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FOREWORD

The Superfund Amendments and Reauthorization Act of 1986 (Public
Law 99-499) extended and amended the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public
law (also known as SARA) directed the Agency for Toxic Substances and Disease
Registry (ATSDR) to prepare toxicological profiles for hazardous substances
which are most commonly found at facilities on the CERCLA National Priorities
List and which pose the most significant potential threat to human health, as
determined by ATSDR and the Environmental Protection Agency (EPA). The list
of the 200 most significant hazardous substances was published in the Federal
Register on April 17, 1987 and on October 20, 1988.

Section 110 (3) of SARA directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list. Each profile must
include the following content:

(A) An examination, summary, and interpretation of available
toxicological information and epidemiological evaluations on the
hazardous substance in order to ascertain the levels of significant
human exposure for the substance and the associated acute, subacute, and
chronic health effects,

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of development
to determine levels of exposure which present a significant risk to
human health of acute, subacute, or chronic health effects, and

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.

This toxicological profile is prepared in accordance with guidelines
developed by ATSDR and EPA. The original guidelines were published in the
Federal Register on April 17, 1987. Each profile will be revised and
republished as necessary, but no less often than every three years, as
required by SARA.

The ATSDR toxicological profile is intended to characterize succinctly
the toxicological and health effects information for the hazardous substance
being described. Each profile identifies and reviews the key literature that
describes a hazardous substance's toxicological properties. Other literature
is presented but described in less detail than the key studies. The profile
is not intended to be an exhaustive document; however, more comprehensive
sources of specialty information are referenced.
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Foreword

Each toxicological profile begins with a public health statement,
which describes in nontechnical language a substance'’s relevant
toxicological properties. Following the public health statement is
information concerning levels of significant human exposure and, where
known, significant health effects. The adequacy of information to
determine a substance’s health effects is described in a health effects
summary. Data needs that are of significance to protection of public
health will be identified by ATSDR, the National Toxicology Program
(NTP) of the Public Health Service, and EPA. The focus of the profiles
is on health and toxicological information; therefore, we have included
this information in the beginning of the document.

The principal audiences for the toxicological profiles are health
professionals at the federal, state, and local levels, interested
private sector organizations and groups, and members of the public.

This profile reflects our assessment of all relevant toxicological
testing and information that has been peer reviewed. It has been
reviewed by scientists from ATSDR, the Centers for Disease Control, the
NTP, and other federa. agencies. It has also been reviewed by a panel
of nongovernment peer reviewers. Final responsibility for the contents
and views expressed in this toxicological profile resides with ATSDR.

William L. Roper, M.D., M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry
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1. PUBLI C HEALTH STATEMENT

This Statenent was prepared to give you infornmation about bariumand to
enphasi ze the human health effects that may result from exposure to it. The
Envi ronnental Protection Agency (EPA) has identified 1,177 sites on its
National Priorities List (NPL). Barium has been found at 154 of these sites.
However, we do not know how nmany of the 1,177 NPL sites have been eval uated
for barium As EPA evaluates nore sites, the nunber of sites at which barium
is found may change. The information is inportant for you because bari um nay
cause harnful health effects and because these sites are potential or actua
sources of human exposure to barium

When a chemical is released froma |large area such as an industria
plant, or froma container, such as a drumor bottle, it enters the
envi ronnent as a chemical enission. This enmission, which is also called a
rel ease, does not always |lead to exposure. You can be exposed to a chem ca
only when you cone into contact with the chem cal. You nmay be exposed to it
in the environment by breathing, eating, or drinking substances containing the
chemical or fromskin contact with it

If you are exposed to a hazardous substance such as barium severa
factors will determ ne whether harnful health effects will occur and what the
type and severity of those health effects will be. These factors include the
dose (how much), the duration (how long), the route or pathway by which you
are exposed (breathing, eating, drinking, or skin contact), the other chenicals
to which you are exposed, and your individual characteristics such as
age, sex, nutritional status, famly traits, life style, and state of health.

1.1 VWHAT |'S BARI UMP?

Bariumis a silvery-white nmetal that occurs in nature in many different
fornms called compounds. These conpounds are solids and they do not burn well.
Two forms of barium bariumsulfate and barium carbonate, are often found in
nature as underground ore deposits. Bariumis sonmetines found naturally in
drinking water and food. Because certain forns of barium (bariumsulfate and
bari um carbonate) do not mx well with water, the amount of bariumusually
found in drinking water is of a small quantity. Qher barium conpounds, such
as bariumchloride, bariumnitrate, and barium hydroxi de, are nmanufactured
from barium sul fate. Barium conpounds such as barium acetate, barium
carbonate, bariumchloride, barium hydroxide, bariumnitrate, and barium
sul fide dissolve nore easily in water than barium sul fate and barium
car bonat e

Bari um and bari um conpounds are used for many inportant purposes.
Barium sulfate ore is mned and used in several industries. It is used nostly
by the oil and gas industries to make drilling nuds. Drilling nuds nmake it
easier to drill through rock by keeping the drill bit lubricated. Barium
sulfate is also used to make paints, bricks, tiles, glass, rubber, and other
bari um conmpounds. Sone bari um conmpounds, such as barium carbonate, barium



1. PUBLI C HEALTH STATEMENT

chloride, and barium hydroxi de, are used to nmake ceramcs, insect and rat

poi sons, additives for oils and fuels, and many ot her useful products. Barium
sulfate is someti mes used by doctors to perform nedical tests and take x-ray
phot ographs of the stomach and intestines.

The length of time that bariumw Il last in the environment foll ow ng
rel ease to air, land, and water depends on the form of bariumrel eased.
Bari um conmpounds that do not dissolve well in water, such as bariumsulfate

and barium carbonate, can last a long tinme in the environnment. Barium
conpounds that dissolve easily in water usually do not last a long tine in the
environnent. Bariumthat is dissolved in water quickly combines with sulfate
or carbonate ions and beconmes the longer lasting fornms (bariumsulfate and
bari um carbonate). Barium sul fate and barium carbonate are the forns of
bari um nost commonly found in the soil and water. |If bariumsulfate and

bari um carbonate are released onto land, they will conbine with particles of
soil. More information on the chem cal and physical properties, use, and
environnental fate of bariumis found in Chapters 3, 4, and 5.

1.2 HOW M GHT | BE EXPCSED TO BARI UW?

Background | evels of bariumin the environment are very low. The air
t hat nost peopl e breathe contains about 0.0015 parts of bariumper billion
parts of air (ppb). The air around factories that rel ease bari um conpounds
into the air has only about 0.33 ppb or less of barium Mst surface water
and public water supplies contain only about 0.38 parts of bariumper mllion
parts of water (ppn) or less. In sone areas that have under ground water
well's, drinking water nmay contain nore bariumthan the 1 ppmlint set by EPA
The hi ghest amount neasured fromthese water wells has been 10 ppm The
hi ghest armount of bariumfound in soil is about 100 to 3,000 ppm Sone foods,
such as Brazil nuts, seaweed, fish, and certain plants, may contain high
amounts of barium The amount of bariumfound in food and water usually is
not high enough to be a health concern. However, information is still being
collected to find out if long-termexposure to |ow | evels of barium causes any
heal t h probl ens.

Bari um waste may be released to air, land, and water during industria
operations. Bariumis released into the air during the mining and processing
of ore and during manufacturing operations. Sone industries dunp wastes
cont ai ni ng barium conpounds onto |and or into the ocean and ot her bodi es of
wat er. Barium conpounds are found in nore than 150 hazardous waste sites in
the,United States. We do not know the exact nunber of hazardous waste sites
cont ai ni ng barium because not all waste sites have been exanined for barium

People with the greatest known risk of exposure to high levels of barium
are those working in industries that make or use barium conpounds. Most of
t hese exposed persons breathe air that contains bariumsulfate or barium
carbonate. Sometines they are exposed to one of the nore harnful forms of
bari um (for exanple, bariumchloride or barium hydroxi de) by breathing the
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dust fromthese conpounds or by getting themon their skin. Many hazardous
waste sites contain barium conpounds, and these sites may be a source of
exposure for people living and worki ng near them Exposure near hazardous
waste sites may occur by breathing dust, eating soil or plants, or drinking
water that is polluted with barium People near these sites nay al so get soi
or water that contains bariumon their skin. Mre information on how you

m ght be exposed to bariumis found in Chapter 5.

1.3 HOW CAN BARI UM ENTER AND LEAVE MY BODY?

Bari um enters your body when you breathe air, eat food, or drink water
containing barium It may al so enter your body to a small extent when you
have direct skin contact with barium conpounds. Bariumthat you breathe seens
to enter the bloodstreamvery easily. Barium does not seemto enter the
bl oodstream as well fromthe stomach or intestines. How much barium actually
gets into your bl oodstream depends on how much barium you breathe, eat, or
drink and how easily the form of bariumyou breathe dissolves in the fluids in
your body. Sone barium conpounds (for exanple, bariumchloride) can enter
your body through your skin, but this is very rare and usually occurs in
i ndustrial accidents at factories where they nake or use bari um conpounds.
Bari um at hazardous waste sites may enter your body if you breathe dust, eat
soil or plants, or drink water polluted with barium Barium can also enter
your body if polluted soil or water touches your skin

Bariumthat enters your body by breathing, eating, or drinking is
renoved mainly in feces and urine. Mst of the bariumthat enters your body
is renoved within a few days, and alnost all of it is gone within |I-2 weeks.
Most bariumthat stays in your body goes into the bones and teeth. W do not
know the long-termhealth effects of the bariumthat stays in your body. Mre
i nformati on on how barium enters and | eaves your body is found in Chapter 2.

1.4 HOW CAN BARI UM AFFECT MY HEALTH?

The health effects of the different barium conpounds depend on how wel |
the specific barium conpound dissolves in water. For exanple, bariumsulfate
does not dissolve well in water and has few adverse health effects. Doctors
sonetines give bariumsulfate orally or by placing it directly in the rectum
of patients for purposes of making x-rays of the stomach or intestines. The
use of this particular bariumconpound in this type of nedical test is not
harnful to people. Barium conpounds such as barium acetate, barium carbonate,
bari um chl ori de, barium hydroxi de, bariumnitrate, and barium sul fide that
di ssolve in water can cause adverse health effects. Mst of what we know
cones fromstudies in which a small nunber of individuals were exposed to
fairly large anbunts of bariumfor short periods. Eating or drinking very
| arge anounts of barium conpounds that dissolve in water nay cause paral ysis
or death in a few individuals. Sone people who eat or drink somewhat smaller
amounts of bariumfor a short period may potentially have difficulties in
breat hi ng, increased bl ood pressure, changes in heart rhythm stonach
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irritation, mnor changes in blood, nuscle weakness, changes in nerve

refl exes, swelling of the brain, and danage to the liver, kidney, heart, and
spl een. One study showed that people who drank water containing as nuch as 10
ppm of bariumfor 4 weeks did not have increased bl ood pressure or abnorma
heart rhythns. W have no reliable information about the possible health
effects in humans who are exposed to barium by breathing or by direct skin
contact. However, many of the health effects mght be simlar to those seen
after eating or drinking barium W have no information about the ability of
bariumto cause birth defects or affect reproduction in humans. Barium has
not been shown to cause cancer in hunans.

The health effects of barium have been studied nore often in
experimental aninmals than in humans. Rats that ate or drank bari um over short
peri ods had build-up of fluid in the trachea (w ndpipe), swelling and
irritation of the intestines, changes in organ wei ghts, decreased body weight,
and increased nunbers of deaths. Rats that ate or drank barium over |ong
peri ods had increased bl ood pressure and changes in the function and chem stry
of the heart. Mce that ate or drank bariumover a |ong period had a shorter
life span. W have no reliable information about the health effects in
experimental aninmals that are exposed to bariumby breathing or by direct skin
contact. W also have no reliable information to tell whether barium causes
cancer or birth defects in experinental aninals.

The Departnent of Health and Human Services, the International Agency
for Research on Cancer, and EPA have not classified bariumas to its
carci nogenicity.

More informati on on the health effects of bariumcan be found in
Chapter 2.

1.5 1S THERE A MEDI CAL TEST TO DETERM NE WHETHER | HAVE BEEN EXPOSED TO BARI UM?

There is no routine nmedical test to determ ne whether you have been
exposed to barium Doctors can neasure bariumin body tissues and fl uids,
such as bl ood, bones, urine, and feces, using very conplex instrunents. This
is normally done only for cases of severe barium poi soning and for nedical
research. Mrre information on testing for barium exposure is found in
Chapters 2 and 6.

1.6 WHAT RECOMMENDATI ONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT HUVMAN HEALTH?

To protect individuals fromthe possible harnful health effects of
barium the federal governnent regul ates the anobunt of bariumin the
environnent. EPA estimates that for an adult of average wei ght, exposure to
1.5 ppmof bariumin water each day for a lifetinme (70 years) is unlikely to
result in harnful health effects. For a long-termbut less than lifetine
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exposure (about 7 years), 1.8 ppmis estinated to be a level unlikely to
result in harnful health effects for an adult. EPA has established a maxi mum
level of 1 ppmfor bariumin drinking water. The Food and Adm nistration
(FDA) has set the quality standard for bariumin bottled water at 1.0 ppm
Simlarly, EPA has set the nmaxi mum barium concentrati on for groundwater
protection at 1.0 ppm EPA reportable quantity regulations require that a
spill of 10 pounds or nore of barium cyani de be reported to the Federa
CGovernment Nati onal Response Center.

The COccupational Safety and Health Adm nistration (OSHA) has a legally
enforceabl e occupational exposure linit of 0.5 milligrams (ng) of soluble
bari um compounds per cubic meter (m) of air averaged over an 8-hour work day.
The OSHA 8-hour exposure limit for bariumdust in air is 5-10 ng/m. The
National Institute for Cccupational Safety and Health (NIOSH) has cl assified
bari um exposures of 250 ng/m as inmedi ately dangerous to life or health.

More informati on on governnent regul ations can be found in Chapter 7.
1.7 WHERE CAN | GET MORE | NFORMATI ON?

If you have any nobre questions or concerns not covered here, please
contact your state health or environmental departnent or

Agency for Toxic Substances and Di sease Registry
Di vi sion of Toxi col ogy
1600 difton Road, E-29
Atl anta, Georgia 30333

Thi s agency can al so provide you with information on the |ocation of the
near est occupational and environnental health clinic. Such clinics specialize
in recognizing, evaluating, and treating illnesses that result from exposure
t o hazardous substances.






2. HEALTH EFFECTS

2.1 I NTRODUCTI ON

The primary purpose of this chapter is to provide public health
of ficials, physicians, toxicologists, and other interested individuals and
groups with an overall perspective of the toxicology of bariumand a depiction
of significant exposure |evels associated with various adverse health effects.
It contains descriptions and eval uations of studies and presents |evels of
significant exposure for barium based on toxicol ogi cal studies and
epi dem ol ogi cal investigations.

When evaluating the health effects of barium conpounds, it is inportant
to keep in mnd that different barium conpounds have different solubilities in
wat er and body fluids and therefore serve as variable sources of the Ba® ion
The Ba* ion and the sol ubl e conpounds of barium (notably chloride, nitrate,
hydr oxi de) are generally highly toxic to humans and experinmental animls. The
i nsol ubl e bari um conmpounds (notably sul fate and carbonate) are inefficient
sources of the Ba”, ion and therefore are generally nontoxic. Throughout the
followi ng section (2.2), the health effects by route of exposure of both
sol ubl e and i nsol ubl e bari um conpounds are di scussed.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons living
or working near hazardous waste sites, the information in this section is
organi zed first by route of exposure--inhalation, oral, and dermal--and then
by health effect--death, system c, inmnunological, neurol ogical, devel opnental
reproductive, genotoxic, and carcinogenic effects. These data are di scussed
in terms of three exposure periods--acute (less than 15 days), internediate
(15- 364 days), and chronic (365 days or nore).

Level s of significant exposure for each route and duration are presented
in tables and illustrated in figures. The points in the figures showi ng noobserved-
adverse-effect | evels (NOAELS) or | owest-observed-adverse-effect
| evel s (LQAELs) reflect the actual doses (levels of exposure) used in the
studi es. LOAELs have been classified into "l ess serious" or "serious"
ef fects. These distinctions are intended to help the users of the docunent
identify the levels of exposure at which adverse health effects start to
appear. They should also help to deternine whether or not the effects vary
wi th dose and/or duration, and place into perspective the possible
significance of these effects to human health.

The significance of the exposure | evels shown in the tables and figures
may differ depending on the user's perspective. For exanple, physicians
concerned with the interpretation of clinical findings in exposed persons may
be interested in levels of exposure associated with "serious" effects. Public
health officials and project managers concerned with appropriate actions to
take at hazardous waste sites may want information on |evels of exposure
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associated with nore subtle effects in hunmans or aninmals (LOAEL) or exposure
| evel s bel ow which no adverse effects (NOAEL) have been observed. Estinmates
of levels posing mninmal risk to humans (M nimal Risk Levels, MRLs) may be of
interest to health professionals and citizens alike.

Esti mates of exposure levels posing mnimal risk to humans (MRLs) have
been made, where data were believed reliable, for the nost sensitive noncancer
effect for each exposure duration. MRLs include adjustnents to reflect hunman
variability fromlaboratory animal data to humans.

Al t hough net hods have been established to derive these |evels (Barnes et
al . 1988; EPA 1989c), uncertainties are associated with these techni ques.
Furthernore, ATSDR acknow edges additional uncertainties inherent in the
application of the procedures to derive less than lifetine MRLs. As an
exanpl e, acute inhalation MRLs may not be protective for health effects that
are del ayed in devel opnent or are acquired followi ng repeated acute insults,
such as hypersensitivity reactions, asthma, or chronic bronchitis. As these
ki nds of health effects data beconme avail abl e and nmet hods to assess |evels of
signi ficant hunan exposure inprove, these MRLs will be revised.

2.2.1 Inhal ati on Exposure

St udi es evaluating the effects of bariumfollow ng acute, internediate,
and chronic inhalation exposure are linited to several case reports of humans
exposed occupationally (Doig 1976; Essing et al. 1976; Seaton et al. 1986;
Shankl e and Keane 1988) and to two experinental studies with animals (Hicks et
al . 1986; Tarasenko et al. 1977). These case reports and aninmal studies are
not adequate for firmy establishing the health effects of barium by
i nhal ati on because of a nunber of significant study Iimtations. The case
reports are generally inadequate because data were available for a linmted
nunber of exposed subjects and because exposure conditions (duration
frequency, dose) were not well characterized (Doig 1976; Essing et al. 1976;
Seaton et al. 1986; Shankle and Keane 1988). One of the two aninmal studies
was limted in that apparently no control aninmals were used, an inhalation
chanber providing a controlled dose and environnent was not used, and there
was a |l ack of information regarding the vehicle used, the purity of the test
material, the duration and frequency of exposure, and the nunber of aninmals
tested (Hicks et al. 1986). The second ani mal study consisted of severa
experiments but was generally limted in that the authors provided few details
regardi ng experinmental nethods, exposure conditions, and test results, and no
information as to the nunber of animals tested, the purity of the test
material, or the statistical nmethods used; furthernore, in some experinments it
was not cl ear whether or not control animals were used (Tarasenko et al
1977). In view of the major limtations associated with the avail abl e case
reports and aninal studies, results fromthese reports should be regarded as
providing only prelimnary and/ or suggestive evidence that acute,

i nternedi ate, and chronic inhal ation exposure to barium may potentially be
associ ated with adverse health effects. No reliable information was avail able
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fromany of the inhalation studies to identify NOAELs or LOAELs. Fi ndings
fromthe various case reports and aninmal studies are briefly described bel ow.

2.2.1.1 Death

No studies were | ocated regarding death in humans or aninals after
i nhal ati on exposure to barium

2.2.1.2 Systemic Effects

No studies were | ocated regardi ng dermal/ocular effects in humans or
animal s after inhalation exposure to barium

Respiratory Effects. Two studies of workers exposed chronically to dust
from barium sul fate denonstrated that this exposure had a m nor effect on the
lungs. In one study, a benign pneunonoconi osi s was observed in severa
factory workers (Doig 1976). In a second study in which workers were exposed
by mning bariumsulfate, silicosis was observed but was attributed to
i nhal ation of quartz (Seaton et al. 1986). In contrast, a study of workers
chronically exposed to barium carbonate dust reported no respiratory synptons
attributable to barium exposure (Essing et al. 1976). X-ray analysis of the
lungs al so showed no abnornalities attributable to barium dust.

Studies regarding respiratory effects in animals foll ow ng inhalation
exposure to bariumare limted to two reports (Hcks et al. 1986; Tarasenko et
al. 1977). Pulnonary |esions (perivascular and peribronchial sclerosis and
focal thickening of the interal veol ar septa) were observed in rats follow ng
i nternedi ate inhal ati on exposure to 3.6 ng barium nB8 as barium car bonat e dust
(Tarasenko et al. 1977). Bronchoconstriction was reportedly noted in guinea
pigs followi ng inhalation for an unspecified period of tine to 0.06 ny
bariuninB/m n as aerosolized bariumchloride solution (H cks et al. 1986).

Car di ovascul ar Effects. Three of 12 workers chronically exposed to
bari um carbonate dust had el evated bl ood pressure and 2 workers had ECG
abnormalities (Essing et al. 1976). However, it is unknown whether this
represented an increased incidence because no conparison with a control
popul ati on was perfornmed. |ncreased bl ood pressure and cardiac irregularities
were reportedly observed in guinea pigs exposed by inhalation for an
unspecified period of time to 0.06 ng barium n8/mn as aerosolized barium
chloride solution (Hicks et al. 1986).

Gastrointestinal Effects. Abdom nal cranps, nausea, and vomting were
experienced by a 22-year-old factory worker accidentally exposed by acute
inhalation to a | arge but unspecified anbunt of barium carbonate powder
(Shankl e and Keane 1988). No animal studies were |ocated regarding
gastrointestinal effects in animals after inhalation exposure to barium
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Hemat ol ogi cal Effects. Low serum potassium | evel was observed in a
22-year-old factory worker accidentally exposed by acute inhalation to barium
car bonat e powder (Shankle and Keane 1988). Altered hematol ogi cal paraneters
were observed in rats follow ng inhalation for an internedi ate exposure period
to 3.6 ng barium ni as barium carbonate dust (Tarasenko et al. 1977).

Report ed changes incl uded decreased bl ood henobgl obi n, decreased thronbocyte
count, decreased bl ood gl ucose, decreased al bunin, increased | eukocyte count,
and i ncreased bl ood phosphorus.

Muscul oskel etal Effects. After accidental exposure to a |arge amount of
bari um carbonate powder by acute inhalation, a 22-year-old factory worker
devel oped progressive nuscl e weakness and paralysis of the extrenities and
neck (Shankl e and Keane 1988). X-ray analysis of the bones and skel eta
nuscl es of the pelvis and thighs of workers chronically exposed to barium
carbonat e dust reveal ed no apparent build up of bariumin these tissues
(Essing et al. 1976). No studies were |ocated regardi ng nuscul oskel eta
effects in animals after inhalation exposure to barium

Hepatic Effects. No studies were |located regarding hepatic effects in

humans after inhalation exposure to barium |Inpaired detoxifying function of
the Iiver was noted in one study in which rats were treated by internedi ate

i nhal ati on exposure to 3.6 ng barium ni as barium carbonate dust (Tarasenko et
al. 1977). No other details were reported.

Renal Effects. Renal failure occurred in a 22-year-old worker
accidentally exposed by acute inhalation to barium carbonate powder (Shankle
and Keane 1988). No studies were |located regarding renal effects in aninmals
after inhalation exposure to barium

O her Systemic Effects. No studies were | ocated regarding other
system c in hunans after inhalation exposure to barium Decreased body wei ght
and decreased urinary cal ciumdeveloped in rats follow ng inhalation for an
i ntermedi at e exposure period to 3.6 nmgy barium ni as barium carbonate dust
(Tarasenko et al. 1977).

2.2.1.3 I munol ogi cal Effects

No studi es were | ocated regardi ng i munol ogi cal effects in humans or
animal s after inhalation exposure to barium

2.2.1.4 Neurological Effects

Absence of deep tendon refl exes was observed in a 22-year-old man
accidentally exposed by acute inhalation to barium carbonate powder (Shankle
and Keane 1988). No studies were |ocated regardi ng neurol ogical effects in
animal s after inhalation exposure to barium
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2.2.1.5 Devel opnental Effects

No studies were | ocated regardi ng devel opnental effects in humans after
i nhal ati on exposure to barium Only one limted report was avail abl e
regardi ng devel opmental effects in aninmals after internmediate inhalation to
bari um (Tarasenko et al. 1977). Reduced survival, underdevel opnent, | owered
wei ght gain, and various hematol ogic alterations (erythropenia, |eukocytosis,
eosi nophilia, neutrophilia) were reportedly noted in the offspring of fenale
rats exposed by inhalation for an internediate period to 2.2 or 9.4 ny
barium ni as barium carbonate dust (Tarasenko et al. 1977). No ot her
significant details regarding this devel opnental study were reported.

2.2.1.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in humans after
i nhal ati on exposure to barium Only one linmted report was avail abl e
regardi ng reproductive effects in animals follow ng intermnediate inhal ation
exposure to barium carbonate (Tarasenko et al. 1977). Disturbances in
sper mat ogenesi s, includi ng decreased number of sperm decreased percentage of
notile sperm and decreased osnptic resistance of sperm were reportedly
observed in nale rats exposed by inhalation for one cycle of spermatogenesis
to 15.8 ng barium ni as barium carbonate dust. The testicles of these treated
rats reportedly had an increase in the nunber of ducts with desquanated
epi thelium and a reduced number of ducts with 12'"-stage neiosis. The
condition of the testicles of treated rats returned to normal 30 days after
cessation of bariumcarbonate treatnent (Tarasenko et al. 1977). Sinlar
observations were noted in a second experiment in which male rats were exposed
by inhalation for an intermediate period to 3.6 ng barium nias barium
carbonate dust. In a third experinent by the same authors, fermale rats
exposed by inhalation for an internediate period to 2.2 or 9.4 ng barium ni as
bari um carbonate dust reportedly devel oped a shortened estrous cycle and
alterations in the norphol ogical structure of the ovaries.

2.2.1.7 CGenotoxic Effects

No studies were | ocated regardi ng genotoxic effects in hunans or animals
after inhalation exposure to barium Genotoxicity studies are discussed in
Section 2.4.

2.2.1.8 Cancer

No studies were | ocated regardi ng cancer in humans or aninals after
i nhal ati on exposure to barium
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2.2.2 Oral Exposure

The majority of studies evaluating the health effects of bariumare ora
exposure studies. The avail able oral studies include nunerous case reports of
humans exposed orally to bariumthrough accidental or intentional ingestion
several epidemological and statistical investigations of humans exposed to
drinki ng water containing barium and various experinental animl studies
i nvol ving acute, internediate, or chronic exposure to bariumeither by gavage
or by drinking water. In contrast to the Iimted inhalation studies that
provide no reliable data to identify NOAELs and LOAELs, the available ora
studi es are nore adequate for assessing the health effects of barium and
provide reliable information to identify NOAEL and LOAEL val ues. Findings
fromthe various oral studies are .sumarized bel ow

2.2.2.1 Deat h

Death occurred in six cases of accidental or intentional ingestion of
barium salts. Two deaths were due to cardiac arrest, one was due to severe
gastroi ntestinal henmorrhage, and in three cases the specific cause was not
determ ned (Das and Singh 1970; Diengott et al. 1964; MNally 1925; (Qgen et
al . 1967; Talwar and Sharma 1979). Doses in these cases were not known.

In addition to case reports of death in humans, several studies have
examned nortality rates in hunmans exposed to drinking water contamnated with
bari um (Brenni mran and Levy 1985; Brenninan et al. 1979a, 1979b, 1981; El wood
et al. 1974; Schroeder and Kraener 1974). Two of these studies exam ned the
statistical correlation between barium concentrations in drinking water and
total nortality and/or cardi ovascular nortality rates in exposed popul ati ons
(Elwood et al. 1974; Schroeder and Kraener 1974). Negative correl ations
bet ween barium and these nortality rates were found in both studies. These
two particular studies are of Iimted use in assessing bariuminduced
nortality because of a number of study limtations, including a |ack of
i nformati on on exposure conditions (dose, duration, frequency) and the nunber
of people exposed. Results of a third study indicated that relative to
comunities with little or no bariumin drinking water, conmunities with
el evated concentrations of bariumin their drinking water had significantly
hi gher nortality rates for all causes, heart disease, arteriosclerosis, and
al |l cardi ovascul ar di sease (Brenni nan and Levy 1985; Brenninan et al. 1979a,
1979b, 1981). Thi s epi demi ol ogi cal study had a nunber of confounding
vari abl es, including possible use in the study popul ati on of hone water
softeners that would renove bariumfromthe drinking water, inclusion of
conmuni ties that had significant changes in population, lack of a way to
control-for length of time an individual lived in a conmunity, and wi dely
varyi ng concentrations of other contam nants (cal cium sodium nagnesiun) in
the drinking water. The human studies are not reliable for identifying NOAELs
or LOAELs for death because of the limitations associated with these studies.
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Mortality has been observed in experinental animals foll ow ng acute and
chroni c oral exposure to barium chloride and barium acetate (Borzelleca et al
1988; Schroeder and Mtchener 1975b; Tardiff et al. 1980). The acute ora
LD, was determined in one study to be 269 and 277 ng/ kg (expressed as
el emental bariunm) for fermale and nale rats, respectively (Borzelleca et al
1988). The acute oral LD, in a second study was determ ned to be 132 and
220 ny/ kg (expressed as elenental barium for adult and weanling rats,
respectively (Tardiff et al. 1980). These LD, values (132 to 277 ng/ kg)
indicate that bariumis toxic by acute oral gavage exposure to smal
experimental animals.

The studies evaluating nortality during internediate and chronic oral
exposure of experinental aninmals have provided m xed results. Reduced
lifespan (approximately 11 percent) has been noted in nale mce but not in
femal e mice treated chronically with 0.95 ng barium kg/ day as barium acetate
in drinking water (Schroeder and Mtchener 1975b). No significant effects on
nortality were noted in an internedi ate exposure study in which rats were
treated with 35 ng barium kg/day as bariumchloride in drinking water (Tardiff
et al. 1980). In a chronic study in which rats were treated with 0.7 ng
bari unf kg/ day as barium acetate in drinking water, there were no significant
effects on nortality (Schroeder and Mtchener 1975a). These mixed results may
possi bly be due to species differences.

The hi ghest NOAEL values and all reliable LOAEL val ues for death in each
speci es and duration category are recorded in Table 2-1 and plotted in
Figure 2-1. LD,, val ues have al so been recorded in Table 2-1 and Figure 2-1

2.2.2.2 Systenic Effects

The hi ghest NOAEL val ues and all reliable LOAEL val ues for systemc
effects in each species and duration category are recorded in Table 2-1 and
plotted in Figure 2-1

Respiratory Effects. Respiratory weakness and paral ysis requiring
nmechani cal ventilation were frequently observed in cases of acute ingestion of
barium salts by hunans (Das and Singh 1970; Gould et al. 1973; Lewi and
Bar - Khayi m 1964; Morton 1945; Ogen et al. 1967; Phelan et al. 1984; Wtherill
et al. 1981).

Limted data are available regarding respiratory effects in aninmals
foll owi ng oral barium exposure. Acute gavage exposure of rats to 198 ngy
bari unf kg/ day as barium chlori de has been associated with accunul ati on of
fluid in the trachea; however, no pul nonary | esions upon gross necropsy and no
changes in pul nonary wei ght were observed (Borzelleca et al. 1988). No
changes in pul nonary wei ght were observed in a study in which rats were
exposed for an internediate period to doses | ess than 35 ng bariunf kg/ day as
barium chloride in drinking water (Tardiff et al. 1980). Gross and



TABLE 2-1.

Exposure

Levels of Significant Exposure to Barium - Oral

LOAEL (effect)

Key to frequency/ HOAEL Less serious Ser}&ﬁsm
figure? Species Route duration System (mg Ba/kgs/day) (mg Baskg/day) (mg Ba.'kg/day) Reterence Form
ACUTE EXPOSURE
Death
1 Rat (GW) 14d 132 (LDg,, adult) Tacditf et al. BaCl,
1x/d 220 (LDSO, weanling) 1980
2 Rat (GW) d 277 (LUSO' males) Borzelleca et HaClZ
Ix/d 269 (LDg,, temales) al. 1988
3 Rat (GW) 1 d 198 (death in 15/20 Borzelleca et BJCIZ
1x/d rats) al. 1988
4 Rat (GW) 10 d 198 (death in 3,10 Borzelleca et BdCIE
1x/d rats) al. 1988
Systemic
5 Rat (GW) 1d Resp 198 (fluid in trachea) Borzelleca et BaCl,
1x/d Cardio 198 ’ al. 1988
Gastro 66 198 (inflammation of
intestines)
Hemato 198
Hepatic 66 198 (decreased liver/
brain weight ratio;
darkened liver)
Renal 66 198 (increased kidney/
body weight ratio)
Other 66 198 (decreased body weight)
Immunological
[ Rat (GW)y 1 d 198 Borzelleca et Bl
1x/d al. 1988
7 Rat (GW) 198 Borzelleva ot Paﬁ)“

10 d
1x

5‘

al. 1988

4
¢
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TABLE 2-1 (Cont.inued)

LOAEL (effect)

Exposure N
Key to frequency/ NOAEL Less serious Serious
figure? Species Route duration System (mg Ba/kg/day) (mg Ba/kg/day) (mg Ba/kg/day) Reference Form
Neurological
8 Rat (GW)y 1 d 198 Borzelleca et BaCl,
1x/d al. 1988
9 Rat (GW) 10 d 198 Borzelleca et BaCl,
1x/d al. 1988
Reproductive
10 Rat (GW) 1d 198 Borzelleca et BaCl,
1x/d al. 1988
11 Rat (GW) 10 d 138 198 (decreased ovaries Borzelleca et BaCl,
1x/d weight and ovaries/ al. 1988
brain weight ratio)
INTERMEDIATE EXPOSURE
Death
12 Rat L] 13 wk 35 Tardiff et al. BaCl,
7d/wk 1980
Systemic
13 Human (42D] 4 wk Cardio 0.21 Wones et al. BaCl,
7d/wk 1990
14 Rat (W) 1 mo Cardio 0.71 7.1 (increased blood Perry et al. BaCl,
7d/wk pressure) 1983, 1985, 1989
15 Rat (W) 4 mo Cardio 0.643 6.43 (increased blood Perry et al. BaCl2
7d/wk pressure) 1983, 1985, 1989
16 Rat W) 13 wk Resp 35 Tardiff et al. BaCl,
7d/wk Cardio 35 1980
Hemato 35
Musc/skel 35
Hepatic 35
Renal 35
Other 35

C
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TABLE 2-1 (Continued)

LOAEL (effect)

Exposure
Key to frequency/ NOAEL Less serious Serious
figure® Species Route duration System (mg Ba/kg/day) (mg Ba/kg/day) (mg Ba/kg/day) Reference Form
17 Rat (W) 16 wk Cardio 15 McCauley et al. N.S
7d/wk Renal 15 1985
Neurological
18 Rat (W) 13 wk 35 Tardiff et al. BaCl,
7d/wk 1980
CHRONIC EXPOSURE
Death
19 Rat (W) 2 yr 0.7 Schroeder and Ba(C,H,0,),
7d/wk Mitchener 1975a
20 Mouse (W) 2 yr 0.95 (reduced lifespan Schroeder and Ba(C,H,0,),
7d/wk in males) Mitchener 1975b
Systemic
21 Rat (W) 2 yr Resp 0.7 Schroeder and Ba(C,H;0,),
7d/wk Cardio 0.7 Mitchener 1975a
Hepatic 0.7
Renal 0.7
22 Rat (W) 16 mo Cardio 5.4 (myocardial patho- Kopp et al. 1985; BaCl,
7d/wk physiologic and Perry et al
metabolic changes) 1983, 1985, 1989
23 Rat (W) 16 mo Cardio 0.054 0.54 (increased blood Perry et al. BaC]z
7d/wk pressure) 1983, 1985, 1989

"
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TABLE 2-1 (Continued)

LOAEL (effect)

Exposure
Key to frequency/ NOAEL Less serious Serious
figure? Species Route duration System (mg Ba/kg/day) (mg Ba/kg/day) (mg Ba/kg/day) Reference Form
24 Mouse W) 2 yr Other 0.95 Schroeder and Ba(C2H302)2
7d/wk Mitchener 1975b

2The number corresponds to entries in Figure 2-1.

Ba(CZHJOZ)Z = barium acetate; BaCl2 = barium chloride; Cardio = cardiovascular; d = day; Gastro = gastrointestinal; GW = gavapge-water;
Hemato = hematological; LD50 = lethal dose, 50% kill; mo = month; Musc/skel = musculoskeletal; N.S. = not specified; Resp = respiratory;
W = drinking water; wk = week; x = time(s); yr = year
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FIGURE 2-1. Levels of Significant Exposure To Barium - Oral
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FIGURE 2-1 (Continued)
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hi st opat hol ogi cal | esions of the |ung have not been observed in rats exposed
to 0.7 ng bariun kg/day as bariumacetate in drinking water for lifetine
(Schroeder and M tchener 1975a).

Car di ovascul ar Effects. The nbst comonly observed cardi ovascul ar
effects in cases of acute ingestion of barium conpounds are hypertensi on and
abnormalities in heart rhythm (Das and Singh 1970; Diengott et al. 1964; Gould
et al. 1973; Wetherill et al. 1981). Myocardi al danmage was observed in a few
cases (Lewi and Bar-Khayim 1964; MNally 1925; Talwar and Sharma 1979). Ln
one atypical case, hypotension was observed (Talwar and Sharma 1979).

No adverse effects on blood pressure or cardiac rhythns were observed in
a study in which volunteers consuned 0.21 ng bariunm kg/day for 4 weeks (Wnes
et al. 1990). In this study, the subjects' preexposure blood pressure and
cardi ac rhythm served as the control for conparison wth postexposure val ues.
This study is somewhat linmted in that the nunber of subjects eval uated was
small (n=11) and the absorption and/or serum|evels of barium were not
assessed. An epi dem ol ogi cal study of comunities consuni ng drinking water
contai ning elevated bariumlevels also did not provide evidence that chronic
exposure to bariumin drinking water was associated with increased bl ood
pressure, hypertension, stroke, heart disease, or altered el ectrocardi ogramns
(Brenni man and Levy 1985; Brenninan et al. 1979a, 1979b, 1981). However, this
study is limted in that blood pressure was deternmined in a single 20-mnute
session and not followed over a |onger period (e.g., nonths, years), exposure
conditions were not well-characterized (duration, frequency), individua
exposure doses were not determ ned, and the incidence of hypertension, stroke,
and heart di sease was determ ned by responses to a survey questionnaire and
not by testing and/or diagnosis.

Cardi ovascul ar effects have been evaluated in acute, internediate, and
chronic oral studies with experinmental aninmals. Acute studies have been
limted to histol ogical exam nation of the heart followi ng 1-day or 10-day
gavage exposure of rats to doses as high as 198 ng bari unm kg/ day as barium
chloride (Borzelleca et al. 1988). No nmicroscopic |lesions of the heart were
observed. O her cardiovascul ar paraneters were not eval uated.

Results from several studies with experinental animals indicate that
i nternedi ate and chronic oral exposure to bariumis associated with adverse
cardi ovascul ar effects (Kopp et al. 1985; Perry et al. 1983, 1985, 1989). In
a series of experinents, rats were adninistered bariumchloride in drinking
water either for 1, 4, or 16 nonths (Perry et al. 1983, 1985, 1989).
El emental barium doses in the |-nmonth study were either 0, 0.071, 0.71, or
7.1 ny/ kg/ day. Elenmental bariumdoses in the 4-nonth study were either O,
0.0643, 0.643, or 6.43 ny/kg/day. Elenental bariumdoses in the 16-nonth
study were either 0, 0.054, 0.54, or 5.4 ng/kg/day. In the |I-nonth study,
significant increases in blood pressure were noted in rats treated with
7.1 mg/ kg/ day; no change in blood pressure was noted in rats treated with
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either 0.071, or 0.71 ng/kg/day. In the 4-nonth study, significant increases
in blood pressure were observed in rats treated with 6.43 ng/ kg/day; no change
in blood pressure was observed in rats treated with either 0.0643 or

0. 643 ng/ kg/ day. Significant increases in blood pressure also were noted in
the 16-nmonth study in rats treated with 0.54 and 5.4 ng/kg/day; however, no

ef fects on blood pressure were noted in the 16-nonth experinent at

0. 054 ng/ kg/ day. The hi gh-dose group (5.4 ng/kg/day) exposed for 16 nonths

al so had depressed cardi ac contraction, depressed cardiac electrica
conductivity, and decreased cardi ac ATP, phosphocreati ne, and phosphoryl ation
potential (Kopp et al. 1985; Perry et al. 1983, 1985, 1989).

In contrast to the studies by Perry et al. (1983, 1985, 1989), increased
bl ood pressure was not observed in one study in which bariumwas adm ni stered
to nornotensive rats for an internedi ate period at doses up to 15 ng/kg/day in
either drinking water or in 0.9%saline (McCauley et al. 1985). The reason
for the discrepancy between the results of the studies by Perry et al. (1983,
1985, 1989) and the study by McCauley et al. (1985) is not known. As in the
Perry et al. (1983, 1985, 1989) studies, the rats in the study by MCaul ey et
al. (1985) were maintained on a diet lowin bariumcontent. However, it was
not reported by McCauley et al. (1985) whether or not this | ow bariumdiet
contai ned certain other trace netals. Certain netals such as sodi um and
pot assi um can potentially influence bl ood pressure.

In other studies with rats, internediate and chronic oral exposure to
bari um chl oride and barium acetate in drinking water have not been associ ated
wi th any changes in heart weight or with any gross or mcroscopic Lesions of
the heart (Schroeder and Mtchener 1975a; Tardiff et al. 1980).

Addi ti onal experinments using uni nephrectom zed and specially bred Dahl
salt-sensitive and salt-resistant strains of rats reveal ed no adverse effects
on blood pressure resulting from 16 weeks of exposure to barium doses as high
as 150 ngy/ kg/day (McCaul ey et al. 1985). However, no untreated controls were
used in these experinents; thus, these results nust be interpreted with
caution. Interestingly, Dahl salt-sensitive rats treated with 15 or 150 ny
bari um kg/ day did not experience the normal hypertensive response when given
0. 9% NaCl -contai ning drinking water. Experinents assessing the effect of a
5-nonth exposure to bariumon the cardiac response to an arrythnmagenic
chal | enge with 1-norepi nephrine denonstrated a significant increase in reflex
bradycardi a when rats were given 37.5 ng bariumkg/day in their drinking water
(McCaul ey et al. 1985). However, this experinent was confounded by the
presence of bariumin the diet of both control and treated animals (estimted
bari umintake fromdiet consunption = 1 ng/kg/day). Wthout adequate controls
these experinments are difficult to interpret.

Gastrointestinal Effects. Al cases of acute oral barium poisoning in
adul ts exhibit gastrointestinal disturbances as the initial synptons. These
i ncl ude gastric pain, vonmting, and diarrhea (Das and Singh 1970; Diengott et
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al. 1964; Gould et al. 1973; Lewi and Bar-Khayi m 1964; MNally 1925; Mrton
1945; Qgen et al. 1967; Phelan et al. 1984; Talwar and Sharma 1979; Wetherill
et al. 1981). In one case, severe gastrointestinal henorrhage occurred in an
adult nmale victim (Diengott et al. 1964).

Gastrointestinal effects al so have been observed in animals, but the
reliable aninmal data are linmted. Inflammtion of the intestines was noted in
rats acutely exposed by gavage to doses of 198 ng bariunf kg/ day as barium
chloride (Borzelleca et al. 1988). Stomach rupture, bowel obstruction, and
gastroi ntestinal henorrhage have been observed in rats in a separate study
i nvol ving acute oral exposure to barium sulfate; however, those adverse
effects were nost likely due to the nassive doses used in the study (25% 40%
of body weight) and not necessarily to bariumsulfate toxicity (Boyd and Abe
1966). No gross or mcroscopic |esions of the esophagus, stonmach, pancreas,
smal |l intestines, or colon were noted in several internmedi ate and chronic
experinments in which rats were exposed to doses as high as 37.5 ny
bari uni kg/ day of an unspecified barium conpound in drinking water; however,
interpretation of these experinments is confounded by the presence of barium as
a contaninant in the rat chow and the resulting lack of an "untreated" control
group (McCauley et al. 1985). Actual oral exposure doses cannot be reliably
determ ned fromthese particular internediate and chronic studies but may be
estimated at up to 38.5 ng barium kg/ day by adding the estinated intake from
t he contani nated chow (1 ng bariun kg/day) to the dose in the drinking water

Hemat ol ogi cal Effects. In human case studies of oral barium poi soning,
a decrease in serumpotassiumis frequently observed in the subjects (D engott
et al. 1964; CGould et al. 1973; Lewi and Bar-Khayi m 1964; Phelan et al. 1984;
Tal war and Sharma 1979; Wetherill et al. 1981).

The effect of oral barium exposure on various blood chemi stry paraneters
that are inportant for cardiovascul ar function has been evaluated in only one
experimental study with humans (Wnes et al. 1990). In this study, 0.2 ng
bari unf kg/ day as barium chloride was supplied in the drinking water of
subjects for 4 weeks. No clinically significant changes were noted in any of
t he bl ood chemistry paraneters nonitored (total plasma chol esterol; plasm
triglycerides; plasna HDL and LDL chol esterol; plasnma apolipoproteins; and
serum gl ucose, potassium calcium and al bunin). However, this study is
limted in that the nunber of subjects evaluated was small (n-11) and
absorption and/or serumlevels of bariumwere not assessed.

Results of aninmal studies indicate that acute, internediate, and chronic
oral exposure to bariumis not associated with any adverse henatol ogi ca
effects. In an acute study in which groups of rats were exposed by gavage to
four doses ranging from66 to 198 ng barium kg/ day as barium chl ori de,
hemat ol ogi cal and bl ood chemnistry paranmeters did not significantly change or
could not be attributed to barium exposure (erythrocyte, |eukocyte, platelet,
and differential |eukocyte count; hematocrit; henoglobin; prothronbin tineg;
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pl asma fibrinogen; serumprotein, albumn, globulin, bilirubin. creatine,

cal cium phosphorus, chloride, 5'-nucleotidase, glutamc pyruvic transam nase,
gl utam c oxal oacetic transam nase, and al kal i ne phosphat ase) (Borzelleca et
al. 1988). Intermnediate and chronic oral exposure of rats to barium acetate
and barium chloride in drinking water has not been associated with any
significant or treatnment-rel ated changes in a variety,of hematol ogica
paraneters (Schroeder and Mtchener 1975a; Tardiff et al. 1980). El enenta
bari um doses in these internedi ate and chronic drinking water studies ranged
fromO.7 ng/kg/day to 35 ng/kg/ day.

Muscul oskel etal Effects. The predoni nant nuscul oskel etal effect

observed in cases of bariumtoxicity in humans i s progressive nuscle weakness,
often leading to partial or total paralysis (Das and Singh 1970; D engott et
al. 1964; Gould et al. 1973; Lewi and Bar-Khayi m 1964; MNally 1925; Mrton
1945; (Qgen et al. 1967; Phelan et al. 1984; Wetherill et al. 1981). In severe
cases, the paralysis affects the respiratory system (Das and Singh 1970; Gould
et al. 1973; Lewi and Bar-Khayi m 1964; Mrton 1945; Qgen et al. 1967; Phel an
et al. 1984; Wetherill et al. 1981).

Very limted aninal data are avail abl e regardi ng the nuscul oskel eta
effects of bariumfollow ng oral exposure. No changes in fenur wei ght and no
gross or mcroscopic lesions of the fenur were observed in rats follow ng
i nternedi ate exposure to doses of 35 ng bariunm kg/day as bariumchloride in
drinking water (Tardiff et al. 1980). Gross and m croscopic |esions of the
sternebrae and fenur were not observed in several internmediate and chronic
experiments in which rats were exposed to an unspecified barium conpound in
drinking water (MCauley et al. 1985). However, these experiments were flawed
in that bariumwas detected as a contaminant in the rat chow of both control
and treated ani mals; consequently, no true "untreated" controls were avail abl e
for conparison. Thus, the results should be interpreted with caution

Hepatic Effects. In one case study involving accidental acute ingestion
of barium carbonate in an adult femal e, some degeneration of the liver was
noted post-nmortem . (MNally 1925). Adverse hepatic effects in aninmals
foll owi ng oral barium exposure have been minor or have not been observed.
Decreased |iver/brain weight rati o and darkened |iver were observed in rats
exposed acutely by gavage to 198 ng bariunf kg/ day as barium chloride; however,
t hese changes were not associated with any nicroscopic hepatic |esions
(Borzelleca et al. 1988). Acute gavage exposure of rats to four doses ranging
from66 to 198 ng barium kg/ day as barium chl ori de was not associated with any
significant changes in the activities of serum glutam c pyruvic transam nase
(SGPT), serum gl utani c oxal oacetic transam nase (SGOT), or al kaline
phosphat ase (ALP) (Borzelleca et al. 1988). Changes in these enzyne levels in
bl ood can be indicative of |liver damage. Significantly reduced bl ood urea
nitrogen was noted at all exposure doses. A reduction in this particular
bl ood chemistry paraneter is a potential sign of altered liver function
However, insufficient information was presented in the published study to
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determne if the reduced bl ood urea nitrogen was an adverse |liver effect.
Results of internmedi ate and chronic studies involving oral exposure of rats to
bariumin drinking water have been negative for hepatic effects (Schroeder and
M tchener 1975a; Tardiff et al. 1980). In these internedi ate and chronic

studi es, hepatic effects were assessed by determ ning hepatic wei ght and by
perform ng gross and hi st opat hol ogi cal exani nations of the liver.

Renal Effects. Toxic effects on the kidneys have been observed in
several adult cases of acute barium poisoning. Effects include henmogl obin in
the urine (Gould et al. 1973), renal insufficiency (Lewi and Bar-Khayi m 1964;
Phel an et al. 1984), degeneration of the kidneys (MNally 1925), and acute
renal failure (Wetherill et al. 1981).

Renal effects observed in animals foll owi ng oral barium exposure have
been minor. Increased kidney/body weight ratios have been noted in rats
exposed acutely by gavage to 198 ng bariunf kg/ day as barium chlori de; however,
thi s change was not associated with gross or m croscopic renal |esions
(Borzelleca et al. 1988).

Results of internediate and chronic studies in which rats have been
exposed orally to bariumdrinking water have been negative for renal effects
(McCaul ey et al. 1985; Schroeder and Mtchener 1975a; Tardiff et al. 1980).
In these intermedi ate and chronic studies, renal effects were eval uated by
det erm ni ng ki dney wei ght and by perform ng gross and/ or histopathol ogic
exam nation of the kidney. Lesions of the renal gloneruli were reportedly
observed in several experinents involving oral exposure of uni nephrectom zed
rats and salt-sensitive and salt-resistant rats to 150 ng bariunf kg/ day of an
unspeci fi ed barium conpound for 16 weeks; however, these particul ar
experiments are inconclusive regarding renal toxicity because no control
animal s were used (McCauley et al. 1985).

Dermal / Ccul ar Effects. No studies were |ocated regardi ng dernal/ocul ar
effects in humans after oral exposure to barium In studies with Sprague-
Dawl ey rats, both ocul ar discharge follow ng acute oral exposure to barium
chloride (Borzelleca et al. 1988) and a nonsignificant increase in retina
dystrophy follow ng internediate and chronic oral exposure to an unspecified
bari um compound (McCaul ey et al. 1985) have been observed. Although the
retinal dystrophy was statistically insignificant, a dose-related trend was
observed if different duration exposure groups were conbined (MCaul ey et al
1985). Both ocul ar di scharge and retinal dystrophy are conmonly observed in
Sprague-Dawl ey rats; consequently, the ocular |esions noted in these ani na
studi es can not necessarily be attributed to oral barium exposure.

O her Systemic Effects. In one hunan case study invol ving acci denta
acute ingestion of bariumcarbonate by an adult feral e, some degeneration of
the spleen was noted post-mortem (McNally 1925). Body wei ght has been
nonitored in a nunmber of acute, intermediate, and chronic studies in which
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rats and mce were exposed orally to barium conmpounds (Borzelleca et al. 1988;
Perry et al. 1983, 1985, 1989; Schroeder and Mtchener 1975a, 1975b; Tardiff

et al. 1980). A change in body wei ght was observed in only one of these
studies (Borzelleca et al. 1988). In this one study, decreased body wei ght

was noted in rats given a single gavage dose of 198 ng bari uni kg/ day as barium
chloride (Borzelleca et al. 1988). Limited data are avail abl e on ot her
system c effects of barium In one internediate drinking water study wth

rats, no gross or nicroscopic |lesions of the adrenals were noted at doses up
to 35 ng bariunikg/day as bariumchloride (Tardiff et al. 1980).

2.2.2.3 I mmunol ogi cal Effects

No studi es were | ocated regardi ng i munol ogi cal effects in hunmans after
oral exposure to barium Aninal data regardi ng i munol ogi cal effects
foll owi ng oral exposure are very linmted. Acute gavage exposure of rats to
doses |l ess than 198 ng bariunf kg/ day as barium chl ori de was not associ at ed
wi th any changes in thynus wei ght or any gross |esions of the thynus
(Borzelleca et al. 1988). Internediate and chronic oral exposure of rats to
nom nal concentrations of bariumin drinking water of 37.5 and 15 ng/kg/ day,
respectively, was not associated with | esions of the |ynph nodes or thynus
upon gross and hi st opat hol ogi c exam nation (McCaul ey et al. 1985). However
this latter study is of linmted value for evaluating the effects of barium
because the barium conpound tested was not specified and the chow used to feed
the rats was contaminated with 12 ppm barium thus, no true "untreated"
control group was avail able for conparison

The hi ghest NOAEL val ues for inmunol ogi cal effects in each species and
duration category are recorded in Table 2-1 and plotted in Figure 2-1

2.2.2.4 Neurological Effects

Nunbness and tingling around the mouth and neck were sonetimes anong the
first synptonms of bariumtoxicity in humans (Lewi and Bar-Khayi m 1964; Mrton
1945). Cccasionally, these neurol ogical synptons extended to the extrenities
(Das and Singh 1970; Lewi and Bar-Khayim 1964). Partial and conplete
paral ysis occurred in severe cases, often acconpani ed by an absence of deep
tendon reflexes (Das and Singh 1970; Diengott et al. 1964; Gould et al. 1973;
Lewi and Bar-Khayi m 1964; Mrton 1945; Ogen et al. 1967; Phelan et al. 1984;
Wetherill et al. 1981). Post-nortem exam nation in one case of poisoning by
i ngestion of bariumsulfide reveal ed brain congestion and edema (MNally
1925).

Ani nal studies eval uating the neurol ogical effects of bariumfoll ow ng
oral exposure are linted to three reports (Borzelleca et al. 1988; MCaul ey
et al. 1985; Tardiff et al. 1980). Acute gavage exposure of rats to doses as
hi gh as 198 ng bariuni kg/ day as barium chl ori de was not associated with
changes in brain weight or with any gross |lesions of the brain (Borzelleca et
al. 1988). Internediate oral exposure of rats to nom nal doses |ess than
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37.5 ng bariunm kg/day in drinking water was not associated with | esions of the
brai n upon gross and m croscopi c exam nation (MCauley et al. 1985; Tardiff et
al . 1980), or with any changes in brain weight (Tardiff et al. 1980). No

| esions of the brain were observed in rats follow ng chronic oral exposure to
nom nal doses of 15 ng barium kg/day in drinking water (MCauley et al. 1985).
The internedi ate and chronic drinking water studies are of Iimted value for
assessing the effects of bariumon the brain because the bari um conpound
tested was not specified and because the chow used to feed the rats was
contam nated with 12 ppm barium thus, no true "untreated" control group was
avai l abl e for conparison.

The hi ghest NOAEL val ues for neurol ogical effects in each species and
duration category are recorded in Table 2-1 and plotted in Figure 2-1

2.2.2.5 Devel opnental Effects

St udi es regardi ng devel opnental effects of bariumfollow ng ora
exposure are linmted to one hunman study (Morton et al. 1976) and one ani nal
study (Tarasenko et al. 1977). A statistically significant negative
correlation was found between barium concentrations in drinking water and
human congenital mal formation rates of the central nervous systemin South
Wal es (Morton et al. 1976). A negative correlation inplies that as the barium
concentration in drinking water increased, the rate of central nervous system
mal f ormati ons decreased. This statistical study is of limted value in
identifying a NOAEL for devel opnental effects because exposure conditions
(duration and frequency of exposure, dose, nunber of subjects exposed) were
not characterized.

Devel opnental effects were reported in one study in which female rats
were treated orally during conception and pregnancy with approxinmately 18.3 ngy
bari uni kg/ day as barium carbonate (Tarasenko et al. 1977). Reported effects
in offspring included increased nortality, increased |eukocyte count,

di sturbances in liver function, and increased urinary excretion of hippuric
acid. The latter study is inadequate for eval uating devel opnental effects of
oral barium exposure because of major study linitations. These linmitations

i nclude a general lack of infornation provided by the authors regarding

experi mental nethods, exposure conditions, and test results, and no
information as to the nunber of animals tested, the purity of the test
material, the statistical nethods used, and whether or not controls were used.
No ot her ani mal studies eval uating devel opmental effects were avail abl e.

2.2.2.6 Reproductive Effects

No studies were | ocated regarding reproductive effects in hunans after
oral exposure to barium However, linmted data are available fromacute
i nternedi ate, and chronic animal studies in which certain reproductive organs
wer e wei ghed and examined grossly and microscopically follow ng oral barium
exposure. Acute gavage exposure of rats to doses as |ow as 198 ny



28

2. HEALTH EFFECTS

bari unf kg/ day as barium chlori de has been associated with decreased ovary

wei ght and decreased ovary/brain weight ratio; however, no changes in
testicul ar weight and no gross |lesions of the ovaries or testes were observed
at this dose (Borzelleca et al. 1988). No adverse effects in these paraneters
were noted at doses as high as 135 ng barium kg/day. Internedi ate and chronic
oral exposure of rats to nom nal concentrations of bariumin drinking water of
37.5 or 15 ng/ kg/ day, respectively, was not associated with any gross or

hi st opat hol ogi ¢ | esions of the uterus, ovaries, or testes (MCauley et al
1985). However, this latter study is of limted value for identifying a NOAEL
for barium because the barium conpound tested was not specified and because
the chow used to feed the rats was contaninated with 12 ppm barium thus, no
true "untreated" control group was available for conparison. No aninal
studi es were avail abl e that assessed reproductive function follow ng ora

bari um exposure.

The hi ghest NOAEL values and all reliable LOAEL val ues for reproductive
effects in each species and duration category are recorded in Table 2-1 and
plotted in Figure 2-1

2.2.2.7 Genotoxic Effects

No studies were | ocated regardi ng genotoxicity in humans or aninmals
after oral exposure to barium Genotoxicity studies are discussed in
Section 2.4.

2.2.2.8 Cancer

No studies were | ocated regardi ng cancer in humans after oral exposure
to barium Only two aninmal studies evaluated the induction of tunors
followi ng chronic oral exposure to barium (Schroeder and Mtchener 1975a,
1975b). In these two studies, rats and nice were exposed to 0.7 and 0.95 ny
bari uni kg/ day, respectively, as bariumacetate in drinking water for lifetine.
Organs and tissues were exam ned grossly and mcroscopically; organs exam ned
m croscopically were limted to heart, lung, liver, kidney, and spleen. No
differences in the incidence of tunors were noted between treated ani mal s and
vehicle controls in either study. These two studies are inadequate for
eval uating the carcinogenic potential of barium because insufficient nunbers
of animals were used for a carcinogenicity study, it was not determ ned
whet her or not a maxi numtol erated dose was achi eved, a conpl ete histol ogi ca
exam nation was not performed, the purity of the test naterial was not
speci fied, and only one exposure dose was used in each study.

2.2.3 Dermal Exposure

Limted information is avail able regarding the health effects of barium
foll owi ng dernmal exposure. Bariumsalts woul d be expected to have a | oca
ef fect on skin surfaces and would not |ikely be absorbed systematically to any
great extent. Avail able studies include a case report of an individual exposed
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dermally to nolten bariumchloride (Stewart and Humel 1984), a skin
irritation study eval uating barium carbonate in experinmental aninmals
(Tarasenko et al. 1977), and a skin-painting study in which nice were exposed
dermally to a barium hydroxi de extract of tobacco |eaf (Van Duuren et

al. 1968). No reliable information was available fromany of these derna
studies to identify study NOAELs or LOAELs for barium In the case report
(Stewart and Hummel 1984), the dernmal burns that devel oped in the individual
exposed to nmolten bariumchloride nmay potentially have contributed to sone of
the reported health effects, which are described briefly in Section 2.2.3.2
(Systenmic Effects).

2.2.3.1 Death

No studies were | ocated regarding death in humans or aninals after
dermal exposure to barium

2.2.3.2 Systenic Effects

No studies were | ocated regarding respiratory, mnuscul oskel etal, hepatic,
or renal effects in humans or aninals after dernmal exposure to barium

Car di ovascul ar Effects. An abnormal el ectrocardi ogram was observed in a
62-year-old nman burned by nolten bariumchloride (Stewart and Hunmel 1984).
No studies were | ocated regardi ng cardi ovascul ar effects in aninmals after
dermal exposure to barium

Gastrointestinal Effects. A 62-year-old man experienced vomting after
he was accidentally burned by nolten bariumchloride (Stewart and Humrel
1984). No studies were |located regardi ng gastrointestinal effects in aninmals
after dernmal exposure to barium

Hemat ol ogi cal Effects. A 62-year-old victimaccidentally exposed to
nol ten barium chl ori de had a depressed plasma potassium |l evel and an increased
pl asma barium |l evel when adnmitted to the hospital (Stewart and Hanmel 1984).
No studies were | ocated regardi ng hematol ogical effects in animals after
dermal exposure to barium

Dermal / Ccul ar Effects. Mlten bariumchloride induced burns on the skin
of a 62-year-old nman who was accidentally exposed through an expl osion. The
derrmal burns, however, were very probably due to the nolten nature of the
materi al and not necessarily to bariumchloride (Stewart and Hamrel 1984).

The dermal and ocul ar effects of barium carbonate were exanmined in a
study with rats and rabbits (Tarasenko et al. 1977). Wen barium carbonate in
lanolin was applied to the skin, ulcers devel oped. These dermal | esions
reportedly disappeared within a nonth when dermal treatnent was di scontinued.
When barium carbonate powder was introduced into the conjunctival sac,
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purul ent discharge, conjunctivitis, and slight opacity of the cornea

devel oped. Although these findings suggest that barium carbonate may be a
dermal and ocular irritant, these particular investigations are inadequate for
establishing the dernal and ocul ar effects of barium because of a nunber of
significant study limtations. The authors provided few details regarding
experimental nethods and results, and no infornation as to the concentration
of barium carbonate used, the nunber of aninals used, and whether or not
controls were used. Furthernore, rats are not typically used to evaluate the
skin and eye irritating effects of conpounds.

No studies were | ocated regarding the follow ng health effects in humans
or animals after dernal exposure to barium

.3 I mmunol ogi cal Effects
.4 Neurol ogical Effects
.5 Devel opnmental Effects
.6 Reproductive Effects
.7 CGenotoxic Effects
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Genotoxicity studies are discussed in Section 2.4.
2.2.3.8 Cancer

No studies were | ocated regarding cancer in humans after dernal exposure
to barium Dysplasia of the cervical epitheliumwas reportedly induced in a
worman who had a barium chloride solution applied to her cervix (Ayre 1966).
The use of dimethyl sulfoxide in conbination with the barium chloride solution
reportedly enhanced the ability of bariumchloride to induce dyspl asi a.
Dyspl asi a can be regarded as a potential precancerous |esion. The
significance of the observations reported in this study are difficult to
assess, since only one subject was exposed and because there have been no
reports of sinmlar findings in other hunan or ani mal studies. Al so, the
vehi cl e used was not specified in this study.

No studies were | ocated regarding cancer in aninmals after derma
exposure to barium However, results of one skin-painting study with mce
suggest that barium hydroxi de extract derived fromtobacco | eaf nmay act as a
tunor-pronoting agent (Van Duuren et al. 1968). In this study, mce were
treated dermally for an unspecified period of tine with either barium
hydr oxi de extract al one, 7,12-dimethyl benz(a)anthracene (DVBA) al one (an
initiating agent), or a conbination of DVBA and barium hydroxi de extract.
After 1 year, none of the mce treated with barium hydroxi de extract devel oped
skin tunmors. However, 3 out of 20 mice treated with DVBA al one and 7 out of
20 mice treated with a conbi nati on of both barium hydroxi de extract and DVBA
devel oped skin papilloms and carci nomas. These results provide limted, but
suggesti ve evidence that barium hydroxi de extract of tobacco |eaf acted as a
tunmor - pronoti ng agent. However, it can not be deterni ned whether or not this
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apparent positive tunorigenic response was due to barium hydroxi de or sone
ot her conponent of the barium hydroxi de tobacco | eaf extract.

2.3 TOXI COKI NETI CS
2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

No studies were | ocated regardi ng absorption of bariumin humans
foll owi ng inhal ati on exposure: However, results of studies with experinenta
ani mal s suggest that the rate and extent of absorption of bariumfromthe
respiratory tract depends on the exposure |evel, how nuch bariumreaches the
al veol ar spaces, the clearance rate fromthe upper respiratory tract, and the
solubility of the particular formof bariumthat was adm ni stered.

The results of a hanster study indicated that after inhalation of barium
chlori de, 65% of the adm ni stered dose was deposited in the nasal region and
was eventually absorbed into the body (Cuddi hy and Ozog 1973b). Radi oactive
bariumsulfate that is injected directly into the trachea of rats can be taken
up into the epithelium nenbranes, and remain in these nenbranes for at |east a
few weeks (Gore and Patrick 1982; Takahashi and Patrick 1987). These studies
have al so shown that bariumin the trachea can be cleared to the |ynphatic
system (Takahashi and Patrick 1987).

Results of experinments with dogs have indicated that, follow ng
i nhal ati on of bariumchloride or bariumsulfate, approximtely half of the
bari um chl ori de dose and three-fourths of the bariumsulfate dose are
deposited in the pul nobnary region (Cuddi hy et al. 1974). About one-fourth of
t he absorbed bariumis transported to the skeleton, the renainder is excreted
in the urine and feces within 2 weeks. The biological half life of
radi oactive bariumsulfate in the pul nonary region has been calculated to be 8
days in the dog (Morrow et al. 1964) and 10 days in the rat (Cenber et al
1961). Total body deposition in dogs that inhaled radi oactive barium chloride
was found to be 51% of the total inhaled activity, indicating that at |east
this much was absorbed (Morrow et al. 1964). Experinents in rats exposed to
bariumsulfate via intratracheal injection have shown that about 7% of the
initial lung burden was finally cleared to the blood (Spritzer and Watson
1964).

2.3.1.2 Oral Exposure

As with other nmetals, bariumis probably very poorly absorbed fromthe
gastrointestinal tract. The International Conmm ssion for Radiation Protection
(ICRP) estimates that the gastrointestinal absorption of bariumis |ess than
5% (I CRP 1973). This percentage is supported by studies of two nmen whose
daily input and fecal excretion were nonitored for 50 weeks (Tipton et al
1969) .
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Experinents in rats have shown that younger animals (22 days old or
| ess) absorb about 10 tinmes nore bariumchloride fromthe gastrointestina
tract (63% 84% than do ol der animals (about 7% (Taylor et al. 1962).
Starved adult rats absorb a bit nmore (20%. Gastrointestinal absorption in
dogs has been cal culated to be about 7% (Cuddihy and Giffith 1972).
Measurenents of bariumin the serumindicate that the peak absorption fromthe
gastrointestinal systemis within 1 hour in dogs (Chou and Chin 1943).
Simlar results were seen in rats given various barium conpounds (MCaul ey and
Washi ngt on 1983).

2.3.1.3 Dermal Exposure

No studi es were | ocated regardi ng absorption of bariumin hunans after
dermal exposure. One ani mal study showed that bariumapplied to the skin of
piglets was found in the various |ayers of the skin (Shvydko et al. 1971).
Bariumis not expected to cross the intact skin because of the high polarity
of the forms in which it is npbst comonly encountered.

2.3.2 Distribution
2.3.2.1 Inhal ati on Exposure

Studies in humans indicate that bariumdistributes predomnminantly to the
skel eton and teeth. The route of exposure is not always known, but it is
presuned to be nostly oral; therefore, the studies are discussed below in
Section 2.3.2.2.

Dogs that inhal ed radiol abel ed bari um chl ori de had about 70% of the
initial body burden in the lungs and internal organs. O this, npbst was in
the skeleton (44%, and urine and feces (13% each). Very little was found in
the blood (1% and nuscle (4% (Cuddihy and Griffith 1972).

2.3.2.2 Oral Exposure

Humans can be exposed to bariumin the air, water, or food. Nunerous
studi es exist that discuss the distribution of bariumin the human body, but
they do not always specify route of exposure. It is presumed that the
majority of the bariumintake is fromthe oral route. Bariumoccurs nostly
(over 93% in the bones and teeth of humans. Very little is found in blood
pl asma or soft tissues; but, when it is detected in the organs, it is found in
the eye, lungs, skin, and adi pose tissue in humans at |ess than 1% of tota
body wei ght (Schroeder et al. 1972). This infornmation is supported by a nunber
of studies (Bauer et al. 1957; Losee et al. 1974; MIller et al. 1985;

Mol oukhi a and Ahned 1979; Sowden 1958; Sowden and Stitch 1957; Sowden and
Pirie 1958).

Rats that ate bariumchloride as a conmponent of Brazil nuts showed an
accunul ation in the skeleton (Stoewsand et al. 1988). Rats that were given
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various barium conpounds in the drinking water showed distribution to the
heart > eye > skeletal nuscle > kidney > blood > liver. The skel eton was not
exam ned (M Caul ey and Washi ngt on 1983).

2.3.2.3 Dermal Exposure

No studies were | ocated regarding distribution of bariumin humans or
animal s after dernmal exposure.

2.3.3 Metabolism

Bariumis not netabolized in the body, but it may be netabolically
transported or incorporated into conplexes or tissues.

2.3.4 Excretion
2.3.4.1 Inhal ati on Exposure

No studi es have been | ocated regardi ng excretion of bariumfollow ng
i nhal ati on exposure in humans. In dogs that inhaled radiol abel ed barium
chloride, less than 1% of the initial body burden remmined in the body after
5 days. Fecal excretion was about tw ce that of urinary excretion (Cuddihy
and Giffith 1972).

2.3.4.2 Oal Exposure

Bari um taken by mouth is poorly absorbed; therefore, nost of the dose is
excreted in the feces. Case studies have shown that excretion of oral doses
of humans is about 3% in the urine, and nost of the remainder in the feces
(Tipton et al. 1966).

Dogs that received barium by gavage excreted nost of the dose within a
few days and less than 3% of the initial body burden remained in the body
after 2 weeks (Cuddihy and Giffith 1972).

2.3.4.3 Dermal Exposure

No studies were | ocated regardi ng excretion of bariumin humans or
animal s after dernmal exposure.

2.3.4.4 G her Routes of Exposure

Humans who have had i ntravenous injections of bariumexcrete bariumin
the feces. A man who was injected with bariumintravenously excreted nost of
the dose in the feces (Newton et al. 1977). Another case study showed t hat
about 9% of an intravenous dose of bariumwas excreted in the urine, and about
84%in the feces (Harrison et al. 1967).
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Ani mal studi es have al so shown secretion of radioactive bariuminto the
stomach and intestines follow ng intravenous injection (Syed et al. 1981).
The plasma cl earance of bariumfollow ng intravenous injection over 9 days has
been denonstrated in rabbits to be 62 m/hour in the urine and 170 m /hour in
the feces (Liniecki 1971). The total excretion after 9 days was about 50%

2.4 RELEVANCE TO PUBLI C HEALTH

No acute-, intermediate-, or chronic-duration inhalation MRLsS were
derived for barium because studies evaluating the effects of bariumin humans
and aninals follow ng acute, internediate, and chronic inhal ation exposure
wer e i nadequate for establishing the exposure concentrations associated with
adverse health effects. The human studies (Doig 1976; Easing et al. 1976;
Seaton et al. 1986; Shankle and Keane 1988) were linmted by the small nunber
of subjects and the lack of quantitative exposure information. The anim
studies (Hicks et al. 1986; Tarasenko et al. 1977) were limted by inadequate
descriptions of the experinental design.

No acute-, internediate-, or chronic-duration oral MRLs were derived for
bari um because of limtations of the studies evaluating oral exposure to
barium for such durations. Case studies of acute exposures in humans did not
provi de adequate characterization of the doses associated with adverse health
ef fects and acute-duration aninmal studies did not provide sufficient data to
identify a target organ.

I nternedi ate-duration oral studies in humans either did not provide
adequat e characterizati on of doses associated with adverse health effects
(Brenni man and Levy 1985; Brenninan et al. 1979a, 1981) or the nunber of
subj ects exam ned was too snall (Wanes et al. 1990). The observation of
i ncreased bl ood pressure in an internediate-duration oral study in rats (Perry
et al. 1983, 1985, 1989) was not used to set an MRL because the resulting MRL
woul d be approxinmately 1.5-4-fold |ower than the estimated daily intake of
bariumfromair, water, and dietary sources conbi ned.

No chronic-duration oral KRL was established for barium despite the
observation of a NOAEL and a LOAEL for blood pressure effects in a ChrOni C rat
study by Perry et al. (1983, 1985, 1989), because the resulting MRL woul d have
been approxi mately 19-50-fold |l ower than the estimated daily intake of barium
fromair, water, and dietary sources conbi ned.

No acute-, intermediate-, or chronic-duration dernmal MRLs were derived
for barium because of the lack of an appropriate nethodol ogy for the
devel opnent of dernmal MRLs.

Bariumis naturally present to sone extent in water and food.
Consequently, the general population is exposed nornmally to bariumthrough the
i ngestion of drinking water or food. The general popul ation also is exposed
by inhalation to low | evels of bariumin anbient air. Exposure to barium
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t hrough public drinking water supplies, food, or anbient air generally should
not pose a significant health risk to humans because of the very |low | evel s of
bariumthat would typically be associated with these types of exposures.

Since bariumis a frequent contam nant at hazardous waste sites, hunans
living or working near these sites may potentially beconme exposed to barium
Concentrations of bariumin soil or groundwater may be significantly el evated
over background | evels at hazardous waste sites, thereby posing a potenti al
health risk to humans. Soil contam nated with bariumis of concern because
ai rborne dusts generated from contani nated surface soil through the action of
wi nd nmay potentially expose individuals by inhalation. Airborne barium dusts
generated from contani nated surface soil could potentially formresidues on
foods that are ingested. There is also the potential that children may ingest
bari um t hrough hand to nouth contact follow ng playing in contam nated soil
Groundwat er contam nated with bariumis of concern because of the potentia
for humans to ingest such water. Contaninated soil and groundwater also are
of concern because individuals may directly become exposed dernally through
ai rborne dusts, through direct contact with contaninated soil from
construction, excavation, or recreational activities, and/or through direct
contact by showering with contam nated water

There is little quantitative information regardi ng the extent of barium
absorption follow ng inhalation, oral, or dermal exposure. Avail able evidence
i ndicates that bariumis absorbed to sone extent follow ng inhalation, oral
and dernal exposure; however, absorption in sone cases is expected to be
limted. For exanple, there is sone evidence that gastrointestinal absorption
of bariumin humans is | ess than 5-30% of the adm nistered dose. These latter
dat a suggest that although individuals may beconme exposed orally to high
| evel s of barium adverse health effects may not necessarily devel op because
of the Iimted gastrointestinal absorption. Another inportant factor
af fecting the devel opnent of adverse health effects in humans is the
solubility of the barium conpound to which the individual is exposed. Sol uble
bari um conmpounds woul d generally be expected to be of greater health concern
t han insol ubl e bari um conpounds because of the greater potential of soluble
bari um conmpounds to be absorbed by the body.

The different barium conpounds have different solubilities in water and
body fluids and therefore they serve as variable sources of the Ba* ion. The
Ba’ ion and the sol ubl e conpounds of barium (notably chloride, nitrate,
hydroxi de) are toxic to hunmans. The insol uble conmpounds of barium (notably
sul fate and carbonate) are inefficient sources of Ba” ion because of linited
solubility and are therefore generally nontoxic to humans (1LO 1983). The
i nsol ubl e, nontoxic nature of bariumsulfate has nade it practical to use this
particul ar barium conpound in nmedi cal applications such as enema procedures
and in x-ray photography of the gastrointestinal tract. Barium provides an
opaque contrasting nedi um when ingested or given by enema prior to x-ray
exam nati on. Under these routine nmedical situations, bariumsulfate is
general |y safe. However, bariumsulfate or other insoluble barium conpounds
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may potentially be toxic when it is introduced into the gastrointestinal tract
under conditions where there is colon cancer (Princenthal et al. 1983) or
perforations of the gastrointestinal tract and bariumis allowed to enter the
bl ood stream

Bari um has been associated with a nunber of adverse health effects in
bot h humans and experinmental aninmals. Both hunman and ani mal evi dence suggests
that the cardi ovascul ar system nmay be one of the prinmary targets of barium
toxicity. In addition to cardi ovascul ar effects, exposure of humans and/ or
animals to barium has been associated with respiratory, gastrointestinal
hemat ol ogi cal , nuscul oskel etal, hepatic, renal, neurol ogical, devel opnental
and reproductive effects. No data or insufficient data are available to draw
concl usi ons regardi ng the i munol ogi cal, genotoxic, or carcinogenic effects of
barium Death has been observed in sone individuals foll owi ng acute ora
exposure to high concentrations of barium The follow ng section eval uates
the significance of existing toxicity data on bariumwi th regard to hunan
heal t h.

Death. No studies were avail able regarding death in hunans or animals
after inhalation or dermal exposure to barium However, nortality has been
reported to occur in a number of cases where humans have been exposed acutely
to bariumthrough accidental or intentional ingestion (Das and Singh 1970;

Di engott et al. 1964; MNally 1925; Ogen et al. 1967; Talwar and Sharma 1979).
The observations from hunan case reports are supported by findings fromacute
studies with rodents that indicate bariumis toxic by the oral route
(Borzelleca et al. 1988; Tardiff et al. 1980). Reduced |ifespan al so has been
observed in chronic oral studies with mce (Schroeder and Mtchener 1975b).
The results from hunan case studies and ani nal studi es suggest that humans who
are exposed orally to high levels of bariummay be at increased risk for
nortality.

One death in an adult female due to acute intravasation of barium
sul fate during a bariumenenma was found in the literature. Direct entry of
barium sulfate into the circul atory system apparently resulted in
cardi orespiratory failure (Cove and Snyder 1974). Acute parentera
adm ni stration of barium conpounds to aninals has resulted in death. Rate of
adm nistration, total dose, species, and individual differences are al
factors affecting the ability of bariumand its conpounds to cause death.
Maj or synptoms | eading to death are hypokal emi a (Jalinski et al. 1967; Roza
and Bernman 1971; Schott and McArdl e 1974), nuscle paralysis (Roza and Berman
1971; Schott and McArdle 1974), cardiorespiratory failure (Cove and Snyder
1974; Roza and Bernan 1971), and convul sions (Segreti et al. 1979; Wl ch et
al. 1983). Parenteral administration is not a normal route of barium exposure
in hunans and only on the rare occurrence of intravasation during barium enenma
would it be expected to be a problem However, nmany of the synptons
experi enced are the sane as those experienced by humans and ani nmal s exposed to
acute doses by inhal ation and ingestion.
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System c Effects

Respiratory Effects. Studies evaluating the respiratory effects of
barium foll owi ng i nhal ation, oral, and dermal exposure are linmited. Benign
pneurmonoconi osi s has been observed in workers exposed occupationally by
i nhal ation to barium (Doig 1976). However, no respiratory effects were
observed in anot her study of workers exposed to barium carbonate dust by
i nhal ation (Essing et al. 1976). There are case reports of individuals who
devel oped respiratory weakness and paral ysis followi ng acute ingestion of
bari um (Das and Singh 1970; Gould et al. 1973; Lew and Bar-Khayi m 1964;
Morton 1945; Ogen et al. 1967; Phelan et al. 1984; Wetherill et al. 1981).
Respiratory effects have not been evaluated in humans foll owi ng dermal
exposure. Accunulation of fluid in the trachea has been noted in acute ora
studies with rats (Borzelleca et al. 1988). The results from human case and
occupational studies and fromacute oral studies with rats suggest that hunmans
who are exposed orally or by inhalation to bariummay be at increased risk for
m nor respiratory effects.

Acute intravasation of bariumsulfate into the circulatory systemof an
adult fenmamle patient follow ng a barium enema procedure caused the conpound to
be deposited in blood vessels throughout the body, including the |ungs, and
resulted in respiratory failure (Cove and Snyder 1974). Acute parentera
admi ni stration of barium conmpounds to ani nals has been shown to result in
paral ysis of the respiratory muscles (Roza and Bernman 1971). Sinilar
respiratory paralysis is frequently encountered in cases of acute exposure in
humans and aninmal s by ingestion or inhalation. Intratracheal adm nistration
of bariumsulfate into rat lungs produced a mld inflanmatory reaction (Huston
et al. 1952). Bariumsulfate could not be removed by either pol ynorphonucl ear
| eukocytes or nonocytes. A tissue reaction followed; however, no fibrosis
was observed. Since this node of entry is simlar to inhalation, these
results may be significant for cases of inhalation exposure.

Car di ovascul ar Effects. No reliable information is avail able regarding
cardi ovascul ar effects in humans or aninals for inhalation or dermal exposure.
However, case reports of humans exposed orally by acute ingestion and results
of acute, internediate, and chronic oral studies with experinental aninals
i ndicate that bariuminduces a nunber of cardiovascul ar effects. These
ef fects include increased bl ood pressure, changes in heart rhythm nyocardi a
damage, and changes in heart physiol ogy and nmetabolism (Das and Singh 1970;

Di engott et al. 1964; Could et al. 1973; Kopp et al. 1985; Lewi and Bar-Khayi m
1964; McNally 1925; Perry et al. 1983, 1985, 1989; Talwar and Sharma 1979;
Wetherill et al. 1981). The results fromthis study suggest that humans who
are exposed orally to bariummay be at increased risk for cardiovascul ar

ef fects.

In addition to cardiovascul ar effects follow ng oral exposure,
cardi ovascul ar effects have been observed in humans follow ng intravasation of
bariumand in animals follow ng parenteral barium exposure. During a barium
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sul fate enema procedure on an adult female, the patient devel oped
cardiorespiratory failure (Cove and Snyder 1974). On necropsy, bariumsulfate
was found throughout the circulatory system including the heart. The authors
attributed the death of the woman to bariumintravasation. In animals,
parenteral adm nistration of barium conmpounds has been shown to cause

hypert ensi on and dysrhythm as (Foster et al. 1977; Mttila et al. 1986; Roza
and Bernan 1971). Although parenteral exposure is not a combDn exposure route
for humans, sinilar synptonms are observed in cases of acute oral and

i nhal ati on exposure in humans and ani mal s.

In vitro research in nmamualian systens indicated bariuminduces both
contraction and autonaticity in isolated hearts and heart nuscles (Del fino et
al . 1988; Ehara and | nazawa 1980; Hiraoka et al. 1980; Katzung and Mrgenstern
1976; Mascher 1973; Munch et al. 1980; Saeki et al. 1981; Slavicek 1972; Toda
1970). Electrical and mechanical effects caused by barium appear to be
primarily cal ci um dependent, although bariumcould still induce contractions
and pacemaker activity in calciumdeficient nmedia (Ebeighbe and Al oamaka 1987;
Ehara and | nazawa 1980; Hiraoka et al. 1980; Slavicek 1972; Toda 1970).
Bari um has al so been shown to cause significant alterations of nbst myocyte
conponents and degeneration of mtochondria and the contractil e apparatus
(Delfino et al. 1988). Repeated exposures to bariumin isolated heart systens
resulted in tachycardi a (Ebei gbe and Al oanaka 1987). These in vitro findings
of fer some possi bl e explanations for the heart abnormalities seen in barium
toxicity in hunans and ani mal s.

Gastrointestinal Effects. Reliable human and ani mal studi es eval uating
the gastrointestinal effects of bariumfollow ng i nhal ati on and derma
exposure were not available. Data fromcase reports of humans suggest that
gastroi ntestinal henorrhage and gastrointestinal disturbances, including
gastric pain, vomting, and diarrhea, have been associated with acute ora
exposure to barium (Das and Singh 1970; Diengott et al. 1964; Gould et al
1973; Lewi and Bar-Khayi m 1964; MNally 1925; Mrton 1945; Ogen et al. 1967;
Phel an et al. 1984; Talwar and Sharma 1979; Wetherill et al. 1981).

I nflanmation of the intestines has been noted in acute oral studies with rats
(Borzelleca et al. 1988). No data were available frominternediate or chronic
exposure studies. Results from hunan case studies and acute studies with rats
suggest that humans exposed orally to bariumfor acute periods may devel op
gastroi ntestinal effects.

Two case studies of acute intrusion of bariumsulfate into the
peritoneal space during barium enenma exami nation of four nen showed barium
sul fate caused an acute inflammtory tissue response (Kay 1954; Yananura et
al. 1985), and in one case resulted in formation of a fibrous granul oma (Kay
1954). This is an extrenely rare node of entry and not of significant concern
for individuals exposed at a hazardous waste site. Increased fluid
accunul ation in the intestinal lunen of rats was observed after
intraperitoneal injection of bariumchloride (Hardcastle et al. 1983b, 1985);
however, this observation is not significant for individuals exposed at
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hazardous waste sites because of the route of exposure and because there has
been no docunentation of this effect occurring in hunans foll ow ng nornal
exposure routes.

Limted studi es have been done in vitro on mammalian gastrointestina
systems. Generally, they indicated that bariuminduced intestinal secretion
by releasing intracellular calcium which conbined with calnmodulin to
stinmulate the secretory process (Hardcastle et al. 1983a, 1983b, 1985).
Barium al so i ncreased gastrointestinal tissue sugar accumrul ati on and decreased
nmucosal to serosal gal actose fluxes. The two proposed nechanisns for this are
(1) activation of the cal ciumcal nodulin conplex or (2) direct action of
bari um on snooth rmuscle tone (Al calde and Ilundain 1988). The rel evance of
these effects on the gastrointestinal tract is unknown.

Hemat ol ogi cal Effects. No reliable studies were avail abl e regardi ng
hemat ol ogi cal effects in humans or aninmals follow ng inhalation or derma
exposure to barium There is suggestive evidence fromcase reports that acute
i nhal ation, oral, and dermal exposure of humans is associated with | owered
bl ood potassiumlevels (D engott et al. 1964; Gould et al. 1973; Lewi and Bar-
Khayi m 1964; Phel an et al. 1984; Shankle and Keane 1988; Stewart and Hunmel
1984; Talwar and Sharma 1979; Wetherill et al. 1981). These findi ngs suggest
t hat humans exposed to barium by various routes nay be at increased risk for
m nor hemat ol ogi cal effects.

Several studies of aninmals exposed to barium by parenteral routes
i ndi cate that barium decreases in serum potassium (Foster et al. 1977;
Jakl i nski et al. 1967; Roza and Bernman 1971; Schott and McArdle 1974). In one
study, dogs intravenously admni nistered bariumchloride denonstrated a decrease
i n serum potassi um acconpani ed by an increase in red blood cell potassium
concentration (Roza and Berman 1971). The aut hors concluded that the observed
hypokal emi a was due to a shift of potassiumfromextracellular to
intracellular conpartnments and not to excretion. Additional intravenous
studi es have linked the observed hypokal em a to nuscle paralysis in rats
(Schott and McArdle 1974) and cardiac arrhythmias in dogs (Foster et al
1977). These experinments in aninals strongly support the suggestive hunan
case study evidence indicating hypokalenmia is an inmportant effect of acute
bariumtoxicity.

Muscul oskel etal Effects. No studies were available in humans or animals
regardi ng nuscul oskel etal effects of bariumfollow ng dermal exposure. Case
reports of humans indicate that acute inhalation and acute oral exposure to
bari um has been associated with nuscl e weakness and paral ysis (Das and Si ngh
1970; Diengott et al. 1964; Gould et al. 1973; Lewi and Bar-Khayi m 1964;
McNal |y 1925; Morton 1945; Qgen et al. 1967; Phelan et al. 1984; Shankle and
Keane 1988; Wetherill et al. 1981). GCccupational exposure has not, however,
been found to result in radiologically apparent barium deposits in skeleta
nmuscl e or bone (Essing et al. 1976). Very linited aninmal data are avail able
regardi ng nuscul oskel etal effects. No adverse effects on the nuscul oskel eta
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systemwere reported in an internediate oral study with rats (Tardiff et al
1980). The findings fromhuman case reports suggest that humans havi ng acute
oral or inhalation exposure to barium nay devel op nmuscul oskel etal effects.

No data on muscul oskel etal involvenent in cases of barium exposure by
other than oral or inhalation nodes have been reported for humans. In aninmals
recei ving acute doses of barium conpounds parenterally, both nuscle tw tching
and paral ysis have been reported. Miuscle twi tching usually occurred within
m nutes of injection with flaccid paralysis followi ng (Roza and Berman 1971;
Schott and McArdle 1974). Parenteral adnministration is a very rare route of
bari um exposure, but once barium has entered the bl oodstream and has been
systemcally distributed, it will have the sane effects on the sane organ
Simlar synptons are expected to occur in humans acutely exposed to bariumvia
i nhal ati on and oral routes.

Bari um i nduced snooth nuscle contractions in a variety of in vitro
manmal i an systens (Antonio et al. 1973; Breuing et al. 1987; Cenent 1981
Ebei gbe and Al oamaka 1987; Ehara and | nazawa 1980; Karaki et al. 1967; Mshra
et al. 1988; Munch et al. 1980; Saeki et al. 1981; Saito et al. 1972; Sl avicek
1972). Contraction appears to be cal ci um dependent (Antonio et al. 1973;
Breuing et al. 1987; Cenment 1981; Karaki et al. 1967; Saito et al. 1972),
al t hough the exact mechanismis unknown (Breuing et al. 1987; Cenment 1981
M shra et al. 1988).

Hepatic Effects. No reliable human or animal data were avail abl e
regardi ng hepatic effects follow ng inhalation or dermal exposure.
Degeneration of the liver followi ng acute oral exposure to barium has been
noted in one human case report (MNally 1925). Increased |iver/brain weight
rati o and darkened liver were observed in rats foll owi ng acute oral exposure
to barium (Borzelleca et al. 1988). Decrease bl ood urea nitrogen, a potentia
sign of altered hepatic activity, was also noted in this study (Borzelleca et
al. 1988). The available data are too |limted to conclusively deterni ne
whet her or not oral exposure to bariumis associated with increased risk of
hepatic effects in humans.

Renal Effects. No dernmal studies evaluating renal effects in humans or
animal s were available. Renal failure was reported in one case study of a
human exposed by acute inhalation to barium (Shankl e and Keane 1988). Case
studi es of humans devel oping renal failure, renal insufficiency, and rena
degeneration foll owi ng acute oral barium poi soning have been reported (Gould
et al. 1973; Lewi and Bar-Khayi m 1964; MNally 1925; Phelan et al. 1984;
Wetherill et al. 1981). Increased ki dney/body wei ght rati o has been observed
inrats followi ng acute oral exposure to barium (Borzelleca et al. 1988).
Renal effects have not been observed in intermediate or chronic oral studies
with rats (Schroeder and Mtchener 1975a; Tardiff et al. 1980). Together, the
findings fromhuman case reports and ani nal studies suggest that individuals
exposed to barium by acute inhalation or ingestion nmay be at increased risk of
devel opi ng mnor renal effects.
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One in vitro study on rat renal tissue honbgenate showed bari um weakly
i nhi bited the sodi um pot assi um adenosi ne tri phosphatase enzyne system ( Kraner
et al. 1986). A second study on mouse ki dney tubul es showed barium chl oride
coul d depol arize the menbrane and inhibit potassiumtransport (Valkl et al
1987). A sinmilar defect in cell nmenbrane transport in humans coul d be
responsi ble for the renal involvenent observed in sone cases of acute barium
poi soni ng.

Dermal / Ccul ar Effects. Few inhal ation or dermal studies eval uating
dernmal /ocul ar effects in humans or aninals are available. Results of one
l[imted study suggested that barium carbonate was a dermal and ocular irritant
when applied to the skin and eye of aninals; however, it was not clear whether
or not control animals were used (Tarasenko et al. 1977). In studies with
Sprague-Dawl ey rats, both ocul ar discharge followi ng acute oral exposure
(Borzelleca et al. 1988) and nonsignificant increases in retinal dystrophy
followi ng intermedi ate and chronic oral exposure (MCauley et al. 198.5) have
been observed. Although the retinal dystrophy was not statistically
significant, a dose-related trend was noted in several groups of rats if
di fferent duration exposure groups were conbi ned. Both ocul ar di scharge and
retinal dystrophy are commonly observed in Sprague-Dawl ey rats; consequently,
t hese ocul ar | esions cannot necessarily be attributed to oral barium exposure.
Toget her, these results fromani nal studies provide unreliable information to
draw firm concl usi ons about dermal/ocul ar effects in humans foll owi ng barium
exposure.

O her Systemic Effects. Other systemc effects have been observed
Bari um sul fate was observed to act as an appendocolith in two cases foll ow ng
bari um enena procedures (Palder and Dal essandri 1988). This is a rare
occurrence and probably not significant in cases of human bariumtoxicity.
Intravenous injection of bariumsulfate into pigs increased calcitonin
secretion fromthe thyroid (Pento 1979). This is probably not a significant
ef fect for humans since intravenous exposure is not a conmon route and the
dose required was so high (1.7 nmg/kg/mnute for 20 m nutes) it caused
cardiotoxicity.

Limted data are available on In vitro effects of bariumon the
endocrine system Studies done with isplated pancreatic islet cells frommce
show bariumis transported across the cell nenbrane and incorporated into
organel l es, especially the mtochondria and secretory granul es (Berggren et
al. 1983). Bariumwas found to increase cytoplasm c cal cium consequently,
the insulin-releasing action of bariummay be nedi ated by cal cium Barium has
al so been found capable of stinulating the calcitonin secretion systemof the
thyroid in pigs (Pento 1979).

I mmunol ogi cal Effects. No information was avail abl e regarding
i mmunotoxicity in humans foll owi ng exposure to barium Acute oral exposure of
rats to bariumfailed to i nduce changes in thynmus wei ght or gross or
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m croscopic |lesions of the thymus (Borzelleca et al. 1988). Infornmation from
this study is too limted to draw any concl usions regardi ng rel evance to hunman
heal t h.

An in vitro inmunol ogical study indicated that bariumsulfate in | ow
doses for relatively short periods posed no serious toxic hazard to phagocytic
cells (Rae 1977).

Neur ol ogi cal Effects. No data were avail abl e regardi ng neurol ogi ca
effects in humans and/or aninals followi ng dernal exposure. One case study of
a human accidentally exposed by acute inhalation to bariumnoted the absence
of deep tendon refl exes (Shankl e and Keane 1988). Case studies of humans
havi ng acute oral exposure to barium have reported such effects as nunbness
and tingling of the nouth and neck, partial and conplete paralysis, and brain
congestion and edema (Das and Singh 1970; Diengott et al. 1964; Gould et al
1973; Lewi and Bar-Khayi m 1964; MNally 1925; Mrton 1945; Ogen et al. 1967;
Phel an et al. 1984; Wetherill et al. 1981). Acute and internediate ora
exposure of rats to barium has not been associated with changes in brain
wei ght or with gross or nicroscopic changes of the brain (Borzelleca et al
1988; Tardiff et al. 1980). Based on the limted, but suggestive evidence
from human case studies, there is the potential that individuals exposed by
acute inhalation or acute oral exposure to bariummay be at increased risk of
devel opi ng neurol ogi cal effects.

There are no cases of neurological effects in hunans foll ow ng
parent eral exposure to barium conpounds. In a few ani mal studi es where barium
chloride was injected intracerebroventricularly, insensitivity to pain
occurred within mnutes (Wlch et al. 1983) followed by fatal convulsions if
the dose was sufficient (Segreti et al. 1979; Welch et al. 1983). The
significance of these data is difficult to assess since this unusual node of
entry would not occur in humans, and could be partially responsible for the
rapi d and extrene effects. Intraperitoneal injection of bariumsulfate into
m ce produced an inmedi ate increase in el ectroshock sensitivity foll owed by a
decrease in sensitivity 24 hours later (Peyton and Borowitz 1978). These
results are also difficult to assess in terns of effects observed in cases of
human exposure, but suggest that bariumin sufficient anobunts may potentially
i nfluence brain function

In nost in vitro studies of nerve fibers, barium prol onged the action
potential and caused rhythnic discharges (de No and Feng 1946; G eengard and
Straub 1959). Bariumrel eased catechol anines in the absence of cal ci um both
after nerve stinulation and in the absence of stinulation (Boullin 1965, 1967;
Dougl as and Rubin 1964a; Nakazato and Onoda 1980; Shanbaky et al. 1978).
Barium al so inhibited potassiumflux in glial cells (Walz et al. 1984). These
in vitro effects provide clues to the possible nmechani sm by which barium
i nduces toxic effects on the cardi ovascul ar and rmuscul oskel etal systens.
Bari um had only a weak effect in blocking activation of spinal cord neurons by
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excitatory amno acids (Ault et al. 1980). Bariumwas al so taken up by
m tochondria in bovine adrenal nedulla (Shanbaky et al. 1982). These
organel l es therefore maybe nore susceptible to the toxic effects of barium

Devel opnental Effects. Little information is avail abl e regarding
devel opnental effects in humans and/or aninmals follow ng inhalation, oral, or
dermal exposure to barium One study reported reduced survival,
under devel opnent, | owered wei ght, decreased lability of the peripheral nervous
system and various blood disorders in offspring of female rats exposed by
i nternedi ate inhalation to barium (Tarasenko et al. 1977). The sane study
al so reportedly observed increased nortality, increased |eukocyte count,
di sturbances in liver function, and increased urinary excretion of hippuric
acid in offspring of female rats treated orally with bariumduring conception
and pregnancy (Tarasenko et al. 1977). These studies are inadequate for
eval uating the devel opnental effects of barium because of a nunber of
significant study linmtations (see Sections 2.2.1.2 and 2.2.2.5). In view of
the major study limtations, and until verified by further tests, results from
t hese studi es should be regarded as providing only prelimnary and/or
suggestive evidence that inhalation and oral exposure to bariumis potentially
associ ated with adverse devel opnental effects.

Reproductive Effects. No studies were avail abl e regardi ng reproductive
effects in humans follow ng inhalation, oral, or dermal exposure.
Di sturbances in spermatogenesis, shortened estrous cycle, and alterations in
t he norphol ogi cal structure of the ovaries and testes were reportedly observed
in internmedi ate exposure experinents in which rats were treated by inhal ation
wi t h barium carbonate dust (Tarasenko et al. 1977). However, these
experinments suffered froma nunber of major limtations (see Section 2.2.1.2).
Acute oral exposure of rats to barium has been associ ated with decreased
ovary/ brain weight ratio and decreased ovary wei ght (Borzelleca et al. 1988).
These latter animal findings suggest that humans exposed orally to barium nay
be at increased risk of reproductive effects.

CGenotoxic Effects. No data on in vivo studies of bariumgenotoxicity
were available. In vitro studies were limted and prinmarily involve
prokaryotic test systems, Tests of the fidelity of DNA synthesis using an
avi an nyel obl astosis virus (AM) DNA pol ynerase system showed that neither
bari um acetate nor bariumchloride affect the accuracy of DNA replication
(Sirover and Loeb 1976a; Sirover and Loeb 1976b). Barium chl oride produced
negative test results for its ability to inhibit growth in wild and
reconbi nation deficient strains of Bacillus subtilis. These results indicate
that bariumchloride is not nutagenic (N shioka 1975). However, studies with
a DNA polynerase | systemfrom M crococcus | uteus, denponstrated that
concentrations of bariumion less than or equal to 0.1 mM stinul ated DNA
pol ymerase activity while concentrations greater than this inhibited
pol ymerase activity (Korman et al. 1978). The significance of the inhibitory
and stinulatory effects has not been determined. Results from an experi nent
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designed to test the effect of bariumchloride on sporulation frequency,
reconbi nati on frequency, and neiotic failures in Saccharonyces cerevisiae
denonstrated a definite inhibition of sporulation. Effects on reconbi nation
frequency and neiotic failures were anbi guous. Bariumchloride my have

caused a margi nal increase in reconbination frequencv and information of
diploid clones (Sora et al. 1986), but the data are inconclusive. The data
available to date are insufficient to support a conclusive statenent regarding
t he genotoxicity of barium and barium conpounds.

Cancer. No adequate hunman studies were avail able that evaluated the
carci nogeni ¢ potential of barium Two chronic oral studies were avail able
t hat exam ned the incidence of tunors in rats and mce exposed to barium
acetate in drinking water for lifetinme (Schroeder and Mtchener 1975a, 1975b).
Al t hough results of these oral studies were negative for carcinogenicity, they
wer e i nadequate for eval uating carcinogenic effects because insufficient
nunbers of aninmals were used, it was not determi ned whether or not a maximm
tol erated dose was achi eved, a conpl ete histol ogical exani nation was not
perfornmed, and only one exposure dose was eval uated. Precancerous |esions
(dysplasia) were reported in one study in which a wonan was treated on the
cervix with a bariumchloride solution; however, the relevance of this linmted
observati on cannot be determ ned because only one subject was treated and
because the vehicle solution was not specified (Ayre 1966). Results of one
skin-painting study with nmice suggest that barium hydroxi de extract derived
fromtobacco | eaf acted as a tunor-pronoting agent; however, it cannot be
det erm ned whether or not this apparent positive tunorigenic response was due
to barium hydroxi de or sonme other conponent of the tobacco |eaf extract (Van
Duuren et al. 1968). Barium has not been eval uated by EPA for human
carci nogenic potential (IR'S 1991).

2.5 Bl OVARKERS OF EXPCSURE AND EFFECT

Bi omar kers are broadly defined as indicators signaling events in
bi ol ogi ¢ systens or sanples. They have been cl assified as markers of
exposure, nmarkers of effect, and markers of susceptibility (NAS/ NRC 1989).

A bi omarker of exposure is a xenobiotic substance or its netabolite(s)
or the product of an interaction between a xenobiotic agent and sone target
nol ecul e(s) or cell(s) that is neasured within a conpartnment of an organi sm
(NAS/ NRC 1989). The preferred biomarkers of exposure are generally the
substance itself or substance-specific metabolites in readily obtainable body
fluid(s) or excreta. However, several factors can confound the use and
interpretati on of bi omarkers of exposure. The body burden of a substance nay
be the result of exposures fromnore than one source. The substance being
nmeasured may be a netabolite of another xenobiotic substance (e.g., high
urinary | evels of phenol can result from exposure to several different
aromati ¢ compounds). Dependi ng on the properties of the substance (e.g.
bi ol ogic half-1ife) and environnental conditions (e.g., duration and route of
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exposure), the substance and all of its nmetabolites may have | eft the body by
the tine biologic sanples can be taken. It may be difficult to identify

i ndi vi dual s exposed to hazardous substances that are comonly found in body
tissues and fluids (e.g., essential mineral nutrients such as copper, zinc,
and sel eniun). Bionarkers of exposure to bariumare discussed in Section
2.5.1.

Bi omar kers of effect are defined as any neasurabl e bi ochem cal
physi ol ogic, or other alteration within an organismthat, depending on
magni t ude, can be recogni zed as an established or potential health inpairnent
or disease (NAS/NRC 1989). This definition enconpasses biochem cal or
cellular signals of tissue dysfunction (e.g., increased liver enzynme activity
or pathologic changes in female genital epithelial cells), as well as
physi ol ogi ¢ signs of dysfunction such as increased bl ood pressure or decreased
l ung capacity. Note that these markers are often not substance specific.

They al so may not be directly adverse, but can indicate potential health
i mpai rment (e.g., DNA adducts). Biomarkers of effects caused by bariumare
di scussed in Section 2.5.2.

A bi omarker of susceptibility is an indicator of an inherent or acquired
l[imtation of an organisms ability to respond to the chall enge of exposure to
a specific xenobiotic substance. It can be an intrinsic genetic or other
characteristic or a preexisting disease that results in an increase in
absorbed dose, biologically effective dose, or target tissue response. |f
bi omar kers of susceptibility exist, they are discussed in Section 2.7,
"POPULATI ONS THAT ARE UN- USUALLY SUSCEPTI BLE. "

At present, there are no'well-established bi onarkers of exposure and
effect for barium Data suggesting possible biomarkers are presented bel ow.

2.5.1 Biomarkers Used to ldentify and/or Quantify Exposure to Barium

Bari um can be neasured in bone, blood, urine, and feces. It has been
shown to be sequestered in bone and teeth and excreted in feces and urine.
Background | evel s of bariumin bone are approximately 2 ug/g wet weight (ICRP
1974; Scroeder et al. 1972). Background | evels of bariumin blood, urine, and
feces will vary with daily intake of barium However, the followi ng | evels
have been reported: bone, 2 ppm (I CRP 1974; Scroeder et al. 1972); feces,
690- 1, 215 pg/day (I CRP 1974; Scroeder et al. 1972; Tipton et al, 1969); and
urine, 17-50 ug/day (ICRP 1974; Scroeder et al. 1972; Tipton et al. 1969).
There are no data correlating bone, blood, urine, or feces |evels of barium
wi th specific exposure levels. For nore detailed information on the
t oxi coki netics of barium see Section 2.3.

Hypokal em a and hypertension are effects usually found in cases of acute
and internedi ate exposures to relatively high doses of barium Wile it is
reasonabl e to expect the dose level to influence the presence of these
effects, there are no data supporting a correl ation between dose | evel and
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ei t her appearance of or degree of hypokal em a and hypertension. Cbservation
of hypokal emi a and hypertension together is indicative of barium exposure,
however, other toxicants and di sease states can produce these effects.

2.5.2 Bi omar kers Used to Characterize Effects Caused by Bari um

The organs nost sensitive to the toxic effects of bariumare the organs
of the cardi ovascul ar and gastrointestinal systens, nuscles, and nerves.
Gastroi ntestinal disturbances are usually the first synptonms of acute barium
exposure. Hypokal em a, hypertension, and abnornalities in heart rhythm
frequently occur. Ceneral muscle weakness is a frequent synptom sonetines
foll owed by paral ysis. Nerve conduction is often affected, resulting in
nunbness and tingling of the nmouth, neck and extremties. Loss of deep tendon
refl exes may al so occur. Not all synptons appear in every case of acute
bari um poi soni ng. The presence of other toxicants and di sease states may al so
cause these effects. Mre information on the specific effects of barium
toxicity can be found in Section 2.2.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

There are no data regarding the interaction between barium and vari ous
chenmicals potentially found at hazardous waste sites. However, there are data
t hat suggest that bariummay interact with other cations and certain
prescription drugs. Drug interactions are of relevance because individuals
exposed to bariumby living or worki ng near hazardous waste sites contani nated
with this substance may al so be taking prescription drugs.

The cations potassium calcium and magnesium al so interact with barium
Bari um exposure, for exanple, may cause a buil dup of potassiuminside the cell
resulting in extracellular hypokal emia which is believed to nediate bariuni nduced
paralysis. In fact, potassiumis a powerful antagonist of the
cardi otoxic and paralyzing effects of bariumin aninals (Foster et al. 1977,
Jaklinski et al. 1967; Roza and Bernman 1971; Schott and McArdle 1974) and is
used as an antidote in cases of acute barium poi soning. Calciumand magnesi um
suppress uptake of bariumin vitro in pancreatic islets. Conversely, barium
in low concentrations, stinulate calciumuptake in these cells. Although the
data are insufficient to determ ne the significance of these findings to hunan
health effects, displacenent of cal ciumnmay be the mechani sm by which barium
stinmulates insulin rel ease (Berggren et al. 1983).

Anmong the drugs which are known to interact with barium the
bar bi t urat es sodi um pent obarbital and phenobarbital were found to have an
i ncreased depressive effect on the hearts of rats exposed to barium (Kopp et
al. 1985; Perry et al. 1983, 1989). This hypersensitivity of the
cardi ovascul ar systemto anesthesia was not observed in simlarly treated
animal s that were anesthetized with xylazine plus ketam ne. Results of the
study indicated that the hypersensitivity was specific .to the barbiturates and
not a generalized effect of anesthesia (Kopp et al. 1985).
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O her nmedically prescribed drugs interact with barium Experinments with
m ce indicated that atropine significantly antagoni zed anti noci cepti on and
death induced by intracerebroventricular injection of bariumchloride (Segret
et al. 1979; Welch et al. 1983). These sane studi es al so found that nal oxone,
a narcotic antagonist, inhibited the lethal toxicity of barium (Segreti et al
1979; Welch et al. 1983). Propranolol had no effect 'on bariuminduced
paralysis in rats (Schott and McArdle 1974). Verapam | rapidly abolished
cardi ac dysrhythmas in rabbits injected with bariumchloride (Mattila et
al. 1986). In the sane study, pretreatnent with the tricyclic antidepressant,
doxepi n, was found to offer sone protection agai nst bariuminduced
dysrhythmas (Mattila et al. 1986). Cuabain which is an inhibitor of Na-K'
ATPase, while not widely prescribed, has been shown to rapidly reverse the
paral yzing effects of barium it has been hypot hesized that ouabain works by
reduci ng bariuminduced hypokal em a thereby allow ng sone intracellular
potassiumto escape. However, this hypothesis has not yet been proved or
di sproved because of the conplexity of the nechanisminvolved (Schott and
McArdl e 1974).

O her substances can affect barium pharnacoki netics. One study showed
that sodi um al gi nate could reduce retention of orally adnm nistered barium
possi bly by inhibiting reabsorption in the gut (Sutton et al. 1972). This
could be useful in treating cases of acute bariumingestion. Lysine and
| act ose increase absorption of bariumand could increase the toxic effects of
oral exposure (Lengenann 1959).

A human study involving one adult femal e was perforned by applying
bari um chl ori de, alone and in conbination, with dinmethyl sulfoxide to the
cervical epithelium D nethyl sulfoxide significantly enhanced the ability of
bari um chl oride to i nduce dysplasia with unusual cell formation in the
cervical epithelium (Ayre 1966). The significance of this is difficult to
determ ne since there was only one subject, there were no controls, and few
details of the experinent were provided.

2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

The Iimted data avail abl e suggest that certain subgroups of the
popul ation may be nore susceptible to barium exposure than the genera
popul ati on. These include people with cardi ovascul ar probl ens, those taking
certain prescription drugs, children, pregnant wonen, snokers, and people with
l ung di sease

A consistent toxic effect of bariumin humans and aninmals is increased
bl ood pressure. Therefore, humans with hypertension could be at increased
risk fromeither chronic, internediate, or acute barium exposure. In
addition, the cardiotoxic effects of barium exposure could increase the risk
for those individuals suffering fromother heart problens.
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Bar bi t urates have been shown to have an enhanced depressant effect on
the heart in bariumexposed aninmals (Kopp et al. 1985; Ferry et al. 1983,
1989). Individuals on this type of medicati on may experience an increased
ri sk of heart problens on exposure to barium

Children may be at an increased risk since aninal studies have denonstrated a
hi gher absorption rate anong younger aninmals than ol der animals
(Taylor et al. 1962). However, a study of an epidem c of oral barium
poi soning in Poland indicated that children did not react as adversely as
adul ts even when they had i ngested the sane amount or nore of barium (Lewi and
Bar - Khayi m 1964; Ogen et al. 1967).

One study showed an increase in bariumabsorption in the presence of
I ysine and | actose and could indicate an increased risk in individuals who
drink large quantities of mlk (Lengemann 1959). These woul d incl ude young
children and pregnant womnen.

Peopl e who snoke and those who have a history of lung di sease nay be at
an increased risk of exposure by inhalation. Studies show that inhalation of
dust frombariumsalts produces a mld, but |engthy, inflamatory response in
the lungs of rats (Huston et al. 1952). A benign pneunoconi osi s has been
noted in cases of chronic, |owlevel exposure in humans (Doig 1976). Snoking
and | ung di seases may increase the intensity of this response in affected
i ndi vi dual s.

Since bariumtoxicity has been repeatedly denonstrated to significantly
decrease serum potassiumin both humans and ani mals (Foster et al. 1977; Gould
et al. 1973; Phelan et al. 1984; Roza and Berman 1971), i ndividuals taking
diuretics may have a nore severe hypokal enmic reaction to bariumtoxicity.

2.6 M TI GATI ON OF EFFECTS

This section will describe clinical practice and research concerning
nmet hods for reducing toxic effects of exposure to barium However, because
some of the treatnents di scussed may be experinental and unproven, this
section should not be used as a guide for treatment of exposures to barium
When specific exposures have occurred, poison control centers and nedica
t oxi col ogi sts should be consulted for nedical advice.

General recomendations for reducing absorption of bariumfollow ng
exposure have included renoving the exposed individual fromthe contam nated
area and renovi ng contam nated clothing, foll owed by washing with mld soap
and water. |If the eyes and skin were exposed, they are flushed with water
Lavage or enesis has al so been suggested; however, high concentrations of
bari um cause nausea and enesis should not be induced in cases where
substantial voniting has already occurred (Haddad and W nchester 1990).
Furthernore, there is a risk of aspiration of vomtus during enesis.

Admi ni stration of soluble sulfates orally will also limt absorption of barium
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by causing precipitation of an insoluble formof barium (bariumsulfate)
(Drei shach and Robertson 1987; Haddad and W nchester 1988). |ntravenous

adm ni stration of sulfate salts should be avoi ded because barium precipitate
in the kidneys will cause renal failure (Dreisbach and Robertson 1987).
Renoval of bariumfromthe bl oodstream may be facilitated by infusing with
saline and inducing saline diuresis (Dreisbach and Robertson 1987).

Hypokal ema is comobnly seen in cases of acute bariumtoxicity and may
be responsible for sonme of the synptonms of barium poisoning (Proctor et al
1988). Plasma potassi um shoul d be nonitored and hypokal emia nmay be relieved
by i ntravenous infusion of potassium (Drei sbach and Robertson 1987; Haddad and
W nchester 1990; Proctor et al. 1988).

2.9 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA as anended directs the Adm nistrator of
ATSDR (in consultation with the Adm nistrator of EPA and agenci es and prograns
of the Public Health Service) to assess whether adequate information on the
health effects of bariumis avail able. Were adequate information i s not
avai |l abl e, ATSDR, in conjunction with the National Toxicol ogy Program (NTP)
is required to assure the initiation of a program of research designed to
determne the health effects (and techni ques for devel opi ng nmethods to
determi ne such health effects) of barium

The foll owi ng categories of possible data needs have been identified by
a joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net, would reduce or elimnate
the uncertainties of human health assessment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

2.9.1 Existing Information on Health Effects of Barium

The existing data on health effects of inhalation, oral, and dernma
exposure of humans and aninmals to bariumare sunmarized in Figure 2-2. The
purpose of this figure is to illustrate the existing i nformati on concerning
the health effects of barium Each dot in the figure indicates that one or
nore studies provide infornmation associated with that particular effect. The
dot does not inply anything about the quality of the study or studies. Gaps
in this figure should not be interpreted as "data needs" information

There is little information regarding health effects in humans foll owi ng
i nhal ation, oral, or dermal exposure to barium (Figure 2-2). Inhalation
studies are linted to several case reports of individuals exposed acutely or
chroni cally through occupational exposure (Doig 1976; Essing et al. 1976;
Seaton et al. 1986; Shankle and Keane 1988). Oral studies are linmted to a
nunber of case reports of individuals exposed through acute ingestion (Das and
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FIGURE 2-2. Existing Information on Health Effects of
Barium
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Singh 1970; Diengott et al. 1964; MNally 1925; Ogen et al. 1967; Talwar and
Sharma 1979), a single internediate-duration experinental study (Wnes et al
1990), and several human epi dem ol ogical studies or statistical studies

exam ning nortality and norbidity rates in conmunities having exposure to
bari um t hrough drinking water supplies (Brenniman and Levy 1985; Brenni nan et
al . 1979a, 1979b, 1981; Elwood et al. 1974; Schroeder and Kraener 1974).
Dermal studies are limted to one case report of an exposed individua
(Stewart and Hunmel 1984).

The majority of studies conducted on ani mal s have been oral exposure
studies (Figure 2-2). These oral studies have focused on examning nortality
or various systemc effects follow ng acute (Borzelleca et al. 1988; Boyd and
Abel 1966; Tardiff et al. 1980), internediate (MCauley et al. 1985; Perry et
al . 1983, 1985, 1989; Tarasenko et al. 1977; Tardiff et al. 1980), and chronic
exposure (Kopp et al. 1985; MCauley et al. 1985; Perry et al. 1983, 1985
1989; Schroeder and Mtchener 1975a, 1975b). Avail abl e inhal ation studies
with experinmental aninmals (Hicks et al. 1986; Tarasenko et al. 1977) can only
suggest information on the health effects of barium because these studi es have
a nunber of limtations and deficiencies. Dermal studies with experinenta
animals are limted to one skin irritation study (Tarasenko et al. 1977) and
one study evaluating the tunmor-pronoting activity of barium (Van Duuren et al
1968) .

2.9.2 Data Needs

Acut e-Durati on Exposure. The nmjority of experinental studies involving
acut e. exposure to barium chl oride have focused on oral exposure of rats
(Borzelleca et al. 1988; Tardiff et al. 1980). These studi es have deternined
acute oral LD, values, as well as evaluated systemc effects. Systemc
effects were evaluated primarily by nonitoring body weights, selected organ
wei ghts, and various hematol ogi cal and bl ood chem stry paraneters, and by
perform ng gross and nmicroscopi ¢ exam nations of selected organs and tissues.
These studi es have provi ded evidence that bariumchloride is [ethal by oral
i ngestion (LD,s range from 132 to 277 ng/kg). The study by Borzelleca et al
(1988) has al so provided evidence that acute oral barium exposure is
associ ated with reduced blood urea nitrogen, inflammuation of the intestines,
accunul ation of fluid in the trachea, decreased liver/brain weight ratio,
darkened liver, increased ki dney/body wei ght ratio, decreased body weight,
decreased ovary wei ght, and decreased ovaries/brain weight ratio. This study
has al so provided information as to the bariumlevels inducing these effects
in experinmental animals. In the only avail able acute inhal ation study,
limted evidence was provi ded suggesting that barium exposure is potentially
associated in rats with increased bl ood pressure and bronchoconstriction
(Hicks et al. 1986). However, this inhalation study was linmted in that no
controls were used, Limted acute testing of experinental animals also has
provi ded suggestive evidence that barium carbonate is both a dermal and ocul ar
irritant (Tarasenko et al. 1977). G ven the available data from acute
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exposure studi es, additional acute oral studies that focus on nmechani sns of
toxicity useful.and that further establish and/or refine effect thresholds would be
Addi ti onal studies of bariumfollow ng inhal ati on and dermal exposure

woul d be useful because the potential adverse effects of these two routes have

not been thoroughly studied. This information is inportant because

popul ati ons exposed to barium from hazardous waste sites nay be exposed for a
simlar duration

I nt ernedi at e- Durati on Exposure. The majority of avail abl e internediate-duration
studi es have focused on oral exposure of experimental animals (MCauley et al. 1985;
Perry et al. 1983, 1985, 1989; Tarasenko et al. 1977; Tardiff et al. 1980). Severa
internediate oral studies with rats have evaluated nortality and system c effects
(McCaul ey et al. 1985; Tardiff et al. 1980). Systenmic effects were eval uated by
noni tori ng body wei ght, selected organ wei ghts, food consunption, clinical signs of
toxicity, and a variety of hematol ogi cal and bl ood chem stry paraneters, and by
perform ng gross and microscopi c exaninati ons on a wi de variety of organs and
ti ssues. Generally, no toxicologically significant adverse effects were noted in any
of these paraneters. Qther internmediate oral studies (Perry et al. 1983, 1985, 1989)
have provi ded evidence that bariuminduces increased bl ood pressure. The
nmechani sm of action of this cardiovascul ar effect has not been established.

Various renal |esions have been observed in two internedi ate oral experinments
with rats (McCauley et al. 1985); however, these studies were of limted val ue
because control rats were not used. Nonsignificant increases in retina
dystrophy have been observed in several internediate oral experinents with
rats (McCauley et al. 1985). It is particularly noteworthy that when these
various experinents are conbined, a dose-related increase in this ocular
lesion is observed. No internediate dermal studies were available. In the
only avail able intermediate inhalation study (Tarasenko et al. 1977), barium
exposure was associated in rats with decreased body wei ght, altered
hemat ol ogi cal and bl ood chenistry paraneters, inpaired hepatic detoxifying
function, and pul nonary | esions. However, this study was of limted val ue
because the nunber of rats eval uated was not specified. Gven the avail able
data, additional internediate oral studies focusing on the association between
bari um exposure and hypertension in aninals ingesting a nornal diet, the
nmechani sm by whi ch bariumincreases bl ood pressure, and the potential of
bariumto induce renal |esions, ocular |esions and various cardiovascul ar

ef fects woul d be useful. Because the potential adverse effects of barium

foll owi ng i nhal ati on exposure have not been well characterized and der nal
exposure have not been studi ed, additional intermediate-duration exposure
studi es involving these two routes of exposure would al so be useful. This
information is inportant because there are popul ati ons surroundi ng hazardous
waste sites that nmay be exposed to bariumfor an internediate duration

Chroni c-Durati on Exposure and Cancer. Chronic studies in which rats and
nm ce were exposed to bariumin drinking water for lifetime have eval uated both
nortality and systenmic effects (Schroeder and Mtchener 1975a, 1975b).
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Reduced |ifespan but no toxicologically significant systenic effects were
observed. Systenic effects were evaluated primarily by nonitoring body wei ght
and sel ected organ wei ghts, and by exam ning sel ected organs both grossly and
nm croscopically. Tests for organ function and conpl ete hi stol ogi cal

exam nati ons were not performed. Further, the fact that no systemic effects
were observed may be due to the fact that a single relatively | ow exposure
dose was provided. Another chronic drinking water study with rats provided
infornmation on the effects of bariumon blood pressure and heart physiol ogy
and netabolism (Kopp et al. 1985; Perry et al. 1983, 1985, 1989). Both

i ncreased bl ood pressure and myocardi al pat hophysi ol ogi ¢ and net abol i ¢ changes
were observed in this chronic study; however, the nechani smof action of

bari umin inducing these cardi ovascul ar effects was not determ ned.

Therefore. additional chronic studies focusing on organ function

hi st opat hol ogi cal exam nation of a wi der variety of organs and tissues?
mul ti pl e exposure doses including a maxi mumtol erated dose, the association
bet ween exposure and cardi ovascul ar effects, and nechani smof action in

i nduci ng cardi ovascul ar effects would be useful. In all of these studies, it
is inmportant to determni ne whether the divalent cation Ba+2 is responsible for
the toxic effects, or if they are caused by the associ ated anion

Anot her consideration for estimating the toxicity of barium as well as
ot her compounds, is that the toxicity may well be altered by interactions with
ot her toxicants. Specifically, bariumwuld be expected to have reciproca
interactions with other trace netals found in the environment and in human
tissues (Berggren et al. 1983; Foster et al. 1977; Jaklinski et al. 1967; Roza
and Bernan 1971; Schott and McArdle 1974). Considerations of these
i nteractions should be nade when designing future tests of barium and ot her
conpounds.

EPA and | ARC have not eval uated barium for human carci nogeni c potenti al
NTP (1990) is in the process of conducting carcinogenicity bioassays with rats
and mce (see Section 2.9.3) on bariumchloride. No significant differences
in tunor incidence between controls and treated rats and m ce have been
observed in two published chronic oral studies (Schroeder and Mtchener 1975a,
1975b); however, these two studies were not necessarily designed as
car ci nogeni city bi oassays because nmaxi numtol erated doses were not used,
si ngl e exposure doses were used, conplete histol ogi cal exam nati ons were not
perfornmed, the number of aninmals was too small for oncogenicity testing,
and/ or the exposure was less than lifetime. One |ong-term skin-painting study
i nvol ving dermal exposure of mice to barium hydroxi de extract derived from
tobacco | eaf provided evidence suggesting that this extract may act as a
tunor - pronoti ng agent when applied with a tunor initiating agent (Van Duuren
et al. 1968); however, it cannot be deternmined if this tunor-pronoting
activity was due to barium hydroxi de or sonme ot her conponent of the tobacco
| eaf extract. There al so was one case study of a woman who devel oped
dyspl asia of the cervix, a potential precancerous |esion, follow ng cervica
treatnment with a barium chloride solution (Ayre 1966). G ven the avail able
information, lifetinme studies in which nultiple exposure doses are used
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(including a maxi mumtol erated dose) and conpl et e hi st opat hol ogi ca

exam nations are perfornmed woul d provide useful information on the potentia
carci nogenic effects of barium A dermal tunor pronotion/tunor initiation

study eval uating bari um hydroxi de and ot her barium conpounds woul d be useful

to clear up concerns as to whether or not barium hydroxide is a tunor-pronoting
agent.

Genotoxicity. The genotoxicity of barium has not been well
characterized. The available data relating to the genotoxic effects of barium
are derived fromin vitro studies only (Kornman et al. 1978; N shioka 1975;
Sirover and Loeb 1976a, 1976b; Sora et al. 1986); there were no avail able data
regardi ng the genotoxicity of bariumin vivo. A single reconbination assay in
which Bacillus subtilis was exposed to bariumwas negative for nutagenicity
(Ni shioka 1975). Results of a test evaluating the fidelity of DNA synthesis
in an avian nyel obl astosi s virus DNA pol ynerase system i ndi cates that barium
did not affect the accuracy of DNA replication (Sirover and Loeb 1976a,
1976b). Results of a study with M crococcus |uteus suggested that DNA
pol ynmerase activity was stinmulated and inhibited at | ow and hi gh barium
concentrations, respectively (Kornman et al. 1978). In a study with
Saccharonyces cerevisiae, inhibition of sporulation and margi nal increases in
reconmbi nati on frequency and diploid clones were observed foll owi ng barium
treatnent (Sora et al. 1986). Additional studies evaluating the genotoxic
effects of bariumin a variety of in vivo and in vitro systens would be usefu
because there is linmted evidence suggesting barium nay affect DNA pol ynmerase
activity in bacteria and sporulation, neiotic failures, and reconbination
frequency in yeast. The limted genotoxicity database for barium supports the
need for additional genotoxic studies.

Reproductive Toxicity. The reproductive effects of barium have not been
t horoughly studi ed. There are no studies regarding reproductive effects in
humans fol | owi ng bari um exposure. However, two ani mal studi es have provided
limted informati on suggesting that humans exposed to barium may be at
i ncreased risk for devel opi ng reproductive effects (Borzelleca et al. 1988;
Tarasenko et al. 1977). Decreased ovary wei ght and decreased ovary/brain
wei ght ratio have been noted in rats follow ng acute oral exposure to barium
(Borzelleca et al. 1988). Internediate inhalation exposure to barium has been
associ ated with disturbances in spernmatogenesis, shortened estrous cycle, and
alterations in the norphol ogical structure of the ovaries and testes in rats
(Tarasenko et al. 1977). Since limted ani mal evi dence suggests a potentia
for adverse reproductive effects, epidemological or occupational studies with
humans and/or additional experinental studies with animls would be useful to
fully characterize the reproductive toxicity of barium Experinental aninal
studies evaluating a wide variety of reproductive paraneters through
nmul tigenerations would be particularly useful because of the |imted nunber of
paranmeters evaluated in the avail abl e singl e-generation studies.
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Devel opnental Toxicity. The devel opnental effects of barium have not
been studi ed extensively in either humans or animals. One limted statistica
study eval uated the degree of correlation between barium concentrations in
dri nki ng water and human congenital malformation rates of the central nervous
system (Morton et al. 1976). Results of the study indicated there was a
negative statistical correlation between these paraneters. However, another
limted report provided suggestive evidence that exposure to barium nay
potentially be associated with adverse devel opnental effects (Tarasenko et al
1977). Reduced survival, underdevel opnment, |owered body wei ght, decreased
lability of the peripheral nervous system and various blood disorders were
reportedly noted in the offspring of rats follow ng inhalation to bariumfor
an internedi ate exposure period. In the sane report, increased nortality,

i ncreased | eukocyte count, disturbances in liver function, and increased
urinary excretion of hippuric acid were reportedly noted in the offspring of
rats treated orally to bariumduring conception and pregnancy.

Epi demi ol ogi cal or occupational studies with humans and/or additiona
experinmental studies with aninmals would be useful to better characterize the
potential devel opmental and teratogenic effects of barium since the evidence
of one ani mal study suggests that barium exposure nmay be associated with
devel opnental toxicity.

| munot oxi city. The effect of bariumon the inmune system has not been
wel | studi ed. No studies were avail abl e regardi ng i nmunol ogi cal effects in
humans or aninmals followi ng inhalation or dernmal exposure to barium Data
regardi ng i nmunol ogi cal effects follow ng oral exposure are limted to two
i nvestigations with rats (Borzelleca et al. 1988; MCauley et al. 1985).
Results of these studies suggested that acute, internediate, and chronic ora
exposure to bariumwas not associated with any changes in thynus weight or
with any gross or mcroscopic |esions of the thymus or |ynph nodes.
Addi tional studies evaluating a variety of imrunol ogical paraneters foll ow ng
various routes of barium exposure would be useful because of the limted
nature of the inmmunotoxicity database for barium

Neurotoxicity. Data regarding the neurol ogical effects of bariumare
derived primarily fromcase studi es of exposed hunans. One case study of a
human provi ded information suggesting that acute inhal ation exposure to barium
may be associ ated with absence of deep tendon refl exes (Shankle and Keane
1988). Numerous ot her case studies of humans has provided i nformation
suggesting that acute oral exposure to barium may be associated w th nunbness
and tingling of the nouth, partial or conplete paralysis, and brain congestion
and edena (Das and Singh 1970; Diengott et al. 1964; CGould et al. 1973; Lew
and Bar-Khayi m 1964; MNally 1925; Mrton 1945; Ogen et al. 1967; Phel an et
al. 1984; Wetherill et al. 1981). However, acute and internedi ate ora
exposure of rats to barium has not been associated with changes in brain
wei ght or gross or microscopic lesions of the brain (Borzelleca et al. 1968;
Tardiff et al. 1980). No data were avail abl e regardi ng neurol ogi cal effects
i n hunans and/or aninmals follow ng dermal exposure. Based on the suggestive
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evi dence from human case studies, there is the potential that individuals
exposed to barium at hazards waste sites may be at increased risk for
devel opi ng neurol ogi cal effects. Because of this potential for adverse
neur ol ogi cal effects and because the majority of the neurotoxicity database
consists primarily of uncontrolled human case studies involving acute oral
exposure, additional neurotoxicity data derived fromcontrolled experinental
studi es and invol ving various routes of exposure and exposure periods would be
useful .

Epi demi ol ogi cal and Hurman Dosinetry Studies. A limted nunber of
epi dem ol ogi cal and human dosinetry studi es evaluating the health effects of
bari um are avail abl e (Brenni man and Levy 1985; Brenninman et al. 1979a, 1979b
1981; Elwood et al. 1974; Schroeder and Kraener 1974; Wnes et al. 1990).
However, all of the avail able human studies on bariumhave limtations and/or
confoundi ng variables that make it difficult to draw firm concl usi ons
regarding the health effects of barium (see Sections 2.2.2.1 and 2.2.2.2 for
di scussions on the specific Iimtations associated with avail abl e
epi dem ol ogi cal and hunan dosinetry studi es). Two epi deni ol ogi cal studies
eval uated nortality and norbidity rates in comunities having el evated barium
concentrations in drinking water and conmunities having little or no bariumin
drinki ng water (Brenniman and Levy 1985; Brenniman et al. 1979a, 1979b, 1981).
Resul ts suggested that relative to | ow barium comunities, elevated-barium
conmuni ties had significantly higher nortality rates for all cardi ovascul ar
di sease, heart disease, arteriosclerosis, and for all causes. No differences
bet ween t hese types of comunities were observed with respect to bl ood
pressure, hypertension, stroke, or electrocardiograns. Two statistica
studi es found negative correl ations between barium concentrations in drinking
wat er and rates of cardiovascular nortality and total nortality (El wood et al
1974; Schroeder and Kraemer 1974). Results of one hunman dosinetry study
i nvol ving a snall nunber of subjects suggested that internediate exposure to
bariumin drinking water was not associated with clinically significant
changes in blood pressure, electrocardiograns, urinalyses, or henmatol ogica
paranmeters (Wnes et al. 1990). It is noteworthy that the avail able
epi dem ol ogi cal and human dosinetry studi es provi de suggestive evi dence that
bari um has no effect on blood pressure. In contrast, results of case studies
of humans havi ng acute ingestion exposure (Das and Singh 1970; D engott et al
1964; CGould et al. 1973; Wetherill et al. 1981) and experinmental studies with
ani mal s having internediate and chronic oral exposure (Perry et al. 1983,
1985, 1989) indicate that bariuminduces hypertensi on and i ncreased bl ood
pressure. Therefore, additional epidemn ol ogical and/or hunman dosinetry
studi es woul d be useful to deternine the effects of bariumon bl ood pressure
and ot her cardi ovascul ar paraneters. However, these additional studies my
only be useful to the extent that they can control confounding variables and
limt study deficiencies that are problematic in currently avail abl e studies.
Since there are no data or very limted human data regarding the
devel opnental , reproductive, inmunotoxic, neurotoxic, and carcinogenic effects
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of barium well-conducted epidem ol ogi cal studies evaluating these health
ef fects woul d be useful

Bi omar kers of Exposure and Effect. There are no established bi onarkers
of exposure for barium Analytical nethods exist for measuring bariumin
bl ood, urine, feces, and biological tissues (Mauras and Allain 1979; Schranel
1988; Shiraishi et al. 1987); however, there are no data correlating |evels of
bariumin these tissues and fluids with exposure.

Synptoms of bariumtoxicity, such as hypokal emia (Diengott et al. 1964,
CGould et al. 1973; Lewi and Bar-Khayi m 1964; Phelan et al. 1984; Shankle and
Keane 1988; Stewart and Hummel 1984; Tal war and Sharna 1979; Wetherill et al
1981) hypertension (Das and Singh 1970; Diengott et al. 1964; Gould et al
1973; Wetherill et al. 1981), and heart (Lewi and Bar-Khayi m 1964; MNally
1925; Talwar and Sharma 1979), nuscle (Das and Singh 1970; Diengott et al
1964; CGould et al. 1973; Lewi and Bar-Khayi m 1964; MNally 1925; Mrton 1945;
Ogen et al. 1967; Phelan et al. 1984; Wetherill et al. 1981), and nerve
effects (Das and Singh 1970; Diengott et al. 1964; Gould et al. 1973; Lewi and
Bar - Khayi m 1964; Mbrton 1945; Ogen et al. 1967; Phelan et al. 1984; Wtherill
et al. 1981), are well docunmented. However, there are no quantitative studies
correlating these effects with dose. For purposes of facilitating nedica
surveillance, studies to deternine useful bionmarkers of exposure and effect
for bariumwoul d be useful

Absorption, Distribution, Mtabolism and Excretion. The database on
absorption, distribution, netabolism and excretion of bariumis Iimted.
Exi sting studies indicate that bariumis absorbed nore efficiently fromthe
respiratory tract (Cuddi hy and Ozog 1973b) than fromthe digestive system
(I CRP 1973; Tipton et al. 1969), prinmarily deposited in the bones and teeth
(Bauer et al. 1957; Cuddihy and Griffith 1972; Losee et al. 1974; MIller et
al . 1985; Ml oukhia and Ahned 1979; Sowden 1958; Sowden and Pirie 1958; Sowden
and Stitch 1957), and excreted nostly in feces and urine (Cuddihy and Giffith
1972; Tipton et al. 1966). Deposition in bones and teeth and excretion in
feces and urine appear to be independent of the route of exposure.
Essentially no data exist on dermal absorption, distribution, or excretion
however, this route is not considered to be a significant source of exposure
to barium Because bariumis an elenment, it is not netabolized. No
significant data exist on the netabolism of barium conpounds in the body.
Addi ti onal studies evaluating the binding and/or conpl exi ng of barium and
bari um conmpounds with biol ogi cal macronol ecul es or organic nolecules in the
body woul d be useful. Studies quantifying the extent of absorption follow ng
i nhal ation, oral, and dermal exposure also would be useful because of limted
absorption data

Conpar ati ve Toxi coki netics. Based on avail abl e data, there do not
appear to be significant differences in the toxicokinetics of barium between
speci es (Chou and Chin 1943; Cuddihy and Giffith 1972; MCaul ey and
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Washi ngt on 1983). However, there are not enough sinilar studies on different
species to determine this with certainty. Studies on different species would
i ncrease confidence in the reliability of the existing database.

Mtigation of Effects. Methods have been reported for linmting oral and
dermal absorption of barium conpounds (Bronstein and Currance 1988; Dreisbach
and Robertson 1987; Haddad and W nchester 1990) and for counteracting the
hypokal em a that is produced by bariumin acute high-1level exposure situations
(Drei shach and Robertson 1987; Haddad and W nchester 1990; Proctor et al
1988). Contradictions exist in the literature regarding the efficacy or
desirability of admi nistering enmetics (Bronstein and Currance 1988; ElIlenhorn
and Barcel oux 1988; Haddad and W nchester 1990). Additional studies
clarifying this issue would be hel pful. Also, studies directed at finding a
nore efficient way to renove bariumfromthe body would be useful. It is
uncl ear whet her mechani snms ot her than hypokal emia contribute to the toxic
ef fects produced in acute high-level exposure situations. Additiona
i nformati on on the mechani sns responsible for the toxic effects of barium
could aid in the devel opment of effective treatnents. Magnesi um has been
reported to antagoni ze the neuronuscul ar effects (Drei shach and Robertson
1987). Additional studies exam ning the efficacy of adm nistering soluble
magnesi um salts to antagoni ze the effects of bariumwould al so be hel pful. No
i nfornmati on was | ocated on treatnment strategies for long-term!lowlevel
exposures. Research on procedures for mitigating such chronic exposure
situations would be hel pful.

2.9.3 On-going Studies

A 2-year lifetime study of bariumchloride in drinking water was
conducted in rats and mce by the National Toxicology Program The study was
conpleted in the 1987 fiscal year, however, the histopathol ogical section is
still in progress (NTP 1990).

One on-goi ng study regarding health effects of bariumwas reported in
the FEDRIP (1989) database. An epi demni ol ogical study is presently being
conducted by L. Frohman. The rel ationship between bariumin drinking water
and the cardiovascular risk effects to hunans is being assessed. No ot her
i nformation was obt ai ned
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3.1 CHEM CAL | DENTITY

Bariumis an al kaline earth netal of atom c number 56 in Goup IlA of
the periodic table of elenments. It reacts with several other elenents to form
comercially-inportant salts. The chemical fornula, structure, synonyms, and
identification numbers for bariumand its conpounds are listed in Table 3-1.

3.2 PHYSI CAL AND CHEM CAL PROPERTI ES

| nportant physical and chemi cal properties of bariumand its conmpounds
are listed in Table 3-2.



TABLE 3-1. Chemical Identity

of Barium and Compounds?

Characteristic

Barium

Barium acetate®

Barium carbonate

Synonyms

Trade names

Chemical formula

Chemical structure

Identification numbers:

CAS registry

NIOSH RTECS

EPA hazardous waste
OHM/TADS

DOT/UN/NA/IMCO shipping
HSDB

NCI

Elemental barium; barium ion;
barium, alloys, non-pyrophoric;
barium, alloys, pyrophoric;
barium, metal, non-pyrophoric®

No data

Ba; Ba2*

7440-39-3
CcQ8370000

DDO5™

7216597

1339, 1400, 1854
4481

No data

Acetic acid, barium salt;
barium diacetate; barium
acetate monohydrated:®

No data

Ba(C,Hi0,),; Ba(CH;00,),:
Ba(CH,C0,) b1

0
I
HC € O
Baz*b

H, - C - O

543-80-6J
AF4550000'!
No data
No data
No data
No data
No data

Carbonic acid, barium salt;

witherite® f

C.I. Pigment White 10;

770999

BaCQ,

o-

O— Q= O

513-77-9
CQ8600000!
No data
7216598
1564°

950

No data

Ba?*

s

NOILVWIOANI TVDISAHd ANV TVOIWIHD
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TABLE 3-1 (Continued)

Characteristic

Barium chloride

Barium cyanide

Barium hydroxide

Synonyms

Trade names

Chemical formula

Chemical structure

Identification numbers:

CAS registry

NIOSH RTECS

EPA hazardous waste
OHM/TADS
DOT/UN/NA/IMCO shipping
HSDB

NCI

Barium dichloride; barium
chloride dihydrate®:"

SBA-0108E'

BaCl,: BaCl,.2H,0°

Ba2* C1-

Cl-

10361-37-2
€Q8750000
No data
7217223

No data
2633
€61074}

Barium dicyanide

No data

BaC,N,; Ba(CN)2C

Ba2+ Cc

542-62-1
€Q8785000
PO13
7216599
1565

403

No data

Barium dihydroxide; barium
hydrate; barium hydroxide
lime; barium hyroxide
monochydrate; barium
hydroxide octahydrate? "

Caustic baryta

Ba(OH),; Ba(OH),.H,0;
Ba(OH),.8H,0"-

Ba2* -OHP

~OH

17194-00-2
No data

No data
7216600P
No data
1605

No data

e

NOILVWIOANI TVDISAHd ANV TTVOIWNIHD
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TABLE 3-1 (Continued)

Characteristic Barium oxideb Barium sulfate Barium sulfide®
Synonyms Barium monoxide; barium Artificial heavy spar; No data
protoxide® .k artificial barite; barytes;

blanc fixe; precipitated
barium sulfate; sulfuric acid,
barium saltf:q

Trade names Ro data Baridol; CI 77120; CI Pigment No data
White 21; Citobaryum; Enamel
White; E-Z-Paque; Solbar;

e

Z9

NOILVWYOJINI TVOISAHd ANV TVOIWZHD

Steripaque
Chemical formula Ba0® BaS0, BasP
Chemical structure Ba - OP o Ba sb
L
0 S 0" BaZ*
i
o-
Identification numbers:
CAS registry 1304-28-53 7727-43-7 21109-95-5¢
NIQSH RTECS CQQBOOOGO* CRO600000 No data
EPA hazardous waste No data No data No data
OHM/TADS No data No data No data
DOT/UN/NA/IMCO shipping No data No data No data
HSDB No data 5041 No data
NCT Na data No data No data
2A11 information obtained from HSDB 1990 except where noted
bWindholz 1983 heast 1989 "Kirkpatrick 1985
°DOT 1986 "Perry and Chilton 1973 °Parmeggiani 1983
dHawley 1981 JSax and Lewis 1987 POHM/TADS 1989
®Sax and Lewis 1989 ¥Sax and Feiner 1984 9Kunesh 1985
fEPA 1985¢c YRTECS 1989
9Hayes 1982 TEPA 1980a
CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North America/International Maritime

Dangerous Goods Code; EPA = Environmental Protection Agency; HSDB = Hazardous Substances Data Bank; NCI = National Cancer Institute;
NIOSH = National Institute for Occupational Safety and Health; OHM/TADS = 0il and Hazardous Materials/ Technical Assistance Data
System; RTECS = Registry of Toxic Effects of Chemical Substances



TABLE 3-2. Physical and Chemical Properties of Barium and Compounds?

Property Barium Barium acetate Barium carbonate
Molecular weight 137.3 255.45 197 .37

Color Silver-white White White

Physical state Malleable metal® Crystals Heavy powder or crystals®
Melting point 710°Cc; 725°C 41°C (monohydrous)® 1740°C (e« form, at 90 atm)
Boiling point 1600°CS; 1640°C No data Decomposes at 1300°C

Density

Specific gravity

Odor

Odor threshold:

Solubility:
Water

Organic solvents
Alcohol
Benzene
Partition coefficients

Vapor pressure

Henry's law constants
Autoignition temperature
Flashpoint

Flammability limits

Conversion factors
Explosive limits

3.51 g/cm? (at 20°C)

3.5 (at 20°O)f
No data
No data

Decomposes (temperature
unspecified)?

Soluble

Insoluble

No data

10 mmHg (at 1049°C)9
No data

No data

No data

Explosion hazard if

exposed to moist air

No data

No data

f

2.468 g/cm3 (anhydrous);
2.19 (monohydrous)b

2.02 (below 24 7°C)h

No data

No data

588 g/L (at 0°C)b;
750 g/L (at 100°C,
monohydrous)?

1 g/700 mL®
No data
No data

No data
No data
No data
No data
No data

No data
No data

4.25 g/cm3h

4.43
Odorless?
No data

0.025 g/L (temperature
unspecified)®;
0.022 g/L (at 18°C)J;
20 mg/L (at 20°C);
0.0065 pph and 60 mg/L
(at 100°C)

Insoluble

No data

No data
Essentially zerok
No data

No data

No data
Nonflammable'®

No data
No data

€

NOIIVWIQANI TVDISAHd ANV TVYDIWIHD
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TABLE 3-2 (Continued)

Property

Barium chloride

Barium cyanide

Barium hydroxide

Molecular weight

Color
Physical state
Melting point

Boiling point
Density
Specific gravity

Odor
Odor threshold:
Solubility:

Water

Organic solvents

Alcohol

Partition coefficients
Vapor pressure
Henry's law constants
Autoignition temperature
Flashpoint
Flammability limits
Conversion factors
Explosive limits

208.27 (anhydrous);
244 .31 (dihydrous)®
Colorless
Flat crystals®
Transition at 925°C
to cubic crystals (anhydrous)!;
960°C (anhydrous)™;
1130°C (dihydrous)?
1560°C (at 760 mmHg)
3.86 g/cm? (at 24°C)
3.n

Odorless*
No data

375 g/L (at 26°C)f

Soluble in methanol
No data
Essentially zero
No data
No data
No data
No data
No data
No data

k

189.40

White
Crystalline powder€©
No data

No data
No data
No data

No data
No data

800 g/L (at 14°C)

18 /100 cm?
No data
No data
No data
Nonflammable
Nonflammable
Nonflammable
No data
No data

171.38%; 315.48
(octahydrous)d

White®

Powder®

408°C (anhydrous)®;
78°C (octahydrous)¢

780°C4; 550°C (octahydrous)®
3.743 g/cm3°
2.18 (at 16°C)f;
4.495 (anhydrous)P®
No data
No data

16.7 g/L (at 0°C)

Soluble
No data
No data
No data
No data
Ho data
No data
No data
Explosive > 216°C"

€

NOTLVWJIOANI TVDISAHd ANV TVOIWAHD
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TABLE 3-2 (Continued)

Property

Barium oxide

Barium sulfate

Barium sulfide

Molecular weight
Color

Physical state
Melting point
Boiling point

Density

Specific gravity

Odor

Odor threshold

Solubility:
Water

Organic solvents
Alcohol
Partition coefficients
Vapor pressure
Henry's law constants

Autoignition temperature

Flashpoint
Flammability limits

Conversion factors
Explosive limits

153.36

White to yellowish-white€
Powder or crystals

1920°C¢; Decomposes at 400°C .
2000°c*

2.7 g/em?; 5/7 g/cmic
5.72 (cubic)h
Odorlessk

No data

1500 g/L (at 0°C)b;
908 g/L (at 80°C)P

Soluble€
No data
Essentially zero
No data
No data
No data
Produces heat on contact
with water or steam®
No data
Contact with CO, or
H,S may cause explosion

k

1

233.4

White or yellowish

Crystals

1580°C (decomposes)b

1149°C (monoclinical
transitition point)¢

4 .50 g/cm3

No data

Odorless®

No data

0.00115 g/L (at 0°C)™;
0.00413 (at 100°C)

Insolubled
No data
No data
No data
No data
No data
No data

No data
Heating with aluminum may
cause violent explosions.

169.4

Grayish-white or pale yellow
Powder

1200°C; >2000°C

Decomposes

4.25 g/cm3
No data
Sulfurous
No data

Decomposes (at 0°C)

Insoluble

No data

No data

No data

Ho data

No data

Flammable by spontaneous
chemical reactions'

Ho data

Air, moisture, or acid
fumes may cause it to
ignite!

2All references are to Weast 1989 unless otherwise specified.

bPerry and Chilton 1973
‘Windholz 1983
dparmeggiani 1983
®Hawley 1981

fStokinger 1981

9EPA 1984

"Kirkpatrick 1985

DOT 1986

iMeister 1989
KNIOSH/OSHA 1978
¥Sax and Lewis 1989
MEPA 1987d

"HSDB 1989

e

NOIIVWAOANI TVDISXHd ANV TVIIWAHD
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4. PRODUCTI ON, | MPCORT, USE, AND DI SPCSAL

4.1 PRODUCTI ON

Bariumis a dense al kaline earth netal which occurs naturally in ore
deposits and nmakes up 0.05% of the earth's crust (Kojola et al. 1978). Barium
and its conpounds may be found in nature or produced industrially for various
uses. The largest natural source of bariumis barite ore which is conposed
| argely of bariumsulfate and found in beds or nasses in |inmestone, dolomte,
shal es and ot her sedinmentary formations (M ner 1969b). Crude barite is then
turned into crushed barite which not only has its own industrial uses but
whi ch al so serves, in turn, as the source for the production of other barium
conpounds. Crushed barite is first converted to barium sul fide by hightenperature,
sol i d- phase reduction with a carbonaceous reduci ng agent. Barium
sulfide is the starting point for the chem cal manufacture of nobst other
bari um conmpounds (Kirkpatrick 1985). One such useful conpound is |ithophone
consi sting of 28% zinc sulfide (ZnS) and 72% barium sul fate (BaSQO,). Barium
sulfate is produced from hi gh-grade (75% 98% ore in association with granite
and shale, is then crushed, and then beneficiated by froth flotation ,or by
jigging, and dried (Stokinger 1981). Barium carbonate, also used to be m ned
fromthe earth as witherite (Hayes 1982), however, it is no |onger m ned
commercially (Bodek et al. 1988).

Barite occurs in abundance in Al aska, Arkansas, California, Georgia,
M ssouri, Nevada, and Tennessee as well as in Canada and Mexico. This
subst ance was produced at 38 mnes in seven U S. states in 1973. Total U S
production for 1973 was 1,104,000 tons, a figure which represented 23% of
wor | d production. Nevada supplied 50%of this total with Mssouri ranking
second in donmestic production of barite ore. Domestic production |levels for
1969 were nuch | ower at 603,000 tons (Davis 1972). A list of barium
production and processing facilities in the United States along with the
production or processing volunme for each are provided in Table 4-1

4.2 | MPORT/ EXPORT

For the year 1969, U. S. inports of barite ore totaled 344,000 tons, and
t he export volumes were at 10,000 tons (Davis 1972). Inport levels for 1973
were 716,000 tons while exports of barium sul fate and carbonate reached about
68, 000 tons (Stokinger 1981). Inport and export |evels both increased
significantly from 1969 to 1973.

4.3 USE

Bariumand its compounds are used in oil and gas drilling mnuds,
autonotive paints, stabilizers for plastics, case hardening steels, bricks,
tiles, lubricating oils, and jet fuel as well as in various types of
pestici des (Bodek et al. 1988; EPA 1982; Venugopal and Luckey 1978). The
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TABLE 4-1

Facilities That Manufacture or Process Barium and Compounds?

Range of maximum

No. of amounts on site
facil- in thousands Activities

StateP ities of pounds® and uses?

AL 9 1-999 2, 3, 7, 8, 9, 13

AR 2 1-99 9

AZ 3 10-9,999 6, 11, 12

CA 34 (2)¢ 0-999 1, 2, 3, 4,6, 7,
8, 9, 10, 11, 12,
13

Co 4 1-999 2, 8, 9, 13

CT 10 0.1-999 1, 2, 3, 4, 7, 8,
9, 10, 11, 13

DE 1 10-99 1, 4, 7

FL 3 (1)® 1-99 7, 8, 9

GA 12 (2)e 0-49,999 1, 2, 3, 4, 7, 8,
9, 12

IA 11 0.1-99 8, 9, 13

ID 2 10-9,999 1, 5, 8, 12

IL 29 (1)¢ 0.1-49,999 1, 2,3, 7, 8, 9,
10, 12

IN 16 0-999 1, 3,4, 7, 8, 9,
11

KS 3 1-99 8

KY 16 (1)e 0-999 2, 7, 8, 9

1A 10 (1)e 0-499,999 1, 2, 4, 7, 8, 9,
10

MA 7 10-99 1, 3, 4, 8, 9, 10,
12

MD 8 1-999 1, 3, 4, 7, 8, 9,
11

MI 38 (5)¢ 0.1-999 1, 2, 3, 4, 7, 8,
9, 11, 12, 13

MN 4 1-99 6, 8, 12

MO 16 1-499,999 4, 5, 7, 8, 9, 10,
11

MS 4 (1)e 0-99 2, 8, 9, 12
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TABLE 4-1 (Continued)
Range of maximum
No. of amounts on site
facil- in thousands Activities
StateP ities of pounds® and uses¢
NC 15 0.1-999 2, 7, 8, 9, 11, 12
ND 2 (1)¢ 10-99 9
NE 4 1-999 2, 7, 8, 9, 13
NJ 32 (4)° 0.1-9,999 1, 2, 3, &4, 7, 8,
9, 10, 11, 12
NM 1 10-99 12
NV 1 10-99 4, 10
NY 28 (1)° 1-99,999 1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 11,
12
OH 76 (4)° 0.1-999 1, 2, 3, 4, 6, 7,
, 8, 9, 10, 12, 13
OK 10 0-999 2, 3, 7, 8, 9, 11,
' 12
OR 2 10-99 2, 9, 11, 13
PA 39 (2)¢ 0-9,999 1, 2, 3, 4, 5, 6,
7, 8, 9, 10, 11,
12, 13
PR 1 10-99 1, 4, 7
RI 2 (1)¢ 10-99 3,7, 8
sC 6 (1)® 1-999 1, 5, 8, 9, 12, 13
TN 10 (1)¢ 1-9,999 1, 3, 5, 7, 8, 9,
11, 13
TX 34 (5)® 1-99,999 2, 3, 4, 5,6, 7,
8, 9, 10, 11, 12
uT 6 (1)® 10-99,999 1, 2, 5, 8, 9, 10,
12, 13
VA 9 0-999 7, 8, 9
VT 2 1-99 12
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TABLE 4-1 (Continued)

Range of maximum

No. of amounts on site
facil- in thousands Activities
StateP ities of pounds® and uses®
WA 3 1-999 2, 8, 9, 12
Wl 10 1-999 i, 3, 4, 7, 8, 9,
11, 12
WV 4 1-999 8, 11, 12
aTRI 1989

bpost office state abbreviations

‘Data in TRI are maximum amounts on site at each facility.
dActivities/Uses: '

1.

o PN

7.

produce

import

for on-site use/processing
for sale/distribution

as a byproduct

as an impurity

as a reactant

8.
9.
10.
11.
12.
13.

as a formulation component
as an article component

for repackaging only

as a chemical processing aid
as a manufacturing aid
ancillary or other use

*Number of facilities reporting "no data" regarding maximum amount of
the substance on site.
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| argest use of mned barite, which accounts for 85% 95% of the total output is
oil and gas well drilling (Bodek et al. 1988; Stokinger 1981). The rest of
barite ore (or crude bariumsulfate) is utilized frequently in the paint,

gl ass, and rubber industries as well as in the production of other barium
conpounds. Such barium conpounds as the carbonate, chloride, and hydroxi de

are inportant in the brick, ceramc, photographic, and chem cal nmanufacturing
i ndustries (Bodek et al. 1988).

I ndustrial uses of bariumand its conpounds are wi de and varied. Barium
netal and its alloys, for exanple, are often used as "getters" to renmpve gases
from vacuum tubes due to their ability to absorb gases (Stokinger 1981). One
of barium carbonate's major uses is as a rodenticide (Mister 1989; Wrthing
1987), however, it also plays an inportant role in the brick, tile, ceramcs,
oil drilling, and chem cal manufacturing industries (ILO 1983; Kirkpatrick
1985). Bariumsulfate, in the chemcally treated, blanc fixe form is used
in high-quality paints as well as in glass- and papermaking (I1LO 1983). The
chloride is used for chlorine and sodi um hydroxi de nanufacture, as a flux for
aluminumal l oys, and in pignment and textile dye manufacture. Bariumoxide is
used to dry gases and solvents, and the hydroxi de conpound plays a role in
gl ass manufacturing, synthetic rubber vul cani zation, sugar refining, and
ani mal and vegetable oil refining. Finally, the main function of barium
sulfide is to act as a starting point for the production of a number of other
bari um conmpounds (ILO 1983; Kirkpatrick 1985).

Barium and its compounds have several inportant nedical uses as well.
Bari um chloride was fornerly used in treating conplete heart block, because
peri ods of marked bradycardi a and asystole were prevented through its use.
Thi s use was abandoned, however, mainly due to bariumchloride's toxicity
(Hayes 1982). Characterized by extrene insolubility, chemically pure barium
sulfate is non-toxic to humans. It is frequently utilized as a benign
radi opaque aid to x-ray diagnosis, because it is nornally not absorbed by the
body after oral intake (Doull et al 1980; ILO 1983; Rae 1977). In addition to
t he extensive use of bariumsulfate in studying gastrointestinal nmotility and
di agnosi s of gastrointestinal disease, bariumsulfate may be chosen as the
opaque nedium for the x-ray exam nation of respiratory and urinary systens as
wel | (1LO 1983; Sacchetti 1972). Moreover, the literature suggests that
radi oactive isotopes of barium such as *™Ba, *'Ba, and *Ba, may prove very
useful in studying skeletal netabolism as bone-scanning agents (Hayes 1982;
Spencer et al. 1971).

4. 4 DI SPCSAL

In case of a spill, it is suggested that persons not wearing protective
equi pnment be restricted fromthe area. Furthernore, ventilation should be
provided in the roomand the spilled material collected in as safe a manner as
possi bl e. Barium conmpounds (particularly soluble ones) should be placed in
seal ed containers and reclaimed or disposed of in a secured sanitary |andfil
(Joseph 1985; NI OSH OsHA 1978). It is also suggested that all federal, state
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and | ocal regul ations concerning barium di sposal should be foll owed (HSDB
1989). No other guidelines or regul ati ons concerning di sposal of barium and
its conmpounds were found.
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5.1 OVERVI EW

Bariumis a naturally occurring conponent of minerals that are found in
smal | but widely distributed anbunts in the earth's crust, especially in
i gneous rocks, sandstone, shale, and coal (Kunesh 1978; M ner 1969a). Barium
enters the environnment naturally through the weathering of rocks and m nerals.
Ant hr opogeni c rel eases are prinmarily associated with industrial processes.
Bariumis present in the atnosphere, urban and rural surface water, soils, and
many foods.

Under natural conditions, bariumis stable in the +2 val ence state and
is found primarily in the form of inorganic conplexes. Conditions such as pH
Eh (oxidation-reduction potential), cation exchange capacity, and the presence
of sulfate, carbonate, and netal oxides will affect the partitioning of barium
and its conmpounds in the environment, The mmjor features of the biogeocheni cal
cycle of bariuminclude wet and dry deposition to |and and surface
wat er, |eaching from geol ogical formations to groundwater, adsorption to soi
and sedinment particulates, and biomagnification in terrestrial and aquatic
food chai ns.

The general population is exposed to bariumthrough consunption of
drinki ng water and foods, usually at low |l evels. Wrkers in bariumnining or
processing industries and individuals who reside near such industries night be
exposed to relatively high levels, primarily through the inhalation of
fugitive dust containing barium conpounds. The npbst recent occupationa
exposure estinmates indicate that about 10,000 people were potentially exposed
to barium and about 474,000 to barium conpounds in workplace environnents in
the United States in 1980.

EPA has identified 1,177 NPL sites. Barium has been found at 154 of the
total nunber of sites evaluated for barium Barium cyani de and barium
carbonat e have al so been found at 1 and 8 sites, respectively (View 1989).
However, we do not know how many of the 1,177 sites have been eval uated for
bari um barium cyani de, or barium carbonate. As nore sites are eval uated by
EPA, these nunbers nmay change. The frequency of these sites within the United
States can be seen in Figure 5-1

5.2 RELEASES TO THE ENVI RONVENT

Bariumis a highly reactive netal that occurs naturally only in a
conbi ned state. The elenent is released to environnental media by both
nat ural processes and ant hropogeni ¢ sources.

According to the SARA Section 313 Toxics Rel ease Inventory (TRI), an
estimated total of 16.3 million pounds of barium and barium conmpounds were
rel eased to the environnent from manufacturing and processing facilities in
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the United States in 1987 (TRl 1989) (see Table 5-1). Most of these barium
rel eases were to land, The quality of the TRl data rmust be viewed with
caution since the 1987 data represent first-tinme, inconplete reporting of
estimated rel eases by these facilities. Only certain types of facilities were
required to report. This is not an exhaustive list.

5.2.1. Alr

Bariumis released primarily to the atnmosphere as a result of industria
emi ssions during the mining, refining, and production of barium and barium
chemicals, fossil fuel combustion (Mner 1969a), and entrainment of soil and
rock dust into the air (Schroeder 1970). In addition, coal ash, containing
wi dely variabl e anmounts of barium is also a source of airborne barium
particul ates (M ner 1969a; Schroeder 1970). In 1969, an estinated 18% of the
total U S. bariumem ssions to the atnosphere resulted fromthe processing of
barite ore, and nore than 28% of the total was estinmated to be fromthe
production of bariumchenicals. The manufacture of various end products
(e.g., drilling well muds, and glass, paint, and rubber products) and the
conbustion of coal were estimated to account for an additional 23% and 26% of
the total bariumemssions for 1969, respectively (Davis 1972).

According to TRI, an estinmated total of 0.6 million pounds of barium and
bari um conmpounds were rel eased to the atnosphere from manufacturing and
processing facilities in the United States in 1987 (TRl 1989).

Esti mates of bariumrel eases fromindividual industrial processes are
avail abl e for particulate em ssions fromthe drying and cal ci ni ng of barium
conpounds and for fugitive dust emissions during the processing of barite ore.
Sol ubl e barium conpounds (unspecified) are enmitted as particulates from barium
chemical dryers and calciners to the atnosphere during the processing of
bari um carbonate, barium chloride, and barium hydroxi de (Reznik and Toy 1978).
Uncontrol l ed particul ate enissions of soluble barium conpounds from chen ca
dryers and cal ciners during barium processi ng operati ons may range from
0.04 to 10 g/ kg of final product. Controlled particulate em ssions are |ess
than 0.25 g/ kg of final product. Based on an uncontrolled enission factor of
5 g/ kg and a controlled enm ssion factor of 0.25 g/kg, total particulate
em ssions fromthe drying and cal ci ning of barium carbonate, bariumchloride,
and barium hydroxide are estimated to be 160 nmetric tons (352,800 pounds) per
year (Rezni k and Toy 1978).

Fugi tive dust emissions occur during processing (grinding and mi xi ng) of
barite ore and may al so occur during the |oading of bul k product of various
bari um conmpounds into railroad hopper cars (Reznik and Toy 1978). Based on an
em ssion factor of 1 g/kg, total em ssions of fugitive dust fromthe donestic
bari um chem cal s industry during the grinding of barite ore have been
estimated to be approximately 90 netric tons (198, 450 pounds) per year (Reznik
and Toy 1978). Qther particul ate enmissions fromthe industrial production of
bari um conmpounds include an estinmated 820 netric tons (1.8 mllion pounds) per
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TABLE 5-1 (Continued)

Range of reported amounts
released in thousands of pounds®

Ro. of Off-site

facil- Underground Total POTW® waste
State€ ities Air injection Water Land Environmentd transfer
RI 2 0-1.9 0-0 0-0 0-0 0-1.9 0-0 0-0
sC 6 0-9.8 0-0 0-0 0-67.9 0-67.9 0-12.5 0-67.9
TN 10 0-2.8 0-0 0-0.3 0-18 0-18 0-93.9 0-619.4
X 34 0-262 0-0 0-4 0-109 0-262 0-0.5 0-100
uT 6 0-9.2 0-0 0-0.3 0-6,900 0-6,909 0-0 0-8.4
VA 9 0-21.5 0-0 0-0.3 0-0.5 0-21.5 0-0.3 0-32
vT 2 0.1-0.3 0-0 0-0 0-0 0.1-0.3 0-0 3.6-37.8
WA 3 0-86 0-0 0-0 0-1.6 0-87.6 0-0 0-1.3
Wl 10 0-4.3 0-0.3 0-1.1 0-0 0.1-4.3 0-4.6 0-78.9
Wv 4 0-0.8 0-0 0-0.9 0-0 0-0.9 0-0.3 0-18
3TRI 1989

bpata in TRI are maximum amounts released by each facility. Quantities reported here have been rounded to the nearest
hundred pounds, except those quantities > 1 million pounds which have been rounded to the nearest thousand pounds.
‘Post office state abbreviation

9The sum of all releases of the chemical to air, land, water, and underground injection wells by a given facility.
®Publicly owned treatment works
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year fromuncontrolled kilns during the processing of barite ore and 8 netric
tons (17,640 pounds) per year from black ash (i.e., bariumsulfide) rotary
kil ns during the production of barium hydroxide (Reznik and Toy 1978).

The use of bariumin the form of organonetallic conmpounds as a snoke
suppressant in diesel fuels results in the release of solids to the atnosphere
(M ner 1969a; Ng and Patterson 1982; Schroeder 1970). The nmaxi num
concentration of soluble bariumin exhaust gases containing bari um based snoke
suppressants rel eased fromtest diesel engines and operating di esel vehicles
is estimated to be 12,000 ng/ mi, when the barium concentration in the diesel
fuel is 0.075% by wei ght and 25% of the exhausted barium (at a sanpling point
10 ft fromthe engine and upstreamfromthe nuffler) is soluble (Gol othan
1967). Thus, 1 L of this exhaust gas contains an estinmated 12 ng sol ubl e
bariumor 48 ng total barium (Schroeder 1970).

5.2.2 Water

The primary source of naturally occurring bariumin drinking water
results fromthe | eaching and eroding of sedinentary rocks into groundwater
(Kojola et al. 1978). Although bariumoccurs naturally in nost surface water
bodies (i.e., approximately 99% of those exanm ned) (Kopp and Kroner 1967),
rel eases of bariumto surface waters from natural sources are nuch | ower than
those to groundwater (Kojola et al. 1978).

About 80% of the barium produced is used as barite to make high-density
oil and gas well drilling nuds, and during offshore drilling operations there
are periodic discharges of drilling wastes in the formof cuttings and nuds
into the ocean (Ng and Patterson 1982). For exanple, in the Santa Barbara
Channel region, about 10% of the nuds used are lost into the ocean (Ng and
Patterson 1982). The use of bariumin offshore drilling operations may
i ncrease bariumpollution, especially in coastal sedinents (Ng and
Patterson 1982).

Bari um has been detected with a positive geonetric nean concentration of
101.6 ng/L in groundwater sanples from approxi mately 58% of the 2,783
hazardous waste sites that have had sanpl es anal yzed by the Contract
Laboratory Program (CLP) (CLPSD 1989). Barium has al so been detected with a
positive geonetric nmean of 62.6 ng/L in surface water sanples from 27% of the
sites in the CLP statistical database (CLPSD 1989). Note that these data from
the CLP Statistical Database (CLPSD) represent frequency of occurrence and
concentration information for NPL sites only.

According to TRI, an estinmated total of 312,000 pounds of barium and
bari um conmpounds were rel eased to surface waters from nanufacturing and
processing facilities in the United States in 1987 (TRl 1989).
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5.2.3 Soi
The process of drilling for crude oil and natural gas generates waste
drilling fluids or muds, which are often di sposed of by land farm ng. Most of

these fluids are water based and contain barite and other netal salts. Thus
bari um may be introduced into soils as the result of |and farning these
slurried reserve pit wastes (Bates 1988).

The use of bariumfluorosilicate and carbonate as insecticides (Beliles
1979; Meister 1989) might also contribute to the presence of bariumin
agricultural soils.

According to TRI, an estinmated total of 14.9 nillion pounds of barium
and barium conpounds were released to soils from manufacturing and processing
facilities in the United States in 1987 (TRl 1989).

Bari um has been detected with a positive geonetric nean concentration of
100.5 ppmin soil sanples from approxi mately 52% of the hazardous waste sites
t hat have had sanpl es anal yzed by the CLP (CLPSD 1989). Note that these data
fromthe CLPSD represent frequency of occurrence and concentration data for
NPL sites only.

5.3 ENVI RONVENTAL FATE
5.3.1 Transport and Partitioning

Most bariumrel eased to the environment fromindustrial sources is in
forms that do not becone widely dispersed (Ng and Patterson 1982). In the
atnosphere, bariumis likely to be present in particulate form (EPA 1984).
Al t hough chenical reactions may cause changes in speciation of bariumin air
the main nechani sns for the renoval of barium conpounds fromthe atnosphere
are likely to be wet and dry deposition (EPA 1984).

In aquatic nedia, bariumis likely to precipitate out of solution as an
insoluble salt (i.e., as BaSO, or BaC0,). Waterborne barium may al so adsorb
to suspended particulate matter (Bodek et al. 1988; EPA 1984; Lagas et al
1984). Precipitation of bariumsulfate salts is accelerated when rivers enter
t he ocean because of the high sulfate content in the ocean (Bowen 1966).
Sedi nent ati on of suspended solids renpbves a | arge portion of the barium
content fromsurface waters (Benes et al. 1983). Bariumin sedinents is found
largely in the formof bariumsulfate (barite). Coarse silt sedinent in a
turbul ent environment will often grind and cleave the bariumsulfate fromthe
sedi nent particles |eaving a buildup of dense barites (Merefield 1987).
Estimated soil: water distribution coefficients (Kd) (i.e., the ratio of the
guantity of barium sorbed per gram of sorbent to the concentration of barium
remaining in solution at equilibriun) range from 200 to 2,800 for sedinments
and sandy |l oam soils (Baes et al. 1984; Rai et al. 1984).
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The uptake of bariumby fish and mari ne organisms is also an inportant
renoval mechani sm (Bowen 1966; Schroeder 1970). Barium/levels in sea water
range from2 to 63 ng/L with a nean concentration of about 13 pg/L (Bowen
1979). Bariumwas found to bioconcentrate in marine plants by a factor of
1,000 tinmes the level present in the water. Bioconcentration factors in
mari ne ani nal s, plankton, and in brown al gae of 100, 120, and 260,
respectively, have been reported (Bowen 1966; Schroeder 1970).

Bari um added to soils (e.g., fromthe land farm ng of waste drilling
nmuds) may either be taken up by vegetation or transported through soil wth
precipitation (Bates 1988). Relative to the amount of bariumfound in soils,
little is bioconcentrated by plants (Schroeder 1970). However, this transport
pat hway has not been conprehensively studied.

Bariumis not very nobile in nost soil systens. The rate of
transportati on of bariumin soil is dependent on the characteristics of the
soil material. Soil properties that influence the transportation of bariumto
groundwat er are cati on exchange capacity and cal ci um carbonate (CaCQ)
content. In soil with a high cation exchange capacity (e.g., fine textured
mneral soils or soils with high organic matter content), bariumnobility wll
be linmted by adsorption (Bates 1988; Kabata-Pendi as and Pendi as 1984). High
CaCoO, content limts nobility by precipitation of the elenment as BaCO, (Lagas
et al. 1984). Bariumw Il also precipitate as bariumsulfate in the presence
of sulfate ions (Bodek et al. 1988; Lagas et al. 1984). Bariumis nore nobile
and is nore likely to be | eached fromsoils in the presence of chloride due to
the increased solubility of bariumchloride as conpared to other chem ca
fornms of barium (Bates 1988; Lagas et al. 1984). Bariumconplexes with fatty
acids (e.g., in acidic landfill leachate) will be rmuch nore nobile in the soi
due to the | ower charge of these conpl exes and subsequent reduction in
adsorption capacity (Lagas et al. 1984).

Bariumnobility in soil is reduced by the precipitation of barium
carbonate and sulfate. Humic and fulvic acid have not been found to increase
the nobility of barium (EPA 1984).

5.3.2 Transformati on and Degradation
5.3.2.1 Air

El emental bariumis oxidized readily in noist air (EPA 1983a, 1987a;
Kunesh 1978). The residence time of bariumin the atnosphere nmay be severa

days, depending on the size of the particulate fornmed, the chenical nature of
the particulate, and environnental factors such as rainfall (EPA 1984).
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5.3.2.2 Water

Under natural conditions bariumw Il form conpounds in the +2 oxidation
state. Barium does not hydrol yze appreci ably except in highly alkaline
environnents (i.e., at pH levels greater than or equal to 10) (Bodek et al
1988) .

Appreci abl e |l evel s of barium sul fate occur because natural water often
contai ns high sulfate concentrations. Since the solubility of bariumsulfate
is low, only trace anpbunts of bariumdissolve in surface water (Bodek et al
1988; NAS 1977). At pH levels of 9.3 or below, bariumsulfate nmay limt
bari um concentrations in natural waters (Bodek et al. 1988). The solubility
of bariumsulfate increases considerably in the presence of chloride (C°) and
other anions (e.g., NO,- and CQ;/%), and at pH levels of 9.3 or below, the
bariumion (Ba”) is the domi nant species (Bodek et al. 1988; NAS 1977). The
Ba” ion is stable under the pH Eh range of natural systems. However, natura
and treated waters usually contain sufficient sulfate so that a bariumion
concentration of nore than 1,000-1,500 ng/L cannot be nmintained in solution
(EPA 1983a; Hem 1959; Lagas et al. 1984; MCabe et al. 1970).

As pH Il evel s increase above 9.3 and in the presence of carbonate, barium
car bonat e becones the dom nant species (Bodek et al. 1988; Singer 1974).
Bari um carbonate al so exhibits fast precipitation kinetics and very | ow
solubility and in alkaline environments limts the soluble barium
concentration (Faust and Aly 1981; Hem 1959; Rai et al. 1984; Singer 1974).
Bariumforns salts of low solubility with arsenate, chromate, fluoride,
oxal ate, and phosphate ions (Bodek et al. 1988; EPA 1983a; Kunesh 1978). The
chl oride, hydroxide, and nitrate of barium are water-soluble (Bodek et al
1988; EPA 1983a; Kirkpatrick 1978) and are frequently detected in aqueous
environnents (Rai et al. 1984).

Barium al so forns conplexes with natural organics in water (e.g., fatty
acids in acidic landfill leachates) to a limted extent (Lagas et al. 1984;
Morel 1983; Rai et al. 1984).

5. 3. 2.3 Soi

Bariumreacts with netal oxides and hydroxides in soil and is

subsequent |y adsorbed onto soil particulates (Hem 1959; Rai et al. 1984).
Adsorption onto netal oxides in soils and sedinments probably acts as a control
over the concentration of bariumin natural waters (Bodek et al. 1988). Under
typi cal environnental conditions, bariumdisplaces other adsorbed al kal i ne
earth netals fromMOQ, SiO, and TiO, (Rai et al. 1984). However, bariumis

di spl aced from AL1,0, by other alkaline earth netals (Rai et al. 1984). The
ionic radius of the bariumion in its typical val ence state (Ba”) makes

i somor phous substitution possible only with strontiumand generally not with
the other nenbers of the alkaline earth elements (Kirkpatrick 1978). Anbng
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the other elenents that occur with bariumin nature, substitution is conmon
only with potassiumbut not with the snmaller ions of sodium iron, nanganese,
al umi num and silicon (Kirkpatrick 1978).

Bariumis al so adsorbed onto soil and subsoil through electrostatic
i nteractions (Bodek et al. 1988; Singer 1974). The cation exchange capacity
of the sorbent largely controls the retention of bariumin soils (Bodek et al
1988). Bariumis strongly adsorbed by clay mnerals (Kabata-Pendi as and
Pendi as 1984; Lagas et al. 1984).

Barium can also formsalts with acetate, nitrate, chloride, and
hydroxi de ions in soil. The nobility of bariumin soils increases upon
formati on of these water soluble salts (Bodek et al. 1988). In general, the
solubility of barium conpounds increases wth decreasing pH

5.4 LEVELS MONI TORED OR ESTI MATED | N THE ENVI RONVENT
5.4.1 Air

Urban and suburban air concentrations have been found to range fromless
than 0.005 to 1.5 ng/ni(Tabor and Warren 1958). No distinct pattern rel ated
to industrialization appeared in the results reported on 754 sanples from
18 cities and four suburban areas in the United States. For exanple, in
Houston, Texas and its suburbs, 76% of the sanples contained bariumat |evels
ranging from0.005 to 1.5 ng/ i, whereas in Fort Wrth, Texas, 66% of the
sanpl es had val ues bel ow 0. 005 ng/ ni (Tabor and Warren 1958).

A nmore recent conpilation of atnospheric data shows barium
concentrations in urban atnospheres of North Anerica ranging from2x10* to
2.8x10% ug/mi with a mean concentration of 1.2x107? pg/ni(Bowen 1979). In
contrast, bariumlevels in sanples fromthe South Pole and northern Norway
were 1.6x10° and 7.3x19° pg/ m, respectively (Bowen 1979).

Maxi mum ground- | evel barium concentrations (as sol ubl e conpounds)
associ ated with uncontrol |l ed atnospheric particul ate enissions from chenica
dryers and cal ciners at bariumprocessing plants have been estimted (using
di spersion nodeling) to range from 1.3 to 330 ng/ m over a 24-hour averagi ng
time at locations along facility boundaries (i.e., away fromthe source of
em ssion) (Reznik and Toy 1978).

5.4.2 Water

Bari um has been found in alnost all raw surface waters and public
drinking water supplies sanpled (i.e., approxinmately 99% (Kopp 1969) at
concentrations ranging fromabout 2 to 380 ng/L with nean concentrations
generally on the order of 10 to 60 ng/L (Barnett et al. 1969; Bowen 1979;
Durfor and Becker 1964; Durum and Haffty 1961; Kopp 1969; Kopp and Kroner
1967; McCabe et al. 1970; Tuovinen et al. 1980).
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Bari um concentrations in groundwater supplies have been known to exceed
EPA' s maxi num cont am nant |evel (MCL) of 1.0 ng/L (1,000 ng/L); this may be
due to | eaching and erosion of bariumfrom sedi mentary rocks (Cal abrese 1977,
Kojola et al. 1978). For exanple, community water supplies from deep rock and
drift wells in northeastern Illinois have been found to have barium
concentrations ranging from1,100 to 10,000 ng/L (Cal abrese 1977).

Bari um has al so been found in sea water at concentrations ranging from
2 to 63 ng/L with a nmean concentration of 13 pg/L (Bowen 1979).

5.4.3 Soil

Bariumis relatively abundant in the earth's crust and is found i n nost
soils at concentrations ranging fromabout 15 to 3,000 ppm (Bowen 1979;
Schroeder 1970; Shacklette and Boerngen 1984). The barium content in
cultivated and uncultivated soil sanples collected during a nunber of field
studi es ranged from 15 to 1,000 ppm (nean concentration of 300 ppm for B
hori zon soils (subsurface soils) in the eastern United States and from 70 to
5,000 ppm (mean concentration of 560 ppm) for B horizon soils in the western
United States. Bariumcontent ranged from 150 to 1,500 ppmfor surface
hori zon soils collected in Col orado (mean concentration of 550 ppn) (Connor
and Shackl ette 1975).

5.4.4 O her Environnental Mdia

Bari um occurs in many foods at |ow levels. Brazil nuts have notably
hi gh concentrati ons of barium (3,000-4,000 ppm) (Beliles 1979). Some plants
bi oconcentrate bariumfromthe soil (Beliles 1979; Reeves 1979; Schroeder
1970). The bariumcontent in corn sanples from Georgia, M ssouri, and
W sconsin collected during a nunber of field studies ranged from5 to 150 ppm
wi th nean concentrations ranging from15 to 54 ppm (Connor and Shackl ette
1975). The bariumcontent in other cultivated plants (e.g., |im beans,
cabbage, soybeans, and tonatoes) from Georgia, M ssouri, and Wsconsin ranged
from7 to 1,500 ppm (nmean concentration range: 38-450 ppn) with the highest
| evel s occurring in cabbage from Georgi a and soybeans from M ssouri and the
| owest |evels occurring in CGeorgia tomatoes (Connor and Shacklette 1975).

Bariumis al so found in anaerobic sewage sludge at concentrations
rangi ng from 100 to 9,000 ppm (nean concentration: 800 ppn) and in aerobic
sewage sludge at concentrations ranging from 100 to 300 ppm ( nean
concentration: 200 ppm (Sonmers 1977).
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5.5 GENERAL POPULATI ON AND OCCUPATI ONAL EXPOSURE

The primary routes of exposure of humans to barium are consunption of
food and water and inhalation of anmbient air (ICRP 1974; Reeves 1979). Based
on conpliance nonitoring data fromthe Federal Reporting Data System (FRDS),
of the approximately 214 mllion people in the United States who are connected
to a public water supply, it is estimated that about 150,000 people are
exposed to bariumconcentrations greater than EPA's MCL of 1.0 ng/L
(1,000 ng/L) (EPA 1987c). However, since 94% of all sanples collected from
public water supplies of the 100 largest cities in the United States had
bari um concentrati ons of |ess than 100 ng/L (Durfor and Becker 1964), it is
likely that nost of the people connected to a public water supply receive
drinking water with barium concentrations bel ow the MCL. Assumi ng an average
adult drinking water consunption rate of 1.4 L/day (EPA 1989b) and that barium
is pre.sent at concentrations of |less than 100 ng/L, the average adult daily
i ntake of bariumthrough the consunption of drinking water would be [ ess than
140 ng/day (2 ng/kg/day for a 70-kg adult). Based on an average barium
drinki ng water concentration of 40 ng/L, Hadjinarkos (1967) cal cul ated the
average bariumintake fromdrinking water to be about 80 ng/day (1 ngy/kg/day
for a 70-kg adult). This estimated intake |level is consistent with the above
estimate of |ess than 140 ny/ day.

The International Comm ssion on Radiol ogical Protection (ICRP 1974) has
estimated that intake of bariumthrough inhalation ranges from0.09 to
26 ng/ day. Based on reported urban air concentrations for barium
(<0.005-1.5 ng/ ni) (Tabor and Warren 1958) and assunming an average adult
ventilation rate of 20 ni/day (EPA 1989b), the calcul ated daily respiratory
i ntake of bariumranges fromless than 0.1 to 30 ng, which is conparable to
the I CRP estimted intake range above. Based on the 8-hour tine-weighted
average threshold linit value (TLV) in workplace air of 500 pg/ni (ACEH
1988), and assumi ng an 8-hour inhalation of 10 niof air, a daily barium
wor kpl ace i ntake of 5,000 pg can be cal cul ated. NAS (1977) estimated that 75%
of inhal ed bariumcould be absorbed into the bloodstreamif sol uble barium
salts were invol ved

Since average ground | evel concentrations of an emission vary with the
di stance fromthe em ssion point, the popul ation around a source site will be
exposed to differing em ssion |evels. Using an average popul ation density of
27 persons/knf (based on actual popul ation data from areas surroundi ng barium
producti on and processing plants), it has been estimted that approximtely
O 886 persons within an area of up to 32.8 knf around a source site could be
exposed to sol ubl e barium conmpound concentrations of greater than 1.67 g/ m
in ambient air (Reznik and Toy 1978). Assum ng that the average adult daily
ventilation rate is 20 ni (EPA 1989b), breathing these ambient air barium
concentrations would result in daily respiratory intakes of greater than
32 ng. No other correlations have been established between barium
concentrations in air and geographi cal areas or |and-use types.
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Based on consunption of food and beverages in | ong-term bal ance studies
of four individuals, daily bariumintake was estimated to range from 650 to
1,770 ng/day (Tipton et al. 1966, 1969). If an average bariumintake of
80 ng/day fromdrinking water in the United States is assumed (Hadji markos
1967), the bariumintake fromthe consunpti on of non-drinking water dietary
sources alone would range from570 to 1,690 ng/day. Thus, food is typically
the primary source of barium exposure for the general popul ation
Gastrointestinal absorption of bariumfromfood is reported to be
approxi mately 6% (ranging from1%to 15% (ICRP 1974).

Mean daily bal ances (excluding |loss via hair and sweat) deternined from
| ong-term bal ance studies of four adult subjects ranged froma negative
bal ance of 800 pg to a positive balance of 890 pug (Tipton et al. 1966, 1969).
Based on data fromthese studies, Schroeder (1970) estimated that hunman daily
i ntake fromfood (1,160 kg), water (80 pug), and air (10 nug) would be
approxi nately 1,250 ug, and that loss fromurine (180 pg), feces (1,010 , ug)
and other sources (e.g., sweat and hair) (85 pg) would be 1,275 ug. Using
these latter estinmates of bariumintake and | oss, a negative barium bal ance of
25 pg would occur. According to ICRP, the average daily intake of bariumfrom
food and fluids (750 pg) and anbient air (0.09-26 ug) ranges from 750 to
776 pg. In addition, ICRP (1974) estimated that approximately 825 pg of
bariumis lost daily through the urine (50 pg), feces (690 ng), sweat (10 ug),
and hair (75 ug). These intake and | oss estinmates indicate a negative daily
bal ance of up to 75 ug. The day-to-day intake of bariumis likely to vary
with the quantity and types of food ingested since the bariumcontent in foods
varies wi dely (Schroeder 1970).

In a study of the bariumcontent of the major human organs and tissues,
the total body content of bariumfor a 70-kg adult male was estimated to be
about 22,000 pg (1 CRP 1974; Schroeder et al. 1972). Ninety-three percent of
this bariumwas found in bone and connective tissue. Large amounts of the
remaining 7% existed in fat, skin, and lungs (I CRP 1974; Schroeder et
al. 1972).

Cccupati onal exposure to bariumprimarily occurs in workers and mners
who i nhale bariumsulfate (or the ore, barite) and barium carbonate dust
during the mning of barite and the manufacturing and processing (e.g.

m xi ng, grinding, and |oading) of barium conmpounds (Beliles 1979; Reznik and
Toy 1978; Schroeder 1970).

Prelinm nary data froma workpl ace survey, the National Occupationa
Exposure Survey (NOES), conducted by NIOSH from 1980 to 1983, estinmated the
nunber of workers potentially exposed to various chenmicals in the workplace in
1980 (NI GOSH 1989), including a separate tally of femal e workers. The data for
bari um and bari um conpounds included in the survey are sunmari zed bel ow
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Chemical Number of plants Total workers (female workers)
Barium 815 10,308 (3,598)

Barium carbonate 4,494 61,019 (6,889)

Barium chloride 4,293 57,767 (15,249)

Barium hydroxide 1,423 "35,351 (12,208)

Barium oxide (BaO;) 46 511 (325)

Barium nitrate 353 9,625 (2,699)

Barium sulfate 20,089 305,887 (83,800)

Barium sulfide 7 7 (0)

Chromic acid (HpCr0,), 20 3,546 (1,984)

barium salt (1:1)

The NOES database does not contain information on the frequency,
concentration, or duration of exposure of workers to any of the chemicals
listed therein. This is a survey that provides only estimates of the number
of workers potentially exposed to chemicals in the workplace.

5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

The general population is commonly exposed to barium primarily through
ingestion of drinking water and consumption of food and beverages. However,
certain populations face greater than average exposures to this element due to
environmental sources, such as drinking water (EPA 1987c). High levels of
barium have been reported in groundwater from deep rock and drift wells in
several communities in northeastern Illinois (Brenniman et al. 1981; Calabrese
1977) where barium is a naturally occurring geochemical pollutant found almost
exclusively in the Cambrian-Ordovician Aquifer (Gilkeson et al. 1978). Other
populations that might receive increased exposure to barium are consumers of
crops grown on soils that have been used for the land farming of waste oil-
well drilling muds (Bates 1988). Individuals who work at or live near barium
mining, manufacturing, or processing plants might inhale higher ambient air
concentrations or increased amounts of fugitive dust containing barium
particulates. Populations living in the vicinity of the 154 NPL sites known
to be contaminated with barium may also be exposed to higher than background
levels of the compound through contact with contaminated waste site media. No
information was found regarding the sizes of these populations or their intake
levels of barium.

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA as amended directs the Administrator of
ATSDR (in consultation with the Administrator of EPA and agencies and programs
of the Public Health Service) to assess whether adequate information on the
health effects of barium is available. Where adequate information is not
available, ATSDR, in conjunction with the NTP, is required to assure the
initiation of a program of research designed to determine the health effects
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(and techni ques for devel opi ng nethods to deterni ne such, health effects) of
bari um

The foll owi ng categories of possible data needs have been identified by
a joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net, would reduce or elimnate
the uncertainties of human health assessnment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

5.7.1 Data Needs

Physi cal and Chemi cal Properties. The physical and chem cal properties
of metallic bariumand its inorganic conpounds have been well characterized
(DOT 1986; EPA 1980a, 1984. 1985c, 1987d; Haw ey 1981; Hayes 1982; HSDB 1989;
Kirkpatrick 1985; Kunesh 1985; Meister 1989; N OSH CSHA 1978; OHM TADS 1989
Par meggi ani 1983; Perry and Chilton 1973; RTECS 1989; Sax and Lewi s 1987,
1989; Sax et al. 1984; Stokinger 1981; Wast 1989; W ndhol z 1983). Physica
and chenical properties of organic compounds of barium have not been
conpr ehensi vel y exam ned probably due to the limted extent of formation of
t hese compounds. However, further study of the properties of these conpounds
woul d help in understanding their role in the environnental fate and transport
of barium particularly at hazardous waste sites where high |levels of organic
contam nants ni ght be present.

Production, Inport/Export, Use, and Di sposal. Because barium conpounds
occur naturally and are widely used in oil well drilling nuds, in steel
rubber and plastic products, glass and ceramnics, chenical, and pyrotechnics
i ndustries, in insecticides, and as a snoke suppressant in diesel fuels (Bodek
et al. 1988; EPA 1982; 1L0 1983; Kirkpatrick 1985; Meister 1989; Stokinger
1981; Venugopal and Luckey 1978; Worthing 1987), the potential for hunman
exposure to these conpounds, such as through ingestion of food and water or
i nhal ati on of anbient air, is substantial. However, recent data on production
vol unes and inport and export were not available. In addition, only linmted
i nformati on on di sposal of barium conpounds was avail abl e (HSDB 1989; Joseph
1985; NI OsSH OsSHA 1978). Additional information on production, inport, export,
and di sposal would be useful in assessing the potential for the rel ease of,
and exposure to, barium conpounds.

According to the Enmergency Pl anning and Community Ri ght-to-Know Act of
1986, 42 U.S.C. Section 11023, industries are required to subnit chemnica
rel ease and off-site transfer information to the EPA. The Toxi c Rel ease
Inventory (TRI), which contains this infornmation for 1987, becane available in
May of 1989. This database will be updated yearly and should provide a |ist
of industrial production facilities and eni ssions.
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Envi ronnental Fate. The partitioning of bariumin environnental nedia
is influenced by the specific formof the conpound and such site-specific
conditions as pH and cation exchange capacity (Bates 1988; Bodek et al. 1988;
Bowen 1966; Kabat a-Pendi as and Pendi as 1984; Lagas et al. 1984). Upon rel ease
to the environnent, bariumis nost likely to partition to soils and sedi nents
(Baes et al. 1984; Rai et al. 1984). Bariumis transported in the atnosphere,
surface waters, soil runoff, and groundwater. In surface waters and soils,
barium may ionize and formvarious salts depending on the pH and the
availability of anions (Bates 1988; Bodek et al. 1988; Bowen 1966; Kabat a-
Pendi as and Pendi as 1984; Lagas et al. 1984). Additional information on the
transport and transformation of bariumin the atnmosphere would be useful in
devel opi ng a nore conpl ete understandi ng of the environnental fate of barium
conpounds.

Bi oavail ability from Environnental Media. Bariumis absorbed follow ng
i ngestion (Chou and Chin 1943; Cuddihy and Giffith 1972; MCaul ey and
Washi ngton 1983; Taylor et al. 1962) and inhal ation (Cuddi hy and Ozog 1973Db).
The bioavailability of bariumfromair, water, and food has been exam ned
rather extensively in animals (Chou and Chin 1943; Cuddi hy and Giffith 1972;
McCaul ey and Washi ngton 1983; Taylor et al. 1962) and humans (Tipton et al
1969). However, bioavailability fromsoil has not been studied. Since soi
is an inportant repository for barium information on barium absorption from
i ngested soil would be useful in devel opi ng an understanding of the potentia
for exposure follow ng i ngestion of contami nated soils, particularly at
hazardous waste sites.

Food Chai n Bi oaccunul ation. There is information that barium
bi oconcentrates in certain plants and aquatic organi snms (Bowen 1966; Schroeder
1970). However, the extent to which plants bioconcentrate bariumfromsoil or
to which uptake occurs in terrestrial animals is not well characterized.
Further studies on the bioconcentration of bariumby plants and terrestria
animal s and on the biomagnification of bariumin terrestrial and aquatic food
chains woul d be useful to better characterize the environnental fate of barium
and define the inportance of food chain accumul ation as a source of human
exposure.

Exposure Levels in Environnental Media. Barium has been detected in the
at nosphere (Bowen 1979), surface water (Barnett et al. 1969; Bowen 1979;
Durfor and Becker 1964; Durum and Haffty 1961; Kopp 1969; Kopp and Kroner
1967; McCabe et al. 1970; Tuovinen et al. 1980), groundwater (Cal abrese 1977,
Kojola et al. 1970), soils (Bowen 1979; Schroeder 1970; Shacklette and
Boer ngen 1984), and foodstuffs (Beliles 1979; Connor and Shacklette 1975;
Schroeder 1970). There are reliable data to characterize the potential for
human exposure via intake of drinking water (Durfor and Becker 1964;
Hadj i markos 1967), and foods (Tipton et al. 1966, 1969); however, the data are
not current. Recent data on bariumlevels in plants and anmbient air, soils,
and groundwater, particularly from hazardous waste sites, would be useful in
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hel ping to devel op a nore conpl ete understandi ng of the potential for human
exposure.

Exposure Levels in Humans. Barium can be detected in blood, urine,
feces, and biological tissues (Mauras and Allain 1979; Schranel 1988;
Shiraishi et al. 1987). However, there are no data correlating bariumlevels
in tissues and fluids with exposure |evels. Additional data are needed on
| evel s of bariumin human tissues and fluids follow ng occupational and
general popul ati on exposure, particularly at hazardous waste sites. This
i nformati on may be useful in establishing exposure indices for these
popul ati ons.

Exposure Regi stries. No exposure registries for bariumwere |ocated.
This conmpound is not currently one of the conpounds for which a subregistry
has been established in the National Exposure Registry. The conpound wll be
considered in the future when chenical selection is made for subregistries to
be established. The information that is amassed in the National Exposure
Regi stry facilitates the epideniol ogi cal research needed to assess adverse
heal th outcones that nay be related to the exposure to this conpound.

5.7.2 On-going Studies

Renedi al investigations and feasibility studies conducted at the 154 NPL
sites known to be contaminated with bariumw ||l add to the avail abl e dat abase
on exposure levels in environnental nedia, exposure |levels in humans, and
exposure registries and will increase the current know edge regarding the
transport and transfornmation of bariumin the environnent. No other |long-term
research studies pertaining to the environmental fate of bariumor to
occupational or general popul ati on exposures to bariumwere identified.
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The purpose of this chapter is to describe the anal ytical nethods that
are available for detecting and/or neasuring and nonitoring bariumin
environnental nedia and in biological sanples. The intent is not to provide
an exhaustive list of analytical nethods that could be used to detect and
gquantify barium Rather, the intention is to identify well-established
net hods that are used as the standard nmethods of analysis. Many of the
anal ytical methods used to detect bariumin environnental sanples are the
net hods approved by federal agencies such as EPA and the National Institute
for Occupational Safety and Health (NIOSH). Other nethods presented in this
chapter are those that are approved by groups such as the Association of
Oficial Analytical Chenmists (AOAC) and the American Public Health Association
(APHA). Additionally, analytical nmethods are included that refine previously
used nethods to obtain |ower detection |limts, and/or to inprove accuracy and
preci si on.

6.1 Bl OLOG CAL MATERI ALS

I nductively coupl ed plasna-atonic enission spectronetry (ICP-AES) has
been used for neasuring |ow levels of bariumin the bl ood, urine, and bones of
humans and animals (Mauras and Allain 1979; Schranel 1988; Shiraishi et
al . 1987) (see Table 6-1). In general, biological sanples are nebulized and
the resulting aerosol is transported to the plasnma torch. Atonic-line
em ssi on spectra are produced by the inductively coupled plasma for specific
el ement and the intensities of the lines (bands) are nonitored by a
photonultiplier tube. A line em ssion at 455.50 nmwas observed for barium
(Mauras and Al lain 1979; Oppenheiner et al. 1984). Detection limts of
0.25 pug bariuniL of urine, 0.6 pug bariumL of blood, and 0.0005 ug of barium
per gram of bone were achieved (Mauras and Allain 1979; Shiraishi et
al . 1987). Advantages of |CP-AES technique include noderate costs, fairly
rapi d analysis time, and high sensitivity (Mauras and Al lain 1979; Oppenhei ner
et al. 1984). The presence of spectral interferences is a disadvantage of
| CP- AES techni que. These interferences are caused when a sanpl e contains
el ements or conpounds that have anal ytical em ssion |lines (bands) that overlap
the Iine chosen for the analyte. Boric acid or sodiumborate (at a
concentration of greater than 100 ng boron/L of sanple) was reported to
interfere with the Iine em ssion spectra of bariumat 455.50 nm (Mauras and
Allain 1979).

Neut ron activation analysis (NAA) technique has al so been used for
deternmining |low |l evels of bariumin human blood (O ehy et al. 1966). This
technique is based on the interaction of the nuclei of individual barium atons
with neutron irradiation, resulting in the em ssion of x-rays (photons).
Detection limts of 7 pg barium L of erythrocyte and 66 ug bariunmiL of plasma
were obtained (Oehy et al. 1966). The advantages of the NAA technique are
its nondestructive nature of sanple and m ni num sanpl e mani pul ati on
Di sadvant ages of this technique include its high costs and a nucl ear reactor
may not be readily available to many | aboratories.



TABLE 6-1. Analytical Methods for Determining Barium in Bidlogical Materials

‘9
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Sample
detection Percent
Sample matrix Preparation method Analytical method limit recovery Reterence
Urine and Dilute sample with ICP-AES 0.25 pg/L 3%-74 Mauras and Allain 1979
blood demineralized water, (urine) coefficient
introduce into the plasma 0.6 pg/L of vari-
and analyze (blood) ation
Flasma and Ash sample, digest with RAA 7 pg/L 28 .57 RSD Olehy et al. 1960
erythrocyte acid and irradiate (erythrocyte) (erythro-
66 ug/L . cyte)
(plasma) 7.6% RSD
' (plasma)
Biological Digest sample in acid; Gravimetry No data No «dat.a Borchardt et al. 1961
tissues precipitate as the
sulfate and analyze
Visceral Ash sample and analyze Spectrography No data No data Baisane et al. 1978
materials
(intestine,
stomach,
liver,
spleen, and
kidney
Fetus bones Ash sample and digest ICP-AES 0.0005 pg/s 0.5% RSD Shiraishi et al. 1987
with acid '
ICP-AES = inductively coupled plasma-atomic emission spectrometry; NAA = neutron activation analysis; RSD = relative standard

deviation.
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6. 2 ENVI RONVENTAL SAMPLES

At onmi ¢ absorption spectroscopy (AAS) is the nost preval ent anal ytica
techni que for neasuring |ow |l evels of bariumand its conpounds (i.e., barium
car bonate, bariumsulfate, and bariumchloride) in air, water, waste water
geol ogi cal materials (calciumcarbonate), unused lubricating oil, and
di agnostic nmeal s containing bariumsulfate (see Table 6-2).

Sanpl es may be prepared for AAS in a variety of ways (Hui-Mng and
Yao- Han 1984; Johnson et al. 1983; Miurata and Noguchi 1974; Pierce and Brown
1977; Renshaw 1973; Sharp and Knevel 1971; Sugiyanma et al. 1984). Acid
digestion with nitric acid is the nost conmon nethod of preparation. Sanple
dilution with nitric acid or other agents to solubilize bariumfromthe matrix
can al so be enployed. If the concentration of bariumin the dissolved sanple
is very low, preconcentration techniques such as chelation or extraction nay
be enpl oyed.

Fl ame atomi c absorption spectroscopy (FAAS) (Methods 208.1 and 7080) and
graphite furnace atonic absorption spectroscopy (G-AAS) (Methods 208.2 and
7081) are the techni ques recommended by the Ofice of Solid Waste and
Enmer gency Response of EPA for determining ppb (ug/L) levels of bariumin water
and waste water (EPA 1979a, 1979b, 1986c). Parts-per-trillion (sub pg/lL)
level s of bariumin sea and freshwater have been detected by GFAAS (Epstein
and Zander 1979; Roe and Froelich 1984). The advantages that GFAAS and FAAS
techni ques offer are that they are sensitive techniques, use relatively sinple
and i nexpensive instrunentation, and have high accuracy and precision. In
addi ti on, GFAAS technique requires a snmall anmpunt of sanple and is nore
sensitive than FAAS net hodol ogy for determ ning bariumin aqueous nedia
(Edel beck and West 1970; Oppenheinmer et al. 1984).

FAAS (Met hod 7056) is the technique reconmended by NI OSH for detecting
sol ubl e barium conpounds in air (N OSH 1987b). Atom c absorption spectroscopy
has al so been enployed for detecting bariumin air at 20 ppb (M ner 1969a).

O her anal ytical techniques that have been enpl oyed for neasuring barium
and its conpounds in environmental nedia include x-ray fluorescence
spectroscopy (XFS), neutron activation analysis (NAA), scintillation
spect roscopy, and spectrography (Boothe and Janmes 1985; Landis and Coons 1954,
Larsen 1973; Murata and Noguchi 1974; Oppenheiner et al. 1984). XFS and NAA
nmet hods are | ess sensitive than other avail abl e anal ytical methods for
nmeasuring bariumor its conpounds in environnental media. Scintillation
spectroscopy and spectrography are | ess comonly used to neasure bariumin the
environnent relative to other anal ytical nethods.



TABLE 6-2. Analytical Methods for Determining Barium in Environmental Samples

Sample
. detection Percent
Sample matrix Preparation method Analytical method limit recovery Reference
Air Collect sample on FAAS No data No data NIOSH 1987b (Method
cellulose and extract 7056)
with hot acid; evaporate
extract to dryness and
dissolve residue in acid
Water Acidify sample and pass FAAS 3 pg/L 11.6% RSD Pierce and Brown 1977
through ion-exchange
resin
Pass sample through ion- FAES pg/L levels No data Johnson et al. 1983
exchange resin
Extract sample with FAAS 5 ug/L No data Edelbeck and West 1970
buffered HFA solution
No data GFAAS 7 uwe/L No data Fagioli et al. 1984
Inject sample directly GFAAS 0.6 pg/L 13% RSD Roe and Froelich 1984
into graphite furnace (seawater)
. 0.2 ug/L
(freshwater)
Water and Digest sample and FAAS, GFAAS 100 pg/L (FAAS) 947%-113% EPA 1979a, 1979b, and 1986¢
wastewater evaporate to drymess; 2 pg/L (GFAAS) (FAAS) (Methods 208.1, 208.2,
dissolve residue in acid 96%-102% 7080 and 7081)
(GFAAS)
Industrial Digest sample; mix with XFS 290 ug/L (on a 5.1% RSD Murata and Noguchi
wastewater cation-exchange resin, 500 ml samples) 1974
dry, and analyze
Unused Dissolve sample in 2- FAAS No data Ho data Holding and Rowson
lubricating methylpropan-Z-ol: 1975
oil toluene (3:2); add
potassium naphthenate
solution
Rocks and Precipitate barium from FAAS Low ug/g levels 1187 Bano 1973
minerals sample; dissolve in

(calcium
carbonate)

ammoniacal solution of
EDTA

‘9
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TABLE 6-2 (Continued)

Sample

detection Percent
Sample matrix Preparation method Analytical method limit recovery Reference
Diagnostic Add sample to EDTA FAAS No data 98 .6%-102.5% Sharp and Knevel 1971
meals solution and warm
containing
barium
sulfate
Compound Prepare solution of Scintillation No data Ho data Larsen 1973
formulation sample in EDTA and count spectrometry
(Bat4co,)

Ba”CO3 = radiolabeled barium carbonate; EDTA = ethylenediamine tetraacetic acid; FAAS = flame atomic absorption spectroscopy; FAES

flame atomic emission spectroscopy; GFAAS = graphite furnace atomic absorption spectroscopy; HFA = hexafluoroacetylacetone; RSD =

relative standard deviation; XFS = x-ray fluorescence spectroscopy

9
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6. ANALYTI CAL METHODS

6. 3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA as anmended directs the Adm nistrator of
ATSDR (in consultation with the Adm nistrator of EPA and agenci es and prograns
of the Public Health Service) to assess whether adequate information on the
health effects of bariumis avail able. Were adequate information i s not
avai |l abl e, ATSDR, in conjunction with the NTP, is required to assure the
initiation of a program of research designed to determne the health effects
(and techniques for devel opi ng nethods to deternine such health effects) of
bari um

The foll owi ng categories of possible data needs have been identified by
a joint teamof scientists from ATSDR NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net, would reduce or elimnate
the uncertainties of human health assessnent. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

6. 3.1 Data Needs

Met hods for Determ ning Bi omarkers of Exposure and Effect. Severa
net hods are a avail abl e for neasuring biomarkers of exposure. ICP-AES is the
anal yti cal nethod used for neasuring bariumin blood, urine and bone of hunans
and aninals at ppt (sub pg/L) levels (Mauras and Allain 1979; Schranel 1988;
Shiraishi et al. 1987). NAA technique has al so been enpl oyed for neasuring
bari umin bl ood of humans and animals at ppb (pg/L) levels (O ehy et al
1966) . These techni ques are sensitive for measuring background |evel s of
bariumin the popul ati on. However, it is not known whether data collected
usi ng these techni ques have been used to correlate the levels of bariumin
bi ol ogi cal tissues and fluids to exposure |evels.

At present, no biomarkers of effect are available for barium There are
no data to indicate whether a biomarker, if available, would be preferred over
chemical analysis for nonitoring effects fromlong-termand short-term
exposure to barium

Met hods for Determ ning Parent Conpounds and Degradation Products in
Envi ronnental Medi a. GFAAS and FAAS are the nbst widely used anal ytica
techni ques for measuring bariumand its conpounds in air (NI OSH 1987b), water
(Edel beck and West 1970; Fagioli et al. 1988; Johnson et al. 1983; Pierce and
Brown 1977; Roe and Froelich 1984), waste water (EPA 1979a, 1979b, 1986c;
Murata and Noguchi 1974), rocks and mnerals (Bano 1973), unused |ubricating
oi | (Hol ding and Rowson 1975), and di agnostic neals (Sharp and Knevel 1971).
The nedi a of nmobst concern for potential human exposure to bariumis water.
GFAAS and FAAS techniques are sensitive for measuring background | evel s of
bari umin aqueous nedia (Epstein and Zander 1979; Roe and Froelich 1984).
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However, it is not known whether these techniques are sensitive for neasuring
| evel s of bariumat which health effects mght begin to occur. FAAS and GFAAS
are the methods (Methods 208.1, 208.2, 7080, and 7081) reconmended by EPA for
detecting ppb levels of bariumin water and waste water (EPA 1979a, 1979b
1986¢). GFAAS has al so been enployed to detect ppt levels of bariumin
aqueous nedi a (Epstein and Zander 1979; Roe and Froelich 1984). No additiona
net hods for detecting bariumand its conpounds in environnental media appear
to be useful at this tine.

6.3.2 On-going Studies

No on-goi ng studies regarding techni ques for measuring and determ ning
bariumin biological and environnental sanples were |ocated.
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7. REGULATI ONS AND ADVI SCRI ES

Bariumis on the list of chem cals appearing in "Toxic Chen cals Subject
to Section 313 of the Emergency Pl anning and Ri ght-to-Know Act of 1986" (EPA
1987h).

No international regulations pertaining to bariumand its conpounds were
found. The national and state regul ations and guidelines regarding bariumin
air, water, and other nedia are sumarized in Table 7-1
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TABLE 7-1. Regulations and Guidelines Applicable tc Barium

Agency Description Information References
NATIONAL
Regulations:
a. Air:
OSHA PEL TWA (8-hr, final rule) OSHA 1989
Barium (soluble compounds) 0.5 mg/m?
Barium sulfate
(total dust) 10 mg/m’
(respirable fraction) 5 mg/m>
b. Water:
EPA ODW MCL (proposed) for barium in drinking 5 mg/L EPA 1989a
water
MCL (present) for barium in drinking 1 mg/L EPA 1975b (40 CFR
water 141.11)
AADI® 1.8 mg/L EPA 1985b
FDA Bottled water; quality standard 1.0 mg/L FDA 1977 (21 CFR
103.35)
d. Other:
EPA OERR CERCLA reportable quantity EPA 1986a (40 CFR
Barium cyanide 10 1b (4.54 kg) 117.3)
EPA OSW Designation of hazardous substances EPA 1978 (40 CFR
Barium cyanide Yes 116.4)
Listings as toXic waste: Maximum 100.0 mg/L EPA 1980a (40 CFR
concentration of contaminants for 261.24)
characteristic of EP toxicity (barium)
Listing as acute hazardous waste: Dis- EPA 1980b (40 CFR
carded commercial chemical products 261.33)
off-specifications species container
residues, and spill residues thereof
Barium cyanide Yes
Listing as hazardous waste constituents EPA 1988b (40 CFR
Barium and compounds; barium cyanide Yes 261, Appendix
VIII)
Groundwater monitoring list (total barium) Yes EPA 1987a (40 CFR
264, Appendix
IX)
Maximum concentration for groundwater 1.0 mg/L EPA 1982 (40 CFR
protection (barium) 264 .94)
EPA OTS Toxic chemical release reporting; EPA 1987b
community right-to-know (proposed)
Barium Yes
OSHA Meets the criteria for the proposed OSHA 1982
OSHA medical records rule Yes
Guidelines:
a. Air:
ACGIH TLV TWA ACGIH 1986
Barium 0.5 mg/m3
Barium sulfate (total dust) 10 mg/m>
Short-term excursions to 3x above ACGIH 1988
TLV for no more than 30 min
during an 8-hr workday
EPA Inhalation AIC for barium 0.01 mg/day EPA 1984
Inhalation AIS for barium 0.098 mg/day EPA 1984
NIOSH IDLH 250 mg/m3 NIOSE 1985
b. Water:
EPA ODW BAT for IOC (barium) Ion exchange; EPA 1989a

lime softening;
reverse osmoS1is
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TABLE 7-1 (Continued)

Agency Description Information References
NATIONAL (cont.)
EPA ODW MCLG (proposed) for barium 5 mg/L EPA 198%a
Health advisories: EPA 19874
1-Day (modified DWEL for 10-kg child) 0.51 mg/L
10-Day (modified DWEL for 10-kg child) 0.51 mg/L
Longer-term
Modified DWEL for 10-kg child 0.51 mg/L
Modified DWEL for 70-kg adult 1.8 mg/L
Lifetime 1.5 mg/L
NAS SNARL NAS 1982
24-Hour 6.0 mg/L
Chronic 4.7 mg/L
¢. Other:
EPA RfD (oral)
Barium 7x10-2 mg/kg/day  IRIS 1991

STATE

Regulations and

a.

b.

Guidelines:
Air:

Connecticut
Florida
(Tampa)
Nevada
New York
North Dakota
Virginia

Water:

Massachusetts

Maine
Minnesota

Alabama

Alaska
Arizona

California
Colorado

Connecticut

Delaware

District of
Columbia

Acceptable ambient air concentrations

(8-hr) 10.0000 ug/m3
(8-hr) 0.0050 mg/m?
(8-hr) 0.0120 mg/m?
(1-yr) 0.6700 pg/m3
(8-hr) 0.0050 mg/m3
(24-hr) 8.0000 pg/m?

Drinking water quality standards and
guidelines in drinking waters

100 ug/L
1000 pg/L
1500 ug/L
Maximum contaminant levels (MCLs) for barium
Limits:
Drinking water standards 1.0 mg/L
Maximum concentration for 100 mg/1l
EP toxicity
Groundwater 1 mg/L
Public water supply ' 1.0 mg/L
Limits:
Community water systems 1.0 mg/L
Non-community water systems 2.0 mg/L
Protected use of surface water 1.0 mg/L
Community water systems 1.0 mg/L
Limits:
Community water systems 1.0 mg/L
Groundwater 1.0 mg/L
Drinking water 1.0 mg/L
Drinking water 1.0 mg/L
Surface and groundwater for 1.0 mg/L

public water supply

NATICH 1988

FSTRAC 1988

CELDS 1989
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TABLE 7-1 (Continued)

Agency Description Information References
STATE (cont.)
Florida Surface and potable waters 1.0 mg/L
Florida Maximum contaminant level for 1.0 mg/L
community and non-community -
water systems
Georgia Community water systems 1.0 mg/L
Hawaii Drinking water from surface sources 1.0 mg/L
Idaho Limits:
Drinking water 1.0 mg/L
Domestic water supplies 1.0 mg/L
Illinois Public and food processing use 1.0 mg/L
from underground water supply
Illinois General water quality 5.0 mg/L
secondary contact and
indigenous aquatic life
Illinois Effluent (sewer and treatment) 2.0 mg/L
Illinois Finished water 1.0 mg/L
Indiana Limits:
Lake Michigan and contiguous harbors 1000 ug/L
Drinking water 1.0 mg/L
All state waters 1.0 mg/L
Indiana Hazardous and solid waste facilities 1.0 mg/L
groundwater protection
Iowa Surface waters, class B and C water 1.0 mg/L
wildlife, aquatic and potable
Iowa Public water systems 1.0 mg/L
Kansas Drinking water 1.0 mg/L
Kentucky Limits:
Community water systems 1.0 mg/L
Surface water 1.0 mg/L
Kentucky Hazardous and solid waste facilities 1.0 mg/L
groundwater protection
Maine Drinking water 1.0 mg/L
Maryland Drinking water supply 1.0 mg/L
Massachusetts Groundwater (class I and II) 1.0 mg/L
Groundwater discharge/effluent 1.0 mg/L
Minnesota Drinking water (class A, B, and D) 1.0 mg/L
Minnesota Community water systems 1.0 mg/L
Mississippi Drinking water 1.0 mg/L
Missouri Drinking water supply 1.0 mg/L
Missouri Effluent limitations for subsurface 1.0 mg/L
water
Missouri Aquifer recharge that has an 1000 ug/L
effect on aquatic life
Montana Public water supply 1.0 mg/L
Nebraska Community water systems 1.0 mg/L
Nebraska Groundwater 1.0 mg/L
Nebraska Maximum concentration of EP toxicity 100 mg/L
at hazardous waste sites
Nebraska Public drinking water 1.0 mg/L
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TABLE 7-1 (Continued)
Agency Description Information References
STATE (cont.)
Nevada Limits:
Aquatic life <5.0 mg/L
Recreation, wildlife <1.0 mg/L
New Hampshire Public water systems 1.0 mg/L
New Jersey Surface waters 1.0 mg/L
New Mexico Community water systems 1.0 mg/L
New Mexico Groundwater - human 1.0 mg/L
New York Groundwater (class GA for drinking) 1.0 mg/L
allowable level
New York Community water supplies 1.0 mg/L
New York Effluent 2.0 mg/L
North Carelina Drinking and food processing 1.0 mg/L
class WS-I and WS-II
North Carolina Community water systems 1.0 mg/L
North Carolina Drinking water (class GA) 1.0 mg/L
Potable mineral water (class GSA) 1.0 mg/L
North Carolina Maximum concentration for 100 mg/L
EP toxicity ’
Maximum concentration for 1.0 mg/L
groundwater protection
North Dakota Class i, ii, and iii waters 1.0 mg/L
North Dakota Drinking water 1.0 mg/L
Chio Lake Erie, public, agricultural, 1.0 mg/L
industrial, and bathing
water supplies
Chio Ohio River, water quality standards 1.0 mg/L
(permissible concentration)
Ohio Drinking water 1.0 mg/L
Ohio Chio River Valley 1.0 mg/L
for domestic and industrial uses
Ohio Surface waters 1.0 mg/L
Ok lahoma Raw water 1.0 mg/L
Ok lahoma Public water supply 1.0 mg/L
Oklahoma Effluent concentrations 5.0 mg/L
Oregon Maximum contaminant level 1.0 mg/L
Puerto Rico Limits:
Coastal waters 1000 ug/L
Surface waters 1000 ug/L
Potable water 1.0 mg/L
Rhode Island Drinking water 1.0 mg/L
South Dakota Community water systems (MCL) 1.0 mg/1
South Dakota Domestic water supply 1.0 mg/L
Tennessee Community water systems; 1.0 mg/L
maximum containment level
Tennessee Effluent, municipal and domestic 5.0 mg/L
wastewater treatment
Tennessee Maximum concentration For EP toxicity 100 mg/L

at hazardous waste sites
Maximum groundwater concentration

1.0 mg/L
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TABLE 7-1 (Continued)

Agency Descr:iption Information References
STATE (cont.)
Texas Community water svstems 1.0 mg/L
Texas Discharge to inland and avg=1.0 mg/L
tidal waters composite=
2.0 mg/L
Utah Raw water for domestic water system 1.0 mg/L
Utah Drinking water 1.0 mg/L
Vermont Drinking water 1.0 mg/L
Virginia Limits:
Drinking or dcmestic use 1.0 mg/L
Groundwater 1.0 mgsL
Surfacewater 1.0 mg/L
Washington Public water supply 1.0 mg/L
West Virginia  Public water supply 1.0 mg/L
Wisconsin Effluent discharge from ave: 0.003
potassium iodide plant lbs/10001bs
max: 0.009
1bs/10001lbs
Wisconsin Community water systems 1.0 mg/L
Wyoming Groundwater 1.0 mg/L
Fish and aquatic life 5.0 mg/L

!Assumes consumption of 2 liters of water per day

AADT = Acceptable Average Daily Intake; ACGIH = American Conference of Governmental Industrial Eygienists:
AIC = Acceptable Intake Chronic; AIS = Acceptable Intake Subchronic; BAT = Best Available Technology; CERCLA
= Comprehensive Environmental Response, Compensation, and Liability Act; DWEL = Drinking Water Equivalent
Level; EP = Extraction Procedure; EPA = Environmental Protection Agency; FDA = Food and Drug Administration;
IDLE = Immediately Dangerous to Life or Health Level; IOC = Inorganic Chemical; IRIS = Integrated Risk
Information System; MCL = Maximum Contaminant Level; MCLG = Maximum Contaminant Level Goal; NAS = National
Academy of Sciences; NIOSH = National Institute for Occupational Safety and Health; ODW = Office of Drinking
Water; OERR = Office of Emergency and Remedial Response; OSHA = Occupational Safety and Health
Administration; OSW = Office of Solid Wastes; 0TS = Office of Toxic Substances; PEL = Permissible Exposure
Limit; RED = Reference dose; SNARL = Suggested No-Adverse-Response Level; TLV = Threshold Limit Value; TWA =
Time-Weighted Average

I
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Acut e Exposure -- Exposure to a chemical for a duration of Ib days or less. as
specified in the Toxicol ogical Profiles.

Adsorption Coefficient (K) -- The ratio of the amount of a chem cal adsorbed
per unit weight of organic carbon in the soil or sediment to the concentration
of the chemical in solution at equilibrium

Adsorption Ratio (Kd) -- The anmpunt of a chemical adsorbed by a sedi nent or
soil (i.e., the solid phase) divided by the anbunt of chemical in the solution
phase, which is in equilibriumw th the solid phase, at a fixed solid/solution
ratio. It is generally expressed in nmicrograns of chem cal sorbed per gram of
soil or sedinent.

Bi oconcentration Factor (BCF) -- The quotient of the concentration of a
chem cal in aquatic organisns at a specific tine or during a discrete tine
peri od of exposure divided by the concentration in the surroundi ng water at
the sane time or during the same peri od.

Cancer Effect Level (CEL) -- The | owest dose of chemical in a study, or group
of studies, that produces significant increases in the incidence of cancer (or
tunors) between the exposed population and its appropriate control

Carci nogen -- A chemical capabl e of inducing cancer

Ceiling Value -- A concentration of a substance that shoul d not be exceeded,
even i nstantaneously.

Chroni ¢ Exposure -- Exposure to a chemical for 365 days or nore, as specified
in the Toxicol ogical Profiles.

Devel opnental Toxicity -- The occurrence of adverse effects on the devel opi ng
organismthat may result from exposure to a chemcal prior to conception
(either parent), during prenatal devel opnent, or postnatally to the tine of
sexual maturation. Adverse devel opmental effects may be detected at any point
in the life span of the organi sm

Enbryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a
result of prenatal exposure to a chem cal; the distinguishing feature between
the two terns is the stage of devel opnent during which the insult occurred.
The terms, as used here, include malformations and variations, altered grow h,
and in utero death.

EPA Health Advisory -- An estimate of acceptable drinking water levels for a
chem cal substance based on health effects information. A health advisory is
not a legally enforceable federal standard, but serves as technical guidance
to assist federal, state, and local officials.
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| mredi ately Dangerous to Life or Health (IDLH) -- The maxi num environnent a
concentration of a contam nant from which one could escape within 30 mn
wi t hout any escape-inpairing synptons or irreversible health effects.

I nternedi ate Exposure -- Exposure to a chenmical for a duration of 15-364 days
as specified in the Toxicol ogi cal Profiles.

I mmunol ogi ¢ Toxicity -- The occurrence of adverse effects on the immune system
that may result from exposure to environnental agents such as chemicals.

In vitro -- Isolated fromthe living organismand artificially maintained, as
in a test tube.

In Vivo -- Cccurring within the l'iving organi sm

Let hal Concentration,, (LC,) -- The lowest concentration of a chemcal in
air which has been reported to have caused death in hunans or animals.

Lethal Concentrationg, (LG, -- A calculated concentration of a chenical in
air to which exposure for a specific length of tine is expected to cause death
i n50% of a defined experimental animal popul ation

Let hal Dose(,) (LD,) -- The |lowest dose of a chemical introduced by a route
other than inhalation that is expected to have caused death in humans or
ani nal s.

Let hal Dose(,) (LD, -- The dose of a chemi cal which has been calculated to
cause death in 50% of a defined experinental animal popul ation

Lethal Time,, (LT,) -- A calculated period of time wthin which a specific
concentration of a chemcal is expected to cause death in 50% of a defined
experimental aninmal popul ation.

Lowest - Cbserved- Adver se- Ef fect Level (LOAEL) -- The | owest dose of chemical in
a study, or group of studies, that produces statistically or biologically
significant increases in frequency or severity of adverse effects between the
exposed popul ation and its appropriate control

Mal f ormations -- Permanent structural changes that may adversely affect
survival, devel opnent, or function

M nimal Risk Level -- An estimate of daily human exposure to a chemical that
is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.



137

9. GLCSSARY
Mut agen -- A substance that causes mutations. A nmutation is a change in the
genetic material in a body cell. Miutations can lead to birth defects,
m scarri ages, or cancer.
Neurotoxicity -- The occurrence of adverse effects on the nervous system

foll owi ng exposure to chem cal

No- Qbser ved- Adver se- Ef fect Level (NOAEL) -- The dose of chemi cal at which
there were no statistically or biologically significant increases in frequency
or severity of adverse effects seen between the exposed population and its
appropriate control. Effects may be produced at this dose, but they are not
consi dered to be adverse.

Cctanol -Water Partition Coefficient (K, ) -- The equilibriumratio of the
concentrations of a chemcal in n-octanol and water, in dilute solution

Per mi ssi bl e Exposure Linmt (PEL) -- An allowabl e exposure |evel in workplace
air averaged over an 8-hour shift.

g,* -- The upper-bound estimate of the | ow dose slope of the dose-response
curve as determned by the nultistage procedure. The g,* can be used to
calcul ate an estinmate of carcinogenic potency, the increnental excess cancer
risk per unit of exposure (usually pg/L for water, ng/kg/day for food, and
ug/ mifor air).

Ref erence Dose (RfD) -- An estinate (with uncertainty spanning perhaps an
order of magnitude) of the daily exposure of the human popul ation to a
potential hazard that is likely to be without risk of deleterious effects
during a lifetinme. The RFD is operationally derived fromthe NOAEL (from

ani mal and human studi es) by a consistent application of uncertainty factors
that reflect various types of data used to estimate RfDs and an additiona
nodi fying factor, which is based on a professional judgnment of the entire

dat abase on the chemical. The RfDs are not applicable to nonthreshold effects
such as cancer.

Reportabl e Quantity (RQ -- The quantity of a hazardous substance that is
consi dered reportabl e under CERCLA. Reportable quantities are (1) 1 Ib or
greater or (2) for selected substances, an anpbunt established by regul ation
ei ther under CERCLA or under Sect. 311 of the Cean Water Act. Quantities are
neasured over a 24-hour peri od.

Reproductive Toxicity -- The occurrence of adverse effects on the reproductive
systemthat may result fromexposure to a chemcal. The toxicity may be
directed to the reproductive organs and/,or the related endocrine system The
mani festation of such toxicity nmay be noted as alterations in sexual behavior
fertility, pregnancy outcones, or nodifications in other functions that are
dependent on the integrity of this system
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Short-Term Exposure Limt (STEL) -- The maxi num concentration to which workers
can be exposed for up to 15 nmin continually, No nore than four excursions are
al | owed per day, and there nust be at |east 60 m n between exposure periods.
The daily TLV-TWA nay not be exceeded.

Target Organ Toxicity -- This termcovers a broad range of adverse effects on
target organs or physiological systens (e.g., renal, cardiovascul ar) extending
fromthose arising through a single limted exposure to those assuned over a
lifetime of exposure to a chem cal

Teratogen -- A chenical that causes structural defects that affect the
devel opnent of an organi sm

Threshold Limt Value (TLV) -- A concentration of a substance to whi ch nost
wor kers can be exposed without adverse effect. The TLV nay be expressed as a
TWA, as a STEL, or as a CL.

Ti me- Wi ghted Average (TWA) -- An all owabl e exposure concentration averaged
over a normal a-hour workday or 40-hour wor kweek.

Toxic Dose (TD,) -- A calculated dose of a chemical, introduced by a route
other than inhalation, which is expected to cause a specific toxic effect in
50% of a defined experinmental aninmal popul ation

Uncertainty Factor (UPI --fromexperinental data. A factor used in operationally
deriving the RFD UFs are intended to account for (1) the variation in

sensitivity anmong the nenbers of the human popul ation, (2) the uncertainty in
extrapol ating aninal data to the case of human, (3) the uncertainty in
extrapolating fromdata obtained in a study that is of less than lifetine
exposure, and (4) the uncertainty in using LOAEL data rather than NOAEL data
Usual |y each of these factors is set equal to 10.
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Chapter 1
Public Heal th Statenent

This chapter of the profile is a health effects summary witten in nontechnica
| anguage. Its intended audience is the general public especially people living
inthe vicinity of a hazardous waste site or substance release. |If the Public
Heal th Statenment were renmoved fromthe rest of the docunent, it would stil
conmuni cate to the lay public essential information about the substance.

The major headings in the Public Health Statenent are useful to find specific
topics of concern. The topics are witten in a question and answer format. The
answer to each question includes a sentence that will direct the reader to
chapters in the profile that will provide nore informati on on the given topic.

Chapter 2
Tabl es and Figures for Levels of Significant Exposure (LSE)

Tables (2-1, 2-2, and 2-3) and figures (2-1 and 2-2) are used to summarize health
effects by duration of exposure and endpoint and to illustrate graphically levels
of exposure associated with those effects. Al entries in these tables and
figures represent studies that provide reliable, quantitative estimtes of

No- Qbser ved- Adver se- Ef fect Level s (NOAELs), Lowest-Cbserved- Adverse-Effect
Level s (LOAELS) for Less Serious and Serious health effects, or Cancer Effect
Levels (CELs). In addition, these tables and figures illustrate differences in
response by species, Mnimal Risk Levels (MRLs) to humans for noncancer end
points, and EPA' s estimated range associated with an upper-bound indivi dua
lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. The LSE tables and
figures can be used for a quick review of the health effects and to |ocate data
for a specific exposure scenario. The LSE tables and figures should al ways be
used in conjunction with the text.

The | egends presented bel ow denonstrate the application of these tables and
figures. A representative exanple of LSE Table 2-1 and Figure 2-1 are shown.
The nunbers in the left colum of the | egends correspond to the nunbers in the
exanpl e table and figure.

LEGEND
See LSE Table 2-1
(1). Route of Exposure One of the first considerations when review ng the

toxicity of a substance using these tables and figures should be the
rel evant and appropriate route of exposure. Wen sufficient data exist,




(2).

(3).

(4).

(5).

(6).

(7).

(8).

(9).
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three LSE tables and two LSE figures are presented in the docunment. The
three LSE tables present data on the three principal routes of exposure,
i.e., inhalation, oral, and dernmal (LSE Table 2-1, 2-2, and 2-3,
respectively). LSE figures are limted to the inhalation (LSE Figure 2-1)
and oral (LSE Figure 2-2) routes.

Exposure Duration Three exposure periods: acute (14 days or |ess);
internediate (15 to 364 days); and chronic (365 days or nore) are
presented within each route of exposure. In this exanple, an inhalation
study of internediate duration exposure is reported.

Health Effect The nmjor categories of health effects included in
LSE tables and figures are death, systenic, imunol ogical
neur ol ogi cal , devel opnental, reproductive, and cancer. NOAELs and
LOAELs can be reported in the tables and figures for all effects but
cancer. Systemc effects are further defined in the "Systen! colum
of the LSE table.

Key to Figure Each key nunmber in the LSE table |inks study infornmation

to one or nore data points using the same key nunber in the correspondi ng
LSE figure. In this exanple, the study represented by key nunber 18 has
been used to define a NOAEL and a Less Serious LOAEL (al so see the two
"18r" data points in Figure 2-1).

Speci es The test species, whether animal or hunan, are identified in this
col umm.

Exposure Freouency/Duration The duration of the study and the weekly and
dai ly exposure reginmen are provided in this colum. This pernmits conparison
of NOAELs and LOAELs fromdifferent studies. In this case (key nunber 18),
rats were exposed to [substance x] via inhalation for 13 weeks, 5 days per
week, for 6 hours per day.

System This colum further defines the systemc effects. These systens

i nclude: respiratory, cardiovascul ar, gastrointestinal, hematol ogical
muscul oskel etal, hepatic, renal, and dermal/ocular. "Qther" refers to any
systemc effect (e.g., a decrease in body weight) not covered in these
systens. In the exanple of key nunber 18, one systemic effect (respiratory)
was investigated in this study.

NOAEL A No- Qbserved- Adverse-Effect Level (NOAEL) is the highest exposure
| evel at which no harnful effects were seen in the organ system studi ed.
Key number 18 reports a NOAEL of 3 ppmfor the respiratory system which

was used to derive an internedi ate exposure, inhalation MKL of 0.005 ppm
(see footnote 'c").

LOAEL A Lowest - Cbserved- Adverse-Effect Level (LOAEL) is the | owest
exposure |l evel used in the study that caused a harnful health effect.
LQAELs have been classified into "Less Serious" and "Serious" effects.
These distinctions help readers identify the |evels of exposure at which
adverse health effects first appear and the gradation of effects with
ncreasi ng dose. A brief description of the specific end point used to
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guantify the adverse effect acconpanies the LOAEL. The “Less Serious"
respiratory effect reported in key nunber 18 (hyperplasia) occurred at a
LOAEL of 10 ppm

(10). Reference The conplete reference citation is given in Chapter 8 of the
profile.

(11). CEL A Cancer Effect Level (CEL) is the | owest exposure |evel associated
with the onset of carcinogenesis in experinental or epidem ol ogical
studi es. CELs are always considered serious effects. The LSE tables and
figures do not contain NOAELs for cancer, but the text may report doses
whi ch did not cause a nmeasurable increase in cancer

(12). Footnotes Expl anations of abbreviations or reference notes for data in
the LSE tables are found in the footnotes. Footnote "c" indicates the
NCAEL of 3 ppmin key number 18 was used to derive an MRL of 0.005 ppm

LEGEND
See LSE Figure 2-1
LSE figures graphically illustrate the data presented in the correspondi ng LSE

tabl es. Figures help the reader quickly conpare health effects according to
exposure levels for particular exposure duration.

(13). Exposure Duration The sanme exposure periods appear as in the LSE table
In this exanple, health effects observed within the internedi ate and
chroni c exposure periods are illustrated.

(14). Health Effect These are the categories of health effects for which
reliable quantitative data exist. The sane health effects appear in the
LSE tabl e.

(15). Levels of Exposure Exposure levels for each health effect in the LSE
tabl es are graphically displayed in the LSE figures. Exposure |levels are
reported on the log scale "y" axis. Inhalation exposure is reported in
mg/ M or ppm and oral exposure is reported in ng/kg/day.

(16). NOAEL In this exanple, 18r NOAEL is the critical end point for which an
i nternedi ate inhal ati on exposure MRL is based. As you can see fromthe
LSE figure key, the open-cir,cle synbol indicates a NOAEL for the test
species (rat). The key nunmber 18 corresponds to the entry in the LSE
tabl e. The dashed descending arrow indicates the extrapolation fromthe
exposure |level of 3 ppm(see entry 18 in the Table) to the MRL of 0.005
ppm (see footnote "b" in the LSE table).

(17). CEL Key nunber 38r is one of three studies for which Cancer Effect Levels
(CELs) were derived. The dianond synbol refers to a CEL for the test
species (rat). The number 38 corresponds to the entry in the LSE table.
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(18). Esti mat ed Upper - Bound Human Cancer Ri sk Levels This is the range
associ ated with the upper-bound for lifetinme cancer risk of 1 in 10,000
to 1 in 10,000,000. These risk |levels are derived fromEPA s Human Health
Assessnment Group's upper-bound estimates of the slope of the cancer dose
response curve at |ow dose levels (Q,*).

(19). Key to LSE Figure The Key expl ains the abbreviations and synbols used in
the figure.
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E —  TABLE 2-1. Levels of Significant Exposure to [Chemical x]1 - Inhalation
Exposure LOAEL (effect)
Key toa frequency/ NOAEL Less serious Serious
figure Species duration System (ppm) (ppm) (ppm) Reference

E—» INTERMEDIATE EXPOSURE

e

E—» 18 Rat 13 wk Resp 3b 10 (hyperplasia) Nitschke et al.
5d/wk 1981
6hr/d

CHRONIC EXPOSURE

Cancer @

38 Rat 18 mo & 20 (CEL, multiple Wong et al. 1982
Sd/wk organs)
7hr/d
39 Rat 89-104 wk 10 (CEL, lung tumors, NTP 1982
5d/wk nasal tumors)
6hr/d
40 Mouse 79-103 wk 10 (CEL, lung tumors, NTP 1982
Sd/wk hemangiosarcomas)
éhr/d )

8 The number corresponds to entries in Figure 2-1.

@——> b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of 5 x 10'3 ppm; dose adjusted for intermittent exposure
and divided by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability).

CEL = cancer effect level; d = day(s); hr = hour(s); LOAEL = lowest-observed-adverse-effect level; mo = month(s); NOAEL = no-
observed-adverse-effect level; Resp = respiratory; wk = week(s) )
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Chapter 2 (Section 2.4)
Rel evance to Public Health

The Rel evance to Public Health section provides a health effects summary based
on eval uati ons of existing toxicological, epidenological, and toxicokinetic
infornmation. This summary is designed to present interpretive

wei ght - of - evi dence di scussi ons for hunan health end points by addressing the
foll owi ng questi ons.

1. What effects are known to occur in hunans?

2 What effects observed in animals are likely to be of concern to
hurmans?
3. VWhat exposure conditions are likely to be of concern to hunans,

especi al |y around hazardous waste sites?

The section discusses health effects by end point. Hunan data are presented
first, then aninmal data. Both are organi zed by route of exposure (inhalation
oral, and dernmal) and by duration (acute, internediate, and chronic). In vitro
data and data from parenteral routes (intranuscular, intravenous, subcutaneous,
etc.) are also considered in this section. If data are located in the
scientific literature, a table of genotoxicity information is included.

The carci nogenic potential of the profiled substance is qualitatively eval uated,
when appropriate, using existingtoxicokinetic, genotoxic, andcarcinogenic data.
ATSDR does not currently assess cancer potency or perform cancer risk
assessnents. MRLs for noncancer end points if derived, and the end points from
whi ch they were derived are indicated and di scussed in the appropriate
section(s).

Limtations to existing scientific literature that prevent a satisfactory
eval uation of the relevance to public health are identified in the Identification
of Data Needs section

Interpretation of Mnimal Risk Levels

Where sufficient toxicologic information was avail able, MRLs were derived. MRLs
are specific for route (inhalation or oral) and duration (acute, internediate,
or chronic) of exposure. ldeally, MRLs can be derived fromall six exposure
scenarios (e.g., Inhalation - acute, -internediate, -chronic; Oral - acute,

i nternediate, - chronic). These MRLs are not neant to support regulatory action
but to aquaint health professionals with exposure |evels at which adverse health
effects are not expected to occur in humans. They shoul d hel p physicians and
public health officials determ ne the safety of a conmunity living near a

subst ance em ssion, given the concentration of a contaminant in air or the
estimated daily dose received via food or water. MRLs are based | argely on

t oxi col ogi cal studies in aninmals and on reports of hunman occupati onal exposure.
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MRL users should be familiar with the toxicological information on which the
nunber is based, Section 2.4, "Relevance to Public Health," contains basic

i nformati on known about the substance. O her sections such as 2.6, "lInteractions
with QG her Chemicals" and 2.7, "Popul ations that are Unusually Suscepti bl e"

provi de inmportant supplenmental infornmation

MRL users should al so understand the MRL derivation nethodol ogy. MRLs are
derived using a nodified version of the risk assessnent nethodol ogy used by the
Envi ronnental Protection Agency (EPA) (Barnes and Dourson, 1988; EPA 1989a) to
derive reference doses (RfDs) for lifetime exposure.

To derive an MRL, ATSDR generally selects the end point which, in its best

j udgenent, represents the nost sensitive human health effect for a given exposure
route and duration. ATSDR cannot nmake this judgement or derive an MRL unl ess
information (quantitative or qualitative) is available for all potential effects
(e.g., system c, neurological, and developnental). In order to conpare NOAELs
and LOAELs for specific end points, all inhalation exposure |evels are adjusted
for 24hr exposures and all intermittent exposures for inhalation and oral routes
of internediate and chronic duration are adjusted for continous exposure (i.e.

7 days/week). If the information and reliable quantitative data on the chosen
end point are avail able, ATSDR derives an MRL using the nbst sensitive species
(when information frommultiple species is available) with the hi ghest NOAEL t hat
does not exceed any adverse effect |levels. The NOAEL is the npost suitable end
point for deriving an MRL. When a NOAEL is not available, a Less Serious LOAEL
can be used to derive an MRL, and an uncertainty factor (UF) of 10 is enpl oyed.
MRLs are not derived from Serious LOAELs. Additional uncertainty factors of 10
each are used for hunan variability to protect sensitive subpopul ations (people
who are nost susceptible to the health effects caused by the substance) and for
interspecies variability (extrapolation fromaninmals to humans). In deriving an
MRL, these individual uncertainty factors are nultiplied together. The product
is then divided into the adjusted inhalation concentration or oral dosage

sel ected fromthe study. Uncertainty factors used in devel oping a

subst ance-specific MRL are provided in the footnotes of the LSE Tabl es.






ACGIH
ADME
ATSDR
BCF
BSC
CDC
CEL
CERCLA

CFR
CLP
cm
CNS
DHEW
DHHS
DOL
ECG
EEG
EPA
EKG
FAO
FEMA
FIFRA

fpm
ft
FR

GC
HPLC
hr
IDLH
IARC
I1LO
in
Kd
Kg
Koc
Kow

LC
LCio
LCsq

LDsgg
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS

American Conference of Governmental Industrial Hygienists
Absorption, Distribution, Metabolism, and Excretion
Agency for Toxic Substances and Disease Registry
bioconcentration factor

Board of Scientific Counselors

Centers for Disease Control

Cancer Effect Level

Comprehensive Environmental Response, Compensation, and Liability
Act

Code of Federal Regulations

Contract Laboratory Program

centimeter

central nervous system

Department of Health, Education, and Welfare
Department of Health and Human Services

Department of Labor

electrocardiogram

electroencephalogram

Environmental Protection Agency

see ECG

Food and Agricultural Organization of the United Nations
Federal Emergency Management Agency

Federal Insecticide, Fungicide, and Rodenticide Act
first generation

feet per minute

foot

Federal Register

gram

gas chromatography

high performance liquid chromatography

hour ‘

Immediately Dangerous to Life and Health
International Agency for Research on Cancer
International Labor Organization

inch

adsorption ratio

kilogram

octanol-soil partition coefficient

octanol-water partition coefficient

liter

liquid chromatography

lethal concentration low

lethal concentration 50 percent kill

lethal dose low

lethal dose 50 percent kill



LOAEL lowest-observed-adverse-effect level

LSE Levels of Significant Exposure

m meter

mg milligram

min minute

mL milliliter

mm millimeters

mmo 1 millimole

mppcf millions of particles per cubic foot

MRL Minimal Risk Level

MS mass spectroscopy

NIEHS National Institute of Environmental Health Sciences
NIOSH National Institute for Occupational Safety and Health
NIOSHTIC NIOSH's Computerized Information Retrieval System
nm nanometer

ng nanogram

NHANES National Health and Nutrition Examination Survey
nmol nanomole

NOAEL no-observed-adverse-effect level

NOES National Occupational Exposure Survey

NOHS National Occupational Hazard Survey

NPL National Priorities List

NRC National Research Council

NTIS National Technical Information Service

NTP National Toxicology Program

OSHA Occupational Safety and Health Administration
PEL permissible exposure limit

PE picogram

pmol picomole

PHS Public Health Service

PMR proportional mortality ratio

ppb parts per billion

pph parts per hundred

pPpPm parts per million

PPt parts per trillion

REL recommended exposure limit

RED Reference Dose

RTECS Registry of Toxic Effects of Chemical Substances
sec second

SCE sister chromatid exchange

SIC Standard Industrial Classification

SMR standard mortality ratio

STEL short-term exposure limit

STORET STORAGE and RETRIEVAL

TLV threshold limit value

TSCA Toxic Substances Control Act

TRI Toxics Release Inventory

TWA time-weighted average
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w0

United States
uncertainty factor
World Health Organization

250
o

greater than

greater than or equal to
equal to

less than

less than or equal to
percent

alpha

beta

delta

gamma

um micron

734 microgram

MIAAN LIV YV

<2 omR
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APPENDI X C

PEER REVI EW

A peer review panel was assenbled for barium The panel consisted df
the foll owi ng nenbers: Dr. Joseph Borowi tz, Professor of Pathol ogy,
Depart ment of Pharnacol ogy and Toxi col ogy, School of Pharnacy, Purdue
University, Lafayette, Indiana; Dr. Joseph Gould, Research Scientist, Schoo
of Civil Engineering, CGeorgia Institute of Technol ogy, Atlanta, Georgia; and
Dr. Andrew Reeves, Professor, Occupational and Environnental Health, \Wayne
State University, Detroit, Mchigan. These experts collectively have
know edge of barium s physical and chem cal properties, toxicokinetics, key
heal th end points, nechani sns of action, human and ani mal exposure, and
guantification of risk to humans. All reviewers were selected in conformty
with the conditions for peer review specified in the Conprehensive
Envi ronnent al Response, Conpensation, and Liability Act of 1986, Section 104.

A joint panel of scientists fromthe Agency for Toxi c Substances and
Di sease Registry (ATSDR) and the Environnental Protection Agency has reviewed
the peer reviewers' conments and determ ned which comments will be included in
the profile. Alisting of the peer reviewers' conments not incorporated in
the profile, with a brief explanation of the rationale for their exclusion
exists as part of the admnistrative record for this conmpound. A list of
dat abases reviewed and a |ist of unpublished docunents cited are al so included
in the adm nistrative record.

The citation of the peer revi ew panel should not be understood to inply

its approval of the profile's final content. The responsibility for the
content of this profile lies with the ATSDR

*U. S. Government Printing Ofice: 1992 - 636-281
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