having been the perpetrator of the crime.

Judge Gerald Sheindlin accepted the report of the four experts 
and declared the DNA evidence inadmissible. Although the prosecu-
tion had lost its most important single piece of evidence, Castro was 
convicted anyway on the basis of other evidence. He later confessed 
to the crime and admitted that the blood on his watchband was that 
of the victim.

After another 20 years of research and development, DNA-typing 
procedures are far more reliable than they were at the time of the 
Castro case. Dozens of individuals convicted of murder and rape 
have been cleared over the past two decades because of new data 
obtained as the result of DNA typing. Centurion Ministries alone 
has been responsible for the release of nearly three-dozen innocent 
people convicted of such crimes. At the same time, the guilt of many 
more individuals has been confirmed as the result of DNA testing.

One of the most controversial issues related to DNA typing is the 
possibility of developing large collections of DNA “fingerprints” of 
many individuals. Such DNA databases would be valuable because 
most individuals who commit a crime are repeat offenders. It is 
relatively rare that a person steals, assaults, rapes, or murders only 
once. Instead, individuals tend to commit the same or different of-
fenses over and over again.

One way to increase the likelihood of catching a criminal, then, 
might be to collect DNA samples from anyone convicted of a crime 
and to store those samples in a central repository. DNA samples  
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collected at some later crime scene could then be compared to those 
in the DNA database. Any matches found would reveal with high 
probability the perpetrator of that crime.

The first such database in the United States was established by the 
state of Virginia in 1989. Today every state in the Union maintains 
a DNA database for at least some types of crime, most commonly 
sexual offenses and murder. In 1994, the U.S. Congress authorized 
the creation of a National DNA Index System (NDIS) that would 
bring together the information stored in individual state databases. 
The system that was developed is now known as the Combined DNA 
Index System (CODIS). By the end of 1998, all 50 states had joined 
the CODIS, at least in principle. With this linkage, DNA “fingerprints” 
from more than 250,000 criminals became available to almost 100 
public crime laboratories conducting DNA typing.

The problem was that, for two reasons, CODIS did not begin to 
function as quickly and as efficiently as many law enforcement offi-
cials had hoped. First, members’ resources were unequal. Not every 
state and every forensic laboratory had the technology, the exper-
tise, and/or the financial resources to collect, analyze, and record 
the DNA samples available to it. By one estimate, as many as 750,000 
blood samples collected from convicts nationwide had yet to be ana-
lyzed and entered into state databases in 2001. Such technological 
problems will always exist, of course, preventing CODIS or any large 
database system from reaching its full potential.

The other factor that impeded the full development of CODIS was 
widespread concern about its possible misuses. Possibly the most 
contentious issue surrounding the development of a DNA database 
concerns who should be included. A number of possibilities exist, 
including:

�Anyone who has been convicted of a violent crime, such as mur-
der, rape, or aggravated assault;

�Anyone who has been charged with, but not necessarily convicted 
of, such a crime;

�Anyone who has been accused of, but not necessarily charged 
with or convicted of, such a crime; and

1.

2.

3.
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�Anyone convicted, charged, or accused of a less violent crime, 
such as burglary, soliciting, or shoplifting.

Various governmental units have adopted various criteria in 
creating their own DNA databases. Almost without exception, in-
dividuals who have been convicted of a violent crime have had to 
surrender DNA samples for entry into a state or national DNA data-
base. But less stringent criteria are also used. In 2003, for example, 
Prime Minister Tony Blair recommended that the United Kingdom’s 
Criminal Justice Bill of 1994 be amended to allow police officers 
to take DNA samples from individuals arrested for crimes, whether 
they were later charged or convicted of such crimes. The amend-
ment strengthened the hand of British police officers, who previous-
ly had been allowed to take DNA samples only after an individual 
had actually been charged with a crime. At the time the amendment 
was proposed, the United Kingdom already had a DNA database of 
more than 2 million samples, which translates into a rate of one 
out of every 30 citizens of the country having a DNA sample in the 
database. By comparison, there were about 1.3 million DNA samples 
in the U.S. CODIS, or about one sample for every 225 Americans.

A similar trend could be seen in the United States. In March 2003, 
President George W. Bush proposed that federal law be changed to 
require the collection of DNA samples from both juvenile offend-
ers and adults who have been arrested but not convicted. The new 
policy would replace an existing practice of collecting DNA samples 
only from adults who had been convicted of certain violent crimes.

Proposals like those offered by Blair and Bush raise a host of prob-
lems for civil libertarians and for many ordinary citizens. What hap-
pens, for example, if a person is arrested for a crime but later found 
innocent of that crime? Will his or her DNA fingerprints then be 
removed from the DNA database? Those familiar with bureaucracies 
worry that such a correction may never occur and that the suspect 
will forever after retain this pseudo-criminal record.

Proponents and critics of DNA databases alike acknowledge their 
potential value in crime fighting. Probably the strongest argument 
in support of their use is the possibility of obtaining “cold hits” in 
solving a crime. The term cold hit is used to describe the situation in 

4.
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which DNA collected at the scene of a crime is matched against DNA 
from some individual whose DNA samples already reside in a DNA 
database. The first cold hit occurred in 1991 when evidence collected 
at a murder scene in Minneapolis, Minnesota, was matched with a 
DNA sample stored in the state’s Bureau of Criminal Apprehension 
DNA database. The match allowed police to apprehend and charge 
a suspect named Martin Estrada Perez with the crime. Perez was later 
convicted of the murder, at least partially because of the DNA match.

As of the end of 2006, the federal DNA database, CODIS, con-
tained more than 3.6 million profiles, had been responsible for more 
than 9,000 cold hits, and had assisted in more than 10,000 criminal 
investigations. Given these data, few people would argue about the 
potential value of DNA databases. But how serious are the prob-
lems involved in constructing such databases? At what point are 
the threats to civil liberties greater than the benefits obtained from 
increased conviction rates? As the efficiency of DNA-typing tech-
nologies increases and the temptation to construct DNA databases 
grows, such questions will continue to trouble research scientists, 
law enforcement officials, and concerned citizens.
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Conclusion

Chemists have made a number of important contributions to 
forensic science over the past two centuries. When criminolo-

gists recognized the value of fingerprints as a reliable means of 
identifying individuals, they began to search for methods by which 
prints could be collected and interpreted. They drew on a number of 
chemical procedures—some already in existence and some invented 
for the purpose of fingerprint identification—to improve the use of 
fingerprinting as a forensic technique. Out of this research grew 
procedures such as the silver nitrate, iodine fuming, ninhydrin, and 
superglue tests and procedures such as small particle reagent analy-
sis and vacuum metal deposition.

Chemists have also made valuable contributions to forensic serol-
ogy, some dating to the mid-1800s. Schönbein’s hydrogen peroxide 
test and van Deen’s guaiac test were among the first chemical tests 
used in forensics, useful in identifying the presence of human blood 
at a crime scene. A century later, the discovery of isoenzymes and 
polymorphic proteins greatly expanded the procedures available for 
correlating blood samples with specific individuals. Forensic chem-
ists have also extended the methods of blood testing for use with 
other bodily fluids, such as semen and saliva.

Chemical tests for drugs and poisons also have a long history. An 
important turning point in the history of forensic science, in fact, 
was the discovery of the first chemical test for a poison, the Marsh 
test, invented in 1832. Toxicology may be the single area of forensic 
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science in which chemistry has made the greatest number of con-
tributions. Today hundreds of specific chemical tests can identify a 
large array of drugs and poisons.

Some of the most impressive developments in forensic chemistry 
are related to tests for arson and explosives investigations. Given the 
devastation usually associated with such events, the ability of re-
searchers to track chemicals used in the perpetration of such crimes 
is amazing. Forensic chemists today routinely reconstruct arson and 
explosives events relying on minute amounts of remnants.

For all of the progress made by forensic chemists, however, noth-
ing quite matches the development of DNA typing as a method for 
identifying individuals. The procedure has an advantage over finger-
printing in that it rests on a certifiable and provable scientific basis. 
It also surpasses all other forensic tests in the degree of sensitiv-
ity, with the ability to identify individuals with a probability of one 
out of a million or better. Little wonder that most forensic scientists 
acknowledge that the gold standard of identification is likely to be 
DNA typing for the foreseeable future.
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adsorption  The physical process by which atoms, molecules, or 
ions adhere to the surface of a solid or liquid.

alkaloids  A large class of naturally occurring compounds with 
complex structures that usually includes a heterocyclic nitrogen-
containing ring. See also heterocycle.

allele  Any one of the two or more forms in which a gene may 
occur.

allelic ladder  In DNA typing, a term that refers to a set of DNA 
fragments of precise and known size that can be used to estimate 
the size of an unknown DNA fragment.

amplification  The process by which a single copy of DNA is 
reproduced many times over as a result of the polymerase chain 
reaction.

annealing  The step during a polymerase chain reaction in which a 
DNA primer is attached to a segment of DNA to be reproduced.

autorad  See autoradiograph.
autoradiograph  An X-ray photograph that shows marks produced 

radioactively or by means of chemiluminescence in the analysis 
of a DNA fragment.

base pair  Either of the two nitrogen base combinations (guanine 
and cytosine or thymine and adenine) that is found in a DNA 
molecule.

bifurcations  Regions of a fingerprint in which a ridge branches 
into two or more directions.

characterization  The process by which a sample of material is 
identified as belonging to some specific category.

◆  	 GLOSSARY
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cold hit  An event in which DNA collected at the scene of a crime 
is matched against DNA from some individual whose DNA sample 
already resides in a DNA database.

combustion  An oxidation reaction in which noticeable heat and 
light are produced.

confirmatory test  A test that is performed to authenticate 
some association between two variables with a high degree of 
probability. See also presumptive test.

criminalistics  The analysis, comparison, identification, and 
interpretation of evidence collected in a crime.

denaturation  The process by which the three-dimensional structure 
of a protein or nucleic acid molecule is destroyed by the addition 
of heat, chemicals, or some other agent. In DNA typing, the term 
refers specifically to the process by which a DNA molecule is 
uncoiled and/or separated into its two constituent strands.

DNA database  A large collection of DNA samples taken from 
individuals accused of, arrested for, charged with, and/or 
convicted of certain types of crimes.

DNA fingerprinting  See dna typing.
DNA primer  See dna probe.
DNA probe  A synthetically produced DNA fragment designed to 

match some specific DNA target. Also known as a DNA primer.
DNA profiling  See dna typing.
DNA typing  A set of techniques used to compare two DNA 

samples, such as those taken from two individuals or one or more 
individuals and one or more pieces of evidence.

exothermic reaction  A chemical reaction in which heat is given off.
extension  The step during a polymerase chain reaction in which 

DNA polymerase enzymes add nucleotides to a segment of DNA 
specifically marked off by DNA primers.

false-negative  A test result that suggests that a particular 
substance is absent from a sample when it is actually present.

false-positive  A test result that suggests that a particular substance 
is present in a sample when it is really not.

fire triangle  A diagram commonly used to illustrate the three 
conditions needed for any fire: a fuel, an oxidizing agent, and 
heat.
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flammable range  The concentrations of fuel and oxygen within 
which a fuel will burn.

flash point  The lowest temperature at which a liquid vaporizes 
sufficiently to permit combustion.

gas chromatography  An analytical technique for separating the 
components of a mixture based on their relative affinities for 
some material over which they are passed.

gene  A term originally invented to describe the unit of hereditary 
transmission of characteristics, now known to consist of a segment 
of a DNA molecule.

genetic marker  Any portion of a DNA molecule with a clearly 
defined genetic characteristic.

glowing combustion  Combustion that occurs rapidly enough to 
produce noticeable heat and light but not a visible flame.

grooves  Valley-like regions of a fingerprint or a ballistic marking.
heterocycle  An organic ring compound whose molecule structure 

contains some element other than carbon in its ring.
high-molecular-weight DNA  A DNA fragment with a size of at 

least 20,000 to 25,000 base pairs.
hydrocarbon detector  A device for detecting the presence of 

hydrocarbons.
identification  The determination of the chemical and physical 

properties of a substance with as much certainty as permitted by 
the tools and technology available.

ignition point  See ignition temperature.
ignition temperature  The lowest temperature at which a 

substance will begin to burn and then continue to burn without 
the additional application of additional external heat.

individualization  The concept that any individual piece of 
evidence can be conclusively linked to a specific individual.

islands  Sections of a fingerprint in which ridges close in upon 
themselves.

junk DNA  Sections of a DNA molecule with no known function.
kindling point  See ignition temperature.
ligase  An enzyme that catalyzes the formation of chemical bonds.
locus  The position of a gene on a chromosome.
loops  Closed segments in a fingerprint.
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lyase  An enzyme that catalyzes the breaking of chemical bonds.
marker  See genetic marker.
minutiae  Ridges and grooves that make up a fingerprint pattern.
monomer  A small molecule that can join with other molecules to 

make large chains known as a polymer.
multiplexing  The process in the polymerase chain reaction by 

which more than one locus on a DNA molecule is analyzed at the 
same time.

nucleotide  A chemical compound consisting of the sugar 
deoxyribose, a phosphate group, and one of four nitrogen bases; 
the basic unit of a DNA molecule.

organic extraction  A procedure used in DNA typing for the 
separation of DNA from other contaminating materials.

oxidation-reduction reaction  A chemical reaction in which one 
chemical species loses one or more electrons to a second chemical 
species.

PCR  See polymerase chain reaction.
polymer  A large molecule made up of many individual units 

(monomers) joined to each other.
polymerase  An enzyme that catalyzes the bonding of two groups 

to make a larger group.
polymerase chain reaction (PCR)  A method used in DNA typing 

that depends on the production of multiple copies of a relatively 
small fragment of DNA.

polymorphic  Existing in more than one form, as in the various 
alleles that a gene may possess.

power of discrimination  The ability of a test to distinguish 
between any two individuals, conditions, circumstances, or events 
chosen at random.

presumptive test  A test that is performed when there is some 
reasonable basis for believing that some positive result will be 
obtained. See also confirmatory test.

primary explosive  An explosive that is very sensitive and 
unstable and may be detonated easily by the application of heat, 
mechanical shock, or an electric spark.

pyrolyze  To cause the chemical decomposition of a material by 
applying extreme heat.
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quantitation  The process of determining how much of a material, 
such as DNA, is present in a sample.

rate of detonation  The speed at which an expanding gas moves 
outward from the point of detonation after an explosion.

redox  See oxidation-reduction reaction.
restriction enzyme  An enzyme that cuts a DNA molecule in 

specific regions characterized by certain base-pair patterns.
restriction fragment length polymorphism (RFLP)  A method 

of DNA typing that compares the lengths of specific sections of 
the DNA taken from two or more sources.

reverse dot-blot test  A procedure for analyzing sequence 
polymorphisms in the polymerase chain reaction process.

ridges  Elevated regions of a fingerprint, frequently referred to as 
friction ridges.

rifling   The process by which spiral grooves are etched into the 
inner surface of a gun barrel.

secondary explosive  An explosive that is more stable than a 
primary explosive and which, if ignited in open air, tends to burn 
quietly rather than exploding.

sequence-specific oligonucleotide test  See reverse dot-blot 
test.

serum  The clear, liquid part of the blood that remains after blood 
cells and clotting proteins have been removed.

short tandem repeat (STR)  Any tandem repeat with a relatively 
small number of repeating base pairs. See also tandem repeat.

slot-blot test  A test commonly used for determining the amount of 
DNA present in a sample to be examined.

“sniffer”  A device for detecting the presence of hydrocarbons.
Southern blot  A procedure by which DNA segments are 

transferred from a gel electrophoresis platform to a sheet of nylon.
STR  See short tandem repeat.
taggant  A tiny particle added to an explosive consisting of a 

number of layers of melamine plastic and used to identify the 
type of explosive and the point at which it was made.

tandem repeat  Any section of a DNA molecule in which a 
particular pattern of base pairs appears more than once. See also 
short tandem repeat.
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