
April 2008, Vol 98, No. 4 | American Journal of Public Health Fitzgerald | Peer Reviewed | Public Health Then and Now | 611

 PUBLIC HEALTH THEN AND NOW 

The first large-scale use of a traditional weapon of mass destruction (chemical, bi-
ological, or nuclear) involved the successful deployment of chemical weapons dur-
ing World War I (1914–1918). Historians now refer to the Great War as the
chemist’s war because of the scientific and engineering mobilization efforts by the
major belligerents. The development, production, and deployment of war gases
such as chlorine, phosgene, and mustard created a new and complex public health
threat that endangered not only soldiers and civilians on the battlefield but also
chemical workers on the home front involved in the large-scale manufacturing
processes. The story of chemical weapons research and development during that
war provides useful insights for current public health practitioners faced with a
possible chemical weapons attack against civilian or military populations. (Am J
Public Health. 2008;98:611–625. doi: 10.2105/AJPH.2007.11930)
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Chemical Warfare and 
Medical Response During World War I

The surprise use of chlorine
gas allowed the Germans to rup-
ture the French line along a 6-
kilometer (3.7-mile) front, caus-
ing terror and forcing a panicked
and chaotic retreat. Within a
matter of minutes, this slow mov-
ing wall of gas killed more than
1000 French and Algerian sol-
diers, while wounding approxi-
mately 4000 more.2 A British
soldier described the pandemo-
nium that flowed from the front
lines to the rear.

[I watched] figures running
wildly in confusion over the
fields. Greenish-gray clouds
swept down upon them, turning
yellow as they traveled over the
country blasting everything they
touched and shriveling up the
vegetation. . . . Then there stag-
gered into our midst French sol-
diers, blinded, coughing, chests
heaving, faces an ugly purple
color, lips speechless with

Chlorine gas, released from cylinders, drifts over the Western Front.

Source. Francis Joseph Reynolds and C.W. Taylor, Collier’s New Photographic History of
the World’s War (New York: P. F. Collier and Son, 1918).

IN THE LATE AFTERNOON OF
April 22, 1915, members of a
special unit of the German Army
opened the valves on more than
6000 steel cylinders arrayed in
trenches along their defensive
perimeter at Ypres, Belgium.
Within 10 minutes, 160 tons of
chlorine gas drifted over the op-
posing French trenches, engulfing
all those downwind. Filled with
pressurized liquid chlorine, the
cylinders had been clandestinely
installed by the Germans more
than 3 weeks earlier. The order to
release the gas was entrusted to
German military meteorologists,
who had carefully studied the
area’s prevailing wind patterns.
Disregarding intelligence reports
about the strange cylinders prior
to the attack, the French troops
were totally unprepared for this
new and horrifying weapon.1
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Although chemical weapons
killed proportionally few soldiers
in World War I (1914–1918), the
psychological damage from “gas
fright” and the exposure of large
numbers of soldiers, munitions
workers, and civilians to chemi-
cal agents had significant public
health consequences. Under-
standing the origins of chemical
warfare during World War I and
its emergence during that conflict
as a physical and psychological
threat to both military and civil-
ian populations can provide his-
torical insight into possible con-
temporary medical responses to
this enduring and technologically
pervasive threat.

THE MILITARIZATION 
OF ACADEMIC AND
INDUSTRIAL CHEMISTRY 

World War I had numerous
causes, including colonial competi-
tion, economic rivalry, and various
ideological and cultural clashes
among the rising nation states of
Europe. A complex and binding
system of alliances among the
Central Powers (Germany, Austria-
Hungary, and Turkey) and the Al-
lied Powers (Britain, France, Rus-
sia, and beginning in 1917, the
United States) placed peace in a
delicate balance. The tipping point
came on June 28, 1914, with the
assassination of Archduke Franz
Ferdinand of Austria-Hungary by
a Serbian national. This single act
set off a chain of events that
quickly plunged the world into a
global war that eventually claimed
between 9 million and 10 million
lives and lasted 4 years.6

The economic and industrial
forces that altered the face of Eu-
rope during the first decade of
the 20th century were also in-
strumental in creating many of
the technological innovations

driving the war. In time, tanks,
submarines, and aircraft revolu-
tionized how World War I was
waged on land, sea, and in the
air. Chemical weapons were an-
other new marvel of the war,
and their successful research, de-
velopment, and deployment re-
flected the increasing sophistica-
tion of scientific and engineering
practice. At the same time, physi-
cians and medical researchers
(some of whom worked to create
these weapons) struggled to cre-
ate adequate defensive systems
and medical procedures to limit
casualties. By the time of the
armistice on November 11, 1918,
the use of chemical weapons
such as chlorine, phosgene, and
mustard gas had resulted in more
than 1.3 million casualties and
approximately 90000 deaths
(Table 1).

Although one could argue that
primitive forms of chemical
weapons were used in earlier
conflicts, it was not until the
20th century that scientists, engi-
neers, and physicians could pre-
dictably and consistently produce
these weapons to inflict mass ca-
sualties.7 At the close of the 19th
century, the various European
powers became troubled by the
potentiality of chemical weapons
and began holding conferences
and writing various treaties to
limit or curtail the development
and deployment of this new tech-
nology. Suspicion and self-inter-
est among both allies and rivals
generally limited the usefulness
of these activities, an unfortunate
political reality that continues to
the present day. For instance, the
Hague Declaration of 1899 and
the Hague Convention of 1907
forbade the use of “poison or poi-
sonous weapons” in warfare, yet
more than 124000 tons of gas
were produced by the end of
World War I.8

agony, and behind them in the
gas soaked trenches, we learned
that they had left hundreds of
dead and dying comrades.3

The German High Command
sanctioned the use of gas in the
hope that this new weapon
would bring a decisive victory,
breaking the enduring stalemate
of trench warfare. However, their
faith in this wonder weapon was
limited. Surprised by the appar-
ent success of the attack, and
having no plan to send a large
offensive force in after the gas,
the Germans were unable to take
advantage of the situation.
Within days, both armies once
again faced each other from the
same opposing fortifications. The
attack that spring day, nonethe-
less, marked a turning point in
military history, as it is recog-
nized as the first successful use
of lethal chemical weapons on
the battlefield.

Here, I offer a window into
the first weapon of mass de-
struction (WMD) by charting
the development and use of gas
warfare during World War I.
Defined today as “man-made,
supertoxic chemicals that can be
dispersed as a gas, vapor, liquid,
aerosol (a suspension of micro-
scopic droplets), or adsorbed
onto a fine talcum-like powder
to create ‘dusty’ agents,” chemi-
cal weapons remain a viable
public health threat for civilians
and soldiers across the globe.4

If, in the world since the attacks
of September 11, 2001, the
threat of terror weapons seems
a ubiquitous part of the daily
news and the term WMD is now
as familiar to soccer moms as to
beltway defense planners, it is
important to remember that the
medical and public health con-
sequences of chemical weapons
use are as real today as they
were in 1915.5
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The development of these war
gases, like many of the other new
weapons systems created during
this period, depended on the work
of academic and industrial scientists
who increasingly served the mili-
tary needs of the state. Germany,
arguably the world’s leader in sci-
ence at the time, and without
question the guiding force in aca-
demic and industrial chemistry,
moved decisively in the research
and production of chemical agents
once the war began. Fritz Haber,
a prominent German chemist and
future Nobel laureate, led the
German program.9 Haber, the
so-called “father of chemical
weapons,” moved enthusiastically

between the front and the Kaiser
Wilhelm Institute for Physical
Chemistry and Electrochemistry
in Berlin. As he organized and led
the German chemical warfare
program, solving ongoing prob-
lems in chemical agent develop-
ment and deployment, his activi-
ties anticipated a troubling pattern
of behavior among future genera-
tions of scientists, engineers, and
physicians.

The Germans’ first use of gas
mirrored their initial emphasis on
the offensive aspects of chemical
weapons research and their belief
that a technological fix would
bring a decisive victory.10 Those
on the receiving end, France and

Great Britain, moved first on the
defensive aspects of these new
weapons. By war’s end, however,
the national programs among the
warring nations focused on both
the offensive and defensive as-
pect of chemical weapons. These
programs were often a result of
the complete mobilization of their
nations’ academic, industrial, and
economic resources for war.

The expansion of research
brought in an array of specialists
from chemistry, physics, and en-
gineering and, increasingly, from
medicine, biology, and physiol-
ogy, further blurring ethical de-
marcations in medical research.
Throughout the war, the British

Table 1—Chemical Warfare Agents Developed During World War I

Chlorine (Cl2) Phosgene: Carbonyl Chloride Mustard Gas: ββ’-Dichlorethyl Lewisite:β-Chlorovinyldichloroarsine 
(COCl2) Sulfide (ClCH2CH2)2S (ClCH=CHAsCl2)

US Army chemical warfare 
service symbol Cl CG HS M-1

Physiological classification Lung injurant Lung injurant Vesicant Vesicant

Tactical classification Casualty agent Casualty agent Casualty agent Casualty agent

Vapor density
compared with air 2.5 3.5 5.5 7.1

Persistency Summer: 5 min in open, Summer: 10 min in open Summer: 24 h in open, 1 wk in Summer: 24 h in open, 1 wk
20 min in woods; winter: 10 min 3 min in woods; winter: 20 min woods; winter: several weeks in in woods; winter: 1 wk in the 

in open, 60 min in woods in open, 2 h in woods both the open and woods open and woods

Lethal concentration, mg/L 30-min exposure: 2.53; 30-min exposure: 0.36; 30-min exposure: 0.07; 30-min exposure: 0.48;
or oz/1000 cu ft/10 min exposure 10-min exposure: 5.60 10-min exposure: 0.50 10-min exposure: 0.15 10-min exposure: 0.12

Odor Pungent Fresh-cut hay Garlic or horseradish Like geraniums, then biting

Neutralization Alkali solution or solid Steam will hydrolyze; alkalis Bleaching powder 3% solution Alcoholic sodium
and amines react with CG sodium sulfide (Na2S) in water; steam;  hydroxide spray

gaseous chlorine; or bury under moist earth

Physiological action Burns upper Burns lower lung Dissolves in skin and then Dissolves in skin then burns 
respiratory tract surfaces causing edema produces burns and liberates M-1 oxide,

which poisons body

Protection Gas masks, absorbents Gas masks, absorbents Gas masks and protective Gas masks and best of
in canisters only in canisters only clothing protective clothing

First aid Keep patient quiet and Keep patient calm; Wash affected parts with kerosene Wash with oils, hot water,
warm and treat for administer heart stimulants; or gasoline, then with strong soap and and soap; dry; first aid must

bronchial pneumonia give oxygen in severe cases, water; rub, dry, rinse with hot clean be applied at once
treat like pleurisy water; agent must be removed within 3 min

Eye casualty concentration 1 h exposure,
.0001 (mg liter).

Source. Compiled from Medical Aspects of Chemical and Biological Warfare, ed. Frederick R. Sidell, Ernest T. Takafuji, and David R. Franz (Washington, DC: Office of the Surgeon General; 1997).
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armed forces enlisted scientists in
many academic institutions—in-
cluding Oxford, Cambridge, Uni-
versity College London, the
Army Medical College at Mill-
brook, and the Lister Institute—to
work on both aspects of gas war-
fare. The French government
took a more direct approach to
chemical weapons research by
militarizing the chemistry, pathol-
ogy, and physiology departments
of 16 leading medical schools
and institutes. Additionally, it es-
sentially absorbed the University
of Paris in order to direct, coordi-
nate, and research all aspects of
chemical warfare.11

Research conducted by Allied
scientists on the nature of chemi-
cal warfare, and the observations
and experience of their combat
troops was employed by the
United States with varying de-
grees of success when it joined
the Allies. The United States had
adopted a policy of formal neu-
trality at the beginning of the
war, although ongoing Atlantic
trade benefited the Allied cause.
American sympathies for Britain,
France, and other allies grew
during the course of the war,
aided both by the deadlock on
the battlefield and the increasing
menace of unrestricted subma-
rine warfare by German U-boats.
In 1917, a marked increase in U-
boat attacks on commercial ship-
ping, in addition to a potential
German alliance with Mexico, led
to a formal declaration of war on
April 6, 1917.

The American response to
chemical warfare is indicative of
the growing sophistication of aca-
demic, industrial, and military re-
search and development capabili-
ties in the United States at a time
when linkages between the fed-
eral government and science were
becoming more pronounced.12

As the war intensified, increasing

anxiety about possible entry into
the conflict and the overall lack
of military preparation prompted
some in government, industry,
and academe to begin planning.
The origins of an organized pro-
gram for chemical warfare in
Washington came first from the
civilian sector. On February 8,
1917, Van H. Manning, the direc-
tor of the Bureau of Mines, of-
fered the technical services of his
agency to the Military Committee
of the National Research Council.
The familiarity of the bureau with
research involving noxious gases,
breathing apparatus, explosives,
and gas detection technologies
seemed well suited for the task.13

On the same day as the Amer-
ican declaration of war, the Na-
tional Research Council subcom-
mittee on noxious gases was
appointed to “carry on investiga-
tions into noxious gases, genera-
tion, antidote for same, for war
purposes.”14 Within one year, re-
search was under way at a num-
ber of prestigious universities
and medical schools, including
the Massachusetts Institute of
Technology, Johns Hopkins, Har-
vard, and Yale, in addition to
some of the country’s leading in-
dustrial firms.15 The chemical
warfare program was directed
out of offices and laboratories at
American University in Washing-
ton, DC. During the course of the
war, research programs involving 

gas investigations; defense prob-
lems; medical science problems;
chemical research; gas mask re-
search; pyrotechnic research;
small-scale manufacturing; me-
chanical research; pharmacologi-
cal research; [and] administration
were carried out in Washington
and across the country.16

Research began as the first US
troops made preparations for com-
bat. Fear of gas attacks against
these members of the American

Expeditionary Force (AEF) em-
barking for the European front ini-
tially focused research in the
United States on defensive mea-
sures, with priority given to gas
mask design and production.

As the American war effort in-
tensified, research expanded to
include offensive weapons, result-
ing in numerous discoveries, in-
cluding the creation of one of the
conflict’s only new chemical
weapons, an arsenic-based agent
similar to mustard gas called
lewisite (β-chlorovinyldichloroar-
sine). Synthesized in his labora-
tory by Wilfred Lee Lewis, this
deadly substance was soon mass-
produced by the military under
the direction of chemist and fu-
ture Harvard president James. B.
Conant.17 By July 1918, research
and development on agents such
as lewisite passed from civilian to
military control as the entire
chemical weapons program
moved from the Bureau of Mines
to the army’s newly organized
Chemical Warfare Service. 

At that time, chemical warfare
research in the United States in-
volved more than 1900 scientists
and technicians, making it at that
time the largest government re-
search program in American his-
tory.18 By the time the war
ended, historians estimate that
more than 5500 university-
trained scientists and technicians
and tens of thousands of indus-
trial workers on both sides of the
battle lines worked on chemical
weapons.19 Both the military use
and industrial production of
chemical weapons presented a
number of health risks.

GAS MASKS AND THE
EVOLUTION OF GAS
DEFENSE 

As the war progressed, the
knowledge gained by British,
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French, and German military
planners and scientists on the na-
ture of gas warfare quickly
evolved into a kind of technologi-
cal chess match. New offensive
threats were met by an evolving
array of defensive countermea-
sures. Overall, the deployment of
chemical weapons met with
mixed results as the tactics, strat-
egy, and military culture of all of
the armies continually struggled
to adjust to this new weapon.
Aside from tactical and strategic
consequences, chemical weapons
heralded larger cultural changes
for combatant and observer alike.
In perhaps his most celebrated
poem, “Dulce et Decorum Est,”
British soldier Wilfred Owen cap-
tured in verse the horrors of this
new form of warfare, a horror
that he had witnessed first hand
at the front. 

Gas! Gas! Quick, boys!—
An ecstasy of fumbling,
Fitting the clumsy helmets 
just in time;
But someone still was yelling
out and stumbling,
And flound’ring like a man 
on fire or lime . . .
Dim, through the misty panes
and thick green light, 
As under a green sea, I saw 
him drowning . . . 20

The types of gas attacks Owen
witnessed prior to his own death
in 1918 were quite different in
kind than those experienced by
troops stationed at the front dur-
ing the first years of the war.

Chemical warfare had begun
in a tentative way before Ypres
with the French use of tear gas
grenades in 1914 and early
1915. Similarly, the British
began developing a range of
nonlethal chemical weapons
meant to harass enemy troops.
The Germans started experi-
mental work on chemical
agents in late 1914 at the sug-
gestion of University of Berlin

chemist and Nobel laureate
Walther Nernst.21 This early re-
search quickly produced an ef-
fective tear gas artillery shell.
Although the Germans fared no
better than the French with tear
gas as a debilitating agent, Ger-
man chemists, now with a for-
mal program led by Fritz Haber,
continued to work on the chem-
ical weapons problem. By 1915,
scientists at the Kaiser Wilhelm
Institute had developed an ef-
fective chlorine gas weapon. By
placing chlorine into specially
designed cylinders, chlorine gas
could be discharged in a dense
cloud that eventually settled
into enemy trenches. Interest-
ingly, the German High Com-
mand envisioned gas as an ef-
fective tool to draw soldiers out
of their trenches so as to kill or
wound them with conventional
weapons rather than as a lethal
weapon.22

As an offensive response to
chlorine, both the French and
the British quickly developed
“annoyer” grenades, but these
chemical weapons were not
lethal and few even made it onto
the battlefield. By mid-1915,
both sides regularly used cylin-
ders to deploy chlorine gas, and
by mid-1916 both sides mixed
chlorine and phosgene in an at-
tempt to create larger numbers
of casualties.23 By the end of the
war, most belligerents employed
a variety of chemical agents in
combat, including chlorine, phos-
gene, and mustard gas (Table 1).

The Germans’ offensive use of
chlorine led one British soldier to
remark that it “was the most
fiendish, wicked thing I have
ever seen.”24 In a more graphic
description, British Sergeant
Elmer W. Cotton vividly remem-
bered the suffering of gassed sol-
diers. He wrote in his diary that
men were 

propped up against a wall . . . 
—all gassed—their color was
black, green & blue, tongues
hanging out & eyes staring—one
or two were dead and others
beyond human aid, some were
coughing up green froth from
their lungs.25

This type of suffering moved
the British and the French to
quickly develop some type of
protection from chlorine gas. The
British promptly developed a
primitive gas mask that a soldier
described as “piece of muslin,
which we tied round the nose
and mouth and around the backs
of our heads,” but these were
largely ineffective.26 Once chlo-
rine was identified as the chemi-
cal agent, a thiosulfate-laced cot-
ton pad effectively neutralized
the gas.27

By July 1915, the British med-
ical corps devised a wool hood
soaked in thiosulfate, sodium bi-
carbonate, and glycerin. This
“hypo helmet,” a hood that fully
enclosed a soldier’s head, had a
mica window so soldiers could
see.28 Although these early masks
were better than nothing, soldiers
found them difficult to put on,
uncomfortable, and easily dam-
aged, thus limiting their effi-
cacy.29 The development of the
small box respirator by the British
in 1916 provided effective protec-
tion from most chemical agents
used throughout the war because
it could be modified to neutralize
new agents, such as mustard gas. 

The gas mask drill—the don-
ning of all protective gear as rap-
idly as possible under the most
difficult conditions—became an in-
tegral part of life in the trenches
and in preparing recruits for bat-
tle. As with the rifle drill that an-
chors infantry training, the disci-
pline and skills needed to quickly
and effectively don protective gear
became a necessary part of life
for all at the front. Soldiers were
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instructed always to have their
mask handy, no matter where they
were or what they were doing. Re-
sponding to the sound of a specific
whistle, clanging alarm bell, or
shout, soldiers would move with
all due speed to put on their masks
or hoods. Far from embracing gas
masks as a life-saving technology,
soldiers felt emasculated and claus-
trophobic in them. As one British
officer explained,

We gaze[d] at one another like
goggle-eyed, imbecile frogs. The
mask makes you feel only half
a man. The air you breathe has
been filtered of all save a few
chemical substances. A man
doesn’t live on what passes
through the filter—he merely 
exists. He gets the mentality of 
a wide-awake vegetable.30

According to British infantry-
man Albert Marshal, “By the sec-
ond lot we’d got gas masks which
came right over your head. They
were terribly hot and awful, but
still, they stopped the gas.”31

There was also no guarantee
that gas masks would work. Al-
though British and German masks
were fairly reliable because of

Gas mask designs used throughout
the war.

Source. Francis W. Halsey, The Literary
Digest History of the World War, Vol. V
(New York: Funk and Wagnall’s Company,
1920).

strict quality control measures, the
French masks were notoriously
unreliable. Moreover, treating
wounded soldiers became even
more difficult when both
stretcher-bearers and injured men
needed to don masks, and in
some cases the masks caused
more trauma to victims.32 The
dangers at the front affected all
those that lived and labored there.
Besides affecting military popula-
tions, gas clouds caused civilian
casualties because the wind often
blew through villages and towns
close to the front. Unlike soldiers,
civilians did not necessarily have
access to gas masks or the train-
ing to make sure the masks were
used properly. Although the offi-
cial number of civilian casualties
was about 5200, the numbers
were undoubtedly much higher.33

The probability of gas attack 
was so frequent that in time re-
searchers on both sides even de-
vised masks for horses, dogs, and
messenger pigeons involved in
military operations.34

As the Americans watched the
war in Europe, they realized as
early as 1915 that gas masks

were an important defensive
measure for their troops. The
Board of Ordnance and Fortifica-
tions of the War Department
stressed the importance of devel-
oping masks before the United
States entered the war. In a No-
vember 5, 1915, meeting they
decided that “Certain practices in
the present European war have
indicated the necessity for pro-
viding some equipment of this
kind. . . . The design and supply
should not be left unassigned
and should be assigned to the
Medical Department.”35

Within a month of the US
entry into the conflict, the secre-
tary of war ordered the surgeon
general to supply 1000000 gas
masks, 8500 “chemical
sprayer[s] for cleaning trenches,”
and 1000 “oxygen apparatus for
resuscitating [the] wounded” by
June 30, 1918.36 As the summer
of 1917 progressed, it became
evident that unlike the other
purely laboratory-based research
programs, the complexity and
scale of gas mask manufacture (a
new and complex industrial en-
deavor) required a separate insti-
tutional structure within the new
chemical warfare research appa-
ratus. On August 31, 1917, the
Gas Defense Service (later
known as the Gas Defense Divi-
sion) was formally organized
within the Army Medical Depart-
ment under the auspices of the
Office of the Surgeon General to
carry out gas mask research and
manufacture.37 Even with the na-
tion’s elaborate institutional and
research commitment to gas
masks, masks had their limits
and could not ward off the fear
of being gassed.

By late 1915, gas warfare had
become a psychological as well
as physical weapon. Much as
hellish multiday artillery barrages
resulted in mental breakdowns
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associated with “shellshock,” the
constant threat of exposure to
even a single gas shell added to
the already unbearable stress of
life at the front. The fear of being
gassed, along with periodic ha-
rassing gas attacks, kept soldiers
on both fronts on edge and could
lead to anomie, gas fright, and in
some cases mental breakdowns.
Soldiers on all sides felt that gas
warfare was not a proper
weapon and went beyond the
bounds of humanity.38 H. Allen,
who served at the front, de-
scribed the psychological effects
of nightly gas threats:

With men trained to believe
that a light sniff of gas might
mean death, and with nerves
highly strung by being shelled
for long periods and with the
presence of not a few who re-
ally had been gassed, it is no
wonder that the gas alarm went
beyond all bounds. . . . Gas
horns would be honked, empty
brass shell-casings beaten, rifles
emptied and the mad cry would
be taken up. . . . For miles
around, scared soldiers woke up
in the midst of frightful pande-
monium and put on their masks,
only to hear a few minutes later
the cry of “All safe.” . . . Two or
three alarms a night were com-
mon. Gas shock was as frequent
as shellshock.39

The psychological conse-
quences of gas attacks were not
limited to fear of the air that sol-
diers breathed. A 1918 US Army
“afteraction report” described an
incident in which a platoon of ma-
chine gunners became convinced
that their food was contaminated
in a gas attack. When a shell ex-
ploded near the men while they
ate, a soldier remembered:

[S]omeone yelled “GAS!” and
said their food had been gassed.
All the men were seized with
gas fright and a few minutes
later made their way to the Aid
Station. . . . They came in in
stooping posture, holding their
abdomens and complaining of

pains in the stomach, while their
faces bore anxious, frightened
expressions and some had even
vomited.40

After being given bicarbonate
of soda to settle their stomachs, a
rest, and reassurances that they
were not gassed, the men re-
turned to the front. Because both
gas fright and gas attacks became
more severe in 1917 and 1918,
doctors and medics found it diffi-
cult to diagnose real as opposed
to imagined gas attacks. For the
most part, all the medical corps
could do for gas casualties was
prescribe bed rest and wait for
symptoms to emerge. Medical
units quickly shipped soldiers
without obvious physical symp-
toms of gas exposure back to the
front. Moreover, soldiers never
knew if their gas mask would
leak or if their filter would run
out, which caused even more
anxiety as belligerents used more
caustic agents.41 The Allied ef-
forts to contain the effects of
chlorine and phosgene briefly
stabilized the technological bal-
ance through the first half of the
war. The German introduction of
mustard gas would destroy this
balance and elevate the violence
and terror of chemical warfare to
a new level.

MUSTARD, THE “KING OF
BATTLE GASES”

By the spring of 1917, the de-
fensive measures employed by
the Allied armies to contain the
German gas threat were increas-
ingly successful, as least with re-
spect to limiting fatalities. Sur-
prisingly, such defensive success
came as the offensive deployment
of gas weapons became increas-
ingly sophisticated. Since 1915,
the integration of ongoing field
and laboratory studies involving
agent stability, meteorological

conditions, and weapons design
made the tactical planning in-
volved in delivering gas to spe-
cific targets much more reli-
able.42 There were limits, though,
to the destructive range of cer-
tain chemical weapons. Both
sides now recognized that al-
though a regular gas attack in-
volving either chlorine or phos-
gene (under optimum conditions)
could produce large numbers of
casualties, such an attack usually
resulted in relatively few fatalities
if troops were properly prepared
and outfitted.

In a bloody war of attrition,
however, the ability to wound in-
stead of kill had definite tactical
and strategic value. The contin-
ual removal of large numbers of
battle-ready troops from forward
areas, even for short periods, se-
verely compromised the ability of
armies to conduct successful op-
erations. Because of the respira-
tory damage both chlorine and
phosgene caused, soldiers re-
quired a long convalescence be-
fore returning to combat. The av-
erage number of days an AEF
gas victim spent recovering and
away from the front was 60 days
for chlorine and 45.5 days for
phosgene.43 Although such losses
certainly impeded the war effort,
by the spring of 1917 the overall
military effectiveness of gas at-
tacks seemed to be diminishing.
This would soon change.

In July 1917, aware of the loss
of their technological superiority
and perhaps their ability to win
the war, the Germans deployed a
new and more troublesome
chemical agent: mustard gas. Al-
though mustard was introduced
late in the war, it became known
as the “King of Battle Gases” be-
cause it eventually caused more
chemical casualties than all the
other agents combined, including
chlorine, phosgene, and cyanogen



 PUBLIC HEALTH THEN AND NOW 

American Journal of Public Health | April 2008, Vol 98, No. 4618 | Public Health Then and Now | Peer Reviewed | Fitzgerald

chloride. Harry L. Gilchrist, med-
ical director of the Gas Service,
US Army Expeditionary Force,
described the first mustard
causalities:

At first the troops didn’t notice
the gas and were not uncom-
fortable, but in the course of an
hour or so, there was marked
inflammation of their eyes.
They vomited, and there was
erythema of the skin. . . . Later
there was severe blistering of
the skin, especially where the
uniform had been contami-
nated, and by the time the
gassed cases reached the casu-
alty clearing station, the men
were virtually blind and had to
be led about, each man holding
on to the man in front with an
orderly in the lead.44 

Unlike the lung irritants chlo-
rine and phosgene, mustard gas
was a vesicant (similar to lewisite)
that produced large blisters on
any area of contact. Particularly
severe blisters emerged when
uniforms were soaked in mustard
gas. If exposure was high enough,
mustard gas could cause perma-
nent eye damage, but this was in-
frequent.45 The complexity of
treatment required in mustard

injuries involved a new level of
aid and medical care.

Caring for mustard victims dif-
fered from caring for chlorine or
phosgene casualties. Once evacu-
ated, chlorine and phosgene vic-
tims received oxygen and bed rest
until they were healthy enough
to return to the front. However,
soldiers exposed to mustard gas,
especially in high concentrations
or for long periods of time,
needed to bathe with hot soap
and water to remove the chemi-
cal from their skin. If it was not
scrubbed off within 30 minutes
of exposure, blistering occurred.
Portable shower units with spe-
cially trained medics helped min-
imize its blistering effect. These
consisted of a “bath truck [that
was] provided with [a] hot water
boiler and a number of fold-
down shower heads.”46

After the troops showered, the
chemical corps issued them new
uniforms in exchange for their
contaminated clothing. These dis-
carded clothes were then decon-
taminated and reissued to other
exposed soldiers. Because mustard
gas induced eye injuries, casualties

had their eyes washed as quickly
as possible to minimize the dura-
tion of acute conjunctivitis, which
generally lasted several weeks.
Soldiers’ care became increasingly
difficult in the last year of the war
with the increased frequency of
gas attacks. Also, mustard gas
damaged the lungs more severely
than either chlorine or phosgene
did, and these lesions were much
more difficult to treat.47 The recu-
peration time from mustard gas
exposure—46 days—was similar to
that of phosgene.48

Mustard gas was a particular
problem for both sides because
after it was released it settled in an
area, contaminating it. The vesi-
cant often recontaminated sol-
diers and horses in contaminated,
unquarantined areas. Cecil With-
ers, a British soldier, remembered
being exposed to mustard gas
during a mortar attack:

I suffer badly from phlegm and
from coughs and colds a lot.
That all started when the British
were shelling hard at the last
Battle of the Somme. One of the
shells disturbed the residue of
mustard gas that had been lying
there for months. They talk
about secondary smoking . . . I
got secondary gas.49

In addition, because mustard
gas was heavier than air or water,
it settled in ditches or at the bot-
tom of trenches and puddles and
created a persistent environmen-
tal hazard for troops, civilians,
and animals alike. All a soldier
needed to do was disturb the
dirt, mud, or water and he would
suffer from gas exposure. Persis-
tency was a problem not only on
the battlefield but also for the
medical corps. Because of the
volatility of mustard gas, a single
gassed soldier could contaminate
medical personnel, the ambu-
lance, and other patients. The
medical corps created a special

Soldiers from the British 55th (West
Lancashire) Division temporarily
blinded by mustard gas near
Bethune during the Battle of
Estaires, April 10, 1918.

Source. Photograph by 2nd Lt T. L.
Aitken, Imperial War Museum, catalogue
no. Q 11586.
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evacuation system to minimize
this type of contamination once
large quantities of mustard gas
were used in combat.50

Although new to gas warfare,
the United States moved quickly
and used mustard gas offensively
in June 1918, when US mustard
gas production was 30 tons per
day. Lewisite, which might have
replaced mustard gas had the
war continued into the winter of
1919, was a “superior” weapon
that caused instantaneous blister-
ing, was lethal in minute quanti-
ties, was relatively difficult to de-
tect, and perhaps more
importantly, had a molecular
structure that allowed rapid dissi-
pation. This last factor allowed
attacking forces to move into
enemy territory without fear of
contamination and injury.51

The bloody toll of mustard gas
by war’s end is indicative of its
usefulness as an offensive
weapon. Although approximately
30% of all war casualties were
victims of gas exposure, more
than 80% of the approximately
186000 British chemical casual-
ties were caused by mustard gas
alone, with a death toll of ap-
proximately 2.6%. This ex-
tremely large number of casual-
ties among well-trained and
equipped British troops indicates
the destructiveness mustard
caused on the battlefield. AEF
combat losses included more
than 52800 battlefield fatalities,
with approximately 1500 dying
of gas-related injuries.52 Unfortu-
nately, death and injury caused
by chemical agents were not re-
stricted to the battlefield.

INDUSTRIAL WORKERS
COPE WITH CHEMICAL
AGENTS 

The scale of industrial chemi-
cal production during the course

of the war was enormous and
without precedent. Chemical
companies, universities, and gov-
ernment laboratories from all the
warring nations labored at great
cost to produce chemicals not
only for traditional war materiel
such as munitions and fuel but
also for a new generation of
weapons. The production of cer-
tain chemical weapons was com-
plex and often involved the syn-
thesis of various chemical
precursors needed for the com-
pletion of a specific chemical
agent. Estimates by historians
and military officials place pro-
duction in excess of 124200
tons of gas, indicating a substan-
tial investment on the part of var-
ious governments and chemical
manufacturers to meet expansive
wartime production schedules.53

While thoughts of gas warfare
usually bring to mind images of
the battlefield, the risks and sacri-
fices workers made in their home
countries to manufacture war
gases was no less valuable and in
many ways presented just as
many, if not more, health risks.

Germany, then the world’s
leading chemical manufacturer,
produced numerous gas warfare
munitions during the course of
the war, including more than 33
million pounds of gas shells. The
German firm Badische Aniline &
Soda Fabrik produced the largest
quantity of phosgene over the
course of the war. The company’s
ready access to carbon monoxide
from its ammonia plant facili-
tated the manufacture of approxi-
mately 7200 tons of phosgene
per year. Although Germany out-
produced the Allies in phosgene
production, the French, British,
and Americans all made phos-
gene using a variety of tech-
niques.54 By 1916, the Germans
deployed diphosgene in artillery
shells at Verdun. It superseded

phosgene in German attacks
largely because the diphosgene
shells could be assembled in the
field rather than in distant facto-
ries.55

Although postwar investiga-
tions on the state of the chemical
industry during the war invari-
ably gave Germany high marks
overall for worker safety, a re-
port by Lt Col James F. Norris of
the US Army Chemical Warfare
Service on the Bayer Company’s
diphosgene (perchloromethylfor-
mate) facility at Höchst noted
that German factory men were
frequently poisoned by gas and
that as many as one third were
absent from the factory at any
given time because of gas-related
illnesses. Norris also suspected
that several men died from gas
exposure at the Höchst plant, but
there was no conclusive proof of
the linkage between working in
the plant and the men’s deaths.56

Superior plant organization and
design, however, reduced the risk
to some German workers, as did
their choice of production
method, most importantly for
mustard gas.57

The British and French had
more difficulty manufacturing
chemical agents, especially once
they started producing mustard
gas. Because the Allies used the
more dangerous Guthrie’s proc-
ess, industrial mustard produc-
tion necessitated extra care and
state-of-the-art facilities. Historian
Ludwig Haber noted that safe
production required “the tiled
construction and plumbing con-
struction of a municipal wash-
house, the ventilation system of
an up-to-date coal mine, and the
nursing facilities of a CCS [casu-
alty clearing station] in a quiet
sector of the front.”58 Because of
the use of smaller and older
plants, British and French facili-
ties often employed primitive
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open vats and substandard pip-
ing. Particularly dangerous jobs
included cleaning the pipes,
which inevitably became blocked
during production, as well as re-
pairing pumps and charging
drums to prepare them for trans-
porting various toxic and corro-
sive liquids. These industrial con-
ditions produced the same
injuries in civilians as they did in
soldiers, leading to high rates of
absenteeism and eventually to a
rotational schedule that allowed
workers to have a week off for
every 20 days in the plant.  

The effects were even more
severe for mustard plant work-
ers: “[W]hatever was touched in-
flamed and whatever was
breathed irritated.”59 Factory
workers suffered from chronic
mustard gas poisoning because
of long-term exposure; symptoms
included “listlessness, ‘nervous
debility’ . . . headaches, indigestion,

spasms of the eyelids, breathless-
ness, and inability to do a full
days work.”60 Industrial workers
suffered from frequent cases of
bronchitis, asthma, throat and
lung infections, chest and heart
problems, and depression or
other recurring but vague ail-
ments.61 Many gassed soldiers
and factory workers found it dif-
ficult to work after the war be-
cause of frequent illness and dif-
ficulty breathing.

The most dangerous job re-
gardless of location involved fill-
ing artillery gas shells. This pro-
duced even more injuries than
normal chemical production, and
German workers suffered as
much as British, French, and
American workers.62 Thousands
of workers at British loading fa-
cilities were adversely affected;
at one facility, one worker in
nine became ill or was injured,
and at another the rate reached

100% of the labor force.63 These
types of recurring injuries among
British laborers prompted
changes in the approach of gov-
ernment and military planners to
the problem of plant design and
worker safety. One of the most
significant responses was the
Trench Warfare Supply Depart-
ment’s appointment of F. Shuffel-
botham as acting medical super-
visor in charge of all British gas
facilities in July 1916. 

Following the British model,
the Americans adopted a more
rigorous medical inspection pro-
gram to facilitate worker safety.
Even before industrial production
began, the Bureau of Mines in
Pittsburgh, Pennsylvania, was
charged with instituting such a
program. As large-scale production
facilities came on line, the sur-
geon general’s office took over re-
sponsibility for workers (Figure 1).
They contracted with local physi-
cians “whose duty it was to hold
sick call, give physical examina-
tions at regular intervals, examine
applicants for work in the gas
plant, and to be available for
emergency calls at all hours.”64

By the end of the war, the pro-
duction infrastructure, including
federal facilities such as the Edge-
wood Arsenal in rural Maryland,
employed more than 10000 men
and women. In addition to Edge-
wood, 9 other gas facilities pro-
duced over 140 tons of gas per
day, “an amount greater than the
production of Germany, Great
Britain, and France combined.”65

Such mass production quotas,
however, were not without risk.
An analysis of a single seven-
month period at Edgewood re-
vealed 925 casualties and three
fatalities, with more than 75 in-
juries traced directly to mustard
gas production.66 For many sol-
diers and workers, the long-term
health consequences of gas

Source. Reprinted from M. W. Ireland, The Medical Department of the United States Army in the World War, Volume XIV: Medical Aspects of Gas
Warfare (Washington, DC: Government Printing Office, 1926), 34.

FIGURE 1—Diagram illustrating the institutional resources and coordination dedicated to chemical
weapon worker safety.
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exposure were lifelong. As vet-
eran Albert Marshal noted:

[T]he gas is still with me today.
It makes me itch every morning
and at six every night. You can
see my skin all dry. Tonight, my
arm will itch from the top to the
elbow. And so will the back of
my neck. It feels like a needle
pricking you. And that’s from
ninety years ago.67

IN THE SHADOW OF THE
GREAT WAR

Although memories of the
Great War have now receded
into the past, chemical warfare
has remained surprisingly re-
silient over time. Between the
1918 armistice and 1933, several
international conferences were
held to try to limit or abolish
chemical weapons; these in-
cluded the Washington Confer-
ence (1921–1922), the Geneva
Conference (1923–1925), and
the World Disarmament Confer-
ence (1933). Although progress
was made toward outlawing the
use of “asphyxiating, poisonous
or other gases” per the Geneva
Protocol of 1925, programs and
research continued throughout
the interwar period and most of
the rest of the century, despite
the public’s rejection of these
weapons.68

Although condemned, chemi-
cal weapons continued to be
used during the interwar years,
largely against civilians in colo-
nial possessions. The most no-
table was the Italian govern-
ment’s aerial spraying and
bombing of Ethiopian soldiers
and civilians during the Second
Italo-Abyssinian War. The Span-
ish also used chemical weapons
in Morocco, the British in Russia
and Iraq, and the Japanese in
China, respectively. With the
Japanese expansion into China

and the rise of National Socialism
in Germany in the 1930s, most
countries, including the United
States, refused to eliminate
chemical weapons as a strategic
weapon, although all major com-
batants dramatically scaled back
their programs. The difficulties in
regulating chemical weapons are
perhaps best illustrated by the
actions of the United States. Al-
though the United States was a
signatory of the Geneva Protocol
on June 17, 1925, formal ratifica-
tion by the US Senate did not
come until April 10, 1975, al-
most 50 years later. 

This political ambivalence was
reflective of the ongoing debates
about chemical weapons re-
search and production that
waxed and waned in the United
States over the rest of the cen-
tury. During World War II, for in-
stance, the US military was vocal
about its avoidance of the de-
ployment or use of poison gas. At
the same time, however, chemi-
cal weapons were a mainstay of
the Army Air Corps strategic
bombing campaigns in both the
European and Pacific theaters.69

In less than 3 years, more than
220000 tons of chemically
based munitions such as napalm
and magnesium were dropped
on civilian targets in both Ger-
many and Japan, resulting in the
deaths of hundreds of thousands
of civilians. The air campaigns in
World War II also reflect the dis-
turbing shift in the rise of civilian
casualties during war from all
types of weapons, a trend that
has increased steadily from the
1930s until the present day.70

The commitment to a host of
long-term and large-scale military
research programs during the
Cold War, involving numerous
weapons systems, provided an in-
stitutional and financial impetus
for work on a variety of chemical

weapons. In an effort to secure
their position as global super-
powers throughout the Cold War,
the United States, the Soviet
Union, and their various North
Atlantic Treaty Organization
(NATO) and Warsaw Pact allies
developed new chemical
weapons programs based in part
on German nerve agents like
sarin. To expedite their search for
new agents, the United States,
Canada, and Britain entered a
Tripartite Agreement as early as
1946 to share research on offen-
sive and defensive aspects of
chemical weapons. Many chemi-
cal weapons research programs
(such as the US program) often
worked in tandem with nomi-
nally smaller but no less sophisti-
cated biological weapons pro-
grams, which added a wealth of
data on complex meteorological
and delivery system problems.
Over time, the increasing sophis-
tication of mainstream chemical
and biological weapons in the
early postwar period led to the
development of new generations
of nerve agents.71

By the mid-1950s, the United
States was searching for more
powerful nerve agents; these ef-
forts culminated in the develop-
ment of VX, which was 3 times
as lethal as sarin and had the ad-
ditional tactical utility of battle-
field persistence. The United States
continued to develop traditional
chemical (and nerve) weapons
well into the late 1960s. At that
time, changes in national security
policy, coupled with the ongoing
military situation in Vietnam, saw
a shift toward partial disarmament
of some types of WMDs with a
simultaneous expansion of re-
search and development programs
for new weapons. 

This schizophrenic policy con-
tinued into the1980s, culminat-
ing in the creation of a new
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generation of so called “binary”
chemical weapons. Binary
weapons, which used relatively
harmless precursors that chemi-
cally combined within a warhead
at a designated target, produced
various toxic agents capable of
large numbers of mass casualties.
The promise of binary weapons
came at a time of increasing polit-
ical pressures about the dangers
of large-scale chemical warfare. 

By the late 1980s, in response
to pressure from the Soviet
Union and various NATO allies,
the United States began the
wholesale destruction of much of
its chemical weapons stockpile
(at places such as the army arse-
nal at Pine Bluff, Arkansas, and
the Johnson Atoll in the South
Pacific) in an effort to disarm, as
well as destroy older weapons
that had become unstable. Re-
search continued in the United
States on various chemical
weapons systems through the
1990s and on into the new mil-
lennium. At present, the United
States maintains a large and so-
phisticated arsenal of chemical
and nerve agents for tactical and
strategic use.72

The future of these weapons
may best be understood by re-
turning to 2 scientists who had
firsthand knowledge of their de-
velopment and use during World
War I.73 Their thoughts both at
the time and years later may best
encapsulate the contested nature
of chemical warfare during the
last century. Writing in the late
1960s, chemist James Conant,
who directed US lewisite produc-
tion during World War I, ex-
pressed moral ambivalence about
poison gas, comparing it to
weapons systems in general:

To me, the development of new
and more gases seemed no more
immoral that the manufacture
of explosives and guns. . . . I did

not see in 1917 . . . why tearing a
man’s guts out by high explosive
shell is to be preferred to maim-
ing him by attacking his lungs
or skin. All war is immoral.74

Otto Hahn, a future Nobel lau-
reate in chemistry, was recruited
by his colleague Fritz Haber to
the German chemical weapons
program. Hahn went to the east-
ern front to see for himself the
capabilities of this new weapon.
The experience left him pro-
foundly shaken:

I was very ashamed and deeply
agitated. First we attacked the
Russian soldiers with our gas,
and then, when we saw the
poor chaps lying on the ground
and slowing dying, we restored
their breathing with our self-res-
cue equipment. The total insan-
ity of war became obvious to us.
First one attempts to eliminate
the unknown enemy in his
trench, but when one comes
face to face with him, one can-
not bear it and sets about help-
ing him. Yet often we could no
longer save the poor victims.75

Whether or not the pragmatic
views of Conant were correct, the
“insanity of war” remained a con-
stant for the rest of the 20th cen-
tury, even as the political means
and technological methods to
carry out war continued to
evolve. In the years since the end
of the Cold War, the continued
evolution of warfare, coupled
with rapid developments in glob-
alization, has made the threat of
chemical warfare more immedi-
ate. The increased availability of
various industrial chemicals, cou-
pled with the expansion of asym-
metrical warfare and terrorism,
presents us with an uncertain fu-
ture. During 2007, chemical
weapons were used in Iraq
against both civilian populations
and American and British occu-
pation forces. The detonation of
either small chemical bombs or
large chlorine tanker trucks (with

the aid of explosives) in densely
populated urban areas such as
Fallujah and Baghdad creates
many of the same medical re-
sponse challenges that confronted
military aid workers and physi-
cians almost a century ago. In
many ways, the world still lives in
the shadow of April 1915.
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