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Foreword

International concern in scientific, industrial, and governmental communities
over traces of xenobiotics in foods and in both abiotic and biotic environments
has justified the present triumvirate of specialized publications in this field:
comprehensive reviews, rapidly published research papers and progress reports,
and archival documentations. These three international publications are inte-
grated and scheduled to provide the coherency essential for nonduplicative and
current progress in a field as dynamic and complex as environmental contamina-
tion and toxicology. This series is reserved exclusively for the diversified litera-
ture on “toxic” chemicals in our food, our feeds, our homes, recreational and
working surroundings, our domestic animals, our wildlife and ourselves. Tre-
mendous efforts worldwide have been mobilized to evaluate the nature, pres-
ence, magnitude, fate, and toxicology of the chemicals loosed upon the earth.
Among the sequelae of this broad new emphasis is an undeniable need for an
articulated set of authoritative publications, where one can find the latest impor-
tant world literature produced by these emerging areas of science together with
documentation of pertinent ancillary legislation.

Research directors and legislative or administrative advisers do not have the
time to scan the escalating number of technical publications that may contain
articles important to current responsibility. Rather, these individuals need the
background provided by detailed reviews and the assurance that the latest infor-
mation is made available to them, all with minimal literature searching. Simi-
larly, the scientist assigned or attracted to a new problem is required to glean
all literature pertinent to the task, to publish new developments or important
new experimental details quickly, to inform others of findings that might alter
their own efforts, and eventually to publish all his/her supporting data and con-
clusions for archival purposes.

In the fields of environmental contamination and toxicology, the sum of these
concerns and responsibilities is decisively addressed by the uniform, encompass-
ing, and timely publication format of the Springer-Verlag (Heidelberg and New
York) triumvirate:

Reviews of Environmental Contamination and Toxicology [Vol. 1 through 97
(1962-1986) as Residue Reviews] for detailed review articles concerned with
any aspects of chemical contaminants, including pesticides, in the total envi-
ronment with toxicological considerations and consequences.

Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) for
rapid publication of short reports of significant advances and discoveries in
the fields of air, soil, water, and food contamination and pollution as well as
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methodology and other disciplines concerned with the introduction, presence,
and effects of toxicants in the total environment.

Archives of Environmental Contamination and Toxicology (Vol.1 in 1973) for
important complete articles emphasizing and describing original experimental
or theoretical research work pertaining to the scientific aspects of chemical
contaminants in the environment.

Manuscripts for Reviews and the Archives are in identical formats and are
peer reviewed by scientists in the field for adequacy and value; manuscripts for
the Bulletin are also reviewed, but are published by photo-offset from camera-
ready copy to provide the latest results with minimum delay. The individual
editors of these three publications comprise the joint Coordinating Board of
Editors with referral within the Board of manuscripts submitted to one publica-
tion but deemed by major emphasis or length more suitable for one of the others.

Coordinating Board of Editors



Preface

The role of Reviews is to publish detailed scientific review articles on all aspects
of environmental contamination and associated toxicological consequences.
Such articles facilitate the often-complex task of accessing and interpreting co-
gent scientific data within the confines of one or more closely related research
fields.

In the nearly 50 years since Reviews of Environmental Contamination and
Toxicology (formerly Residue Reviews) was first published, the number, scope
and complexity of environmental pollution incidents have grown unabated. Dur-
ing this entire period, the emphasis has been on publishing articles that address
the presence and toxicity of environmental contaminants. New research is pub-
lished each year on a myriad of environmental pollution issues facing peoples
worldwide. This fact, and the routine discovery and reporting of new environ-
mental contamination cases, creates an increasingly important function for Re-
views.

The staggering volume of scientific literature demands remedy by which data
can be synthesized and made available to readers in an abridged form. Reviews
addresses this need and provides detailed reviews worldwide to key scientists
and science or policy administrators, whether employed by government, univer-
sities or the private sector.

There is a panoply of environmental issues and concerns on which many
scientists have focused their research in past years. The scope of this list is
quite broad, encompassing environmental events globally that affect marine and
terrestrial ecosystems; biotic and abiotic environments; impacts on plants, hu-
mans and wildlife; and pollutants, both chemical and radioactive; as well as the
ravages of environmental disease in virtually all environmental media (soil, wa-
ter, air). New or enhanced safety and environmental concerns have emerged in
the last decade to be added to incidents covered by the media, studied by scien-
tists, and addressed by governmental and private institutions. Among these are
events so striking that they are creating a paradigm shift. Two in particular are
at the center of ever-increasing media as well as scientific attention: bioterrorism
and global warming. Unfortunately, these very worrisome issues are now super-
imposed on the already extensive list of ongoing environmental challenges.

The ultimate role of publishing scientific research is to enhance understand-
ing of the environment in ways that allow the public to be better informed. The
term “informed public” as used by Thomas Jefferson in the age of enlightenment
conveyed the thought of soundness and good judgment. In the modern sense,
being “well informed” has the narrower meaning of having access to sufficient
information. Because the public still gets most of its information on science and

vii



viii Preface

technology from TV news and reports, the role for scientists as interpreters and
brokers of scientific information to the public will grow rather than diminish.

Environmentalism is the newest global political force, resulting in the emer-
gence of multi-national consortia to control pollution and the evolution of the
environmental ethic. Will the new politics of the 21st century involve a consor-
tium of technologists and environmentalists, or a progressive confrontation?
These matters are of genuine concern to governmental agencies and legislative
bodies around the world.

For those who make the decisions about how our planet is managed, there is
an ongoing need for continual surveillance and intelligent controls, to avoid
endangering the environment, public health, and wildlife. Ensuring safety-in-use
of the many chemicals involved in our highly industrialized culture is a dynamic
challenge, for the old, established materials are continually being displaced by
newly developed molecules more acceptable to federal and state regulatory
agencies, public health officials, and environmentalists.

Reviews publishes synoptic articles designed to treat the presence, fate, and,
if possible, the safety of xenobiotics in any segment of the environment. These
reviews can either be general or specific, but properly lie in the domains of
analytical chemistry and its methodology, biochemistry, human and animal
medicine, legislation, pharmacology, physiology, toxicology and regulation.
Certain affairs in food technology concerned specifically with pesticide and
other food-additive problems may also be appropriate.

Because manuscripts are published in the order in which they are received in
final form, it may seem that some important aspects have been neglected at
times. However, these apparent omissions are recognized, and pertinent manu-
scripts are likely in preparation or planned. The field is so very large and the
interests in it are so varied that the Editor and the Editorial Board earnestly
solicit authors and suggestions of underrepresented topics to make this interna-
tional book series yet more useful and worthwhile.

Justification for the preparation of any review for this book series is that it
deals with some aspect of the many real problems arising from the presence of
foreign chemicals in our surroundings. Thus, manuscripts may encompass case
studies from any country. Food additives, including pesticides, or their metabo-
lites that may persist into human food and animal feeds are within this scope.
Additionally, chemical contamination in any manner of air, water, soil, or plant
or animal life is within these objectives and their purview.

Normally, manuscripts are contributed by invitation. However, nominations
for new topics or topics in areas that are rapidly advancing are welcome. Prelim-
inary communication with the Editor is recommended before volunteered review
manuscripts are submitted.

Tucson, Arizona G.W.W.
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I. Introduction

Persistent organic pollutants (POPs) are a global issue, yet the existing research
and monitoring efforts are mainly concentrated in the Northern Hemisphere.
Hence, a global bias exists in data distribution and obviously constitutes a lim-
itation for a comprehensive global assessment. Recently, UNEP-Chemicals has
released a global report, a first effort of data compilation and analysis, which
clearly shows that the Southern Hemisphere is underrepresented in terms of in-
formation (UNEP 2003a).

The purpose of this review is to provide data on POP distribution in eight
countries from eastern and western South America (Argentina, Brazil, Bolivia,
Chile, Ecuador, Paraguay, Peru, and Uruguay; thereafter the Region) to support a
global assessment (Fig. 1). Human impact is documented by examples of POP
pollution in practically every environmental compartment, and local patterns of
POP distribution are also discussed. This review presents data summaries col-
lected from a variety of sources, in particular international peer-reviewed jour-
nals, governmental reports, and finally contributions from individual researchers
of the different countries belonging to the Region.

II. Pollutant Input into the South American Environment

Quantitative information on primary or secondary sources of POPs is very scarce
and fragmentary for the Region. Due to their long-term use in the Region, data
for pesticides are relatively more abundant. Polychlorinated biphenyl (PCB) in-
formation is fragmentary, whereas dioxin and furan source data are practically
nonexistent. POP inventories are still in their early stage of development; i.e.,
PCB inventory work in Argentina, Chile, and Uruguay began in the year 2000 and
will start soon in Brazil this current year.

The survey shows that POP levels are abundant in most environmental re-
ceptors of interest compared to source evaluation in the South American region.
Additionally, very little data on international POP trading are available, although
for some countries the amounts of pesticide imported are available but with no
possibility of segregating individual POPs.

Considering the lack of reliable quantitative source data for the Region, values
provided in this review should be considered cautiously because they are estimates.
To improve the quality of these estimates, more detailed information is needed.

A. Pesticides

Practically all the chlorinated pesticides were widely used, produced, or formu-
lated in the Region in the mid-1950s—1960s. There was a declining trend in the
1980s—1990s due to legal restrictions on production and use. Currently, only mirex
is legally used in Uruguay.

Aldrin, Dieldrin, and Endrin Cyclodiene organochlorines were first introduced
in the Region in the 1950s and experienced rapid growth in use due to their lower
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South

Atlantic

Fig. 1. South American countries considered in this review.

costs and efficacy. They have been formulated and later produced in some
countries (i.e., Argentina and Brazil). The Shell Company formulated aldrin and
endrin from 1977 to 1990 in the State of Sdo Paulo, Brazil. Despite this production,
294 t aldrin was imported to Brazil from 1989 to 1991 (MDIC 2002). In Argentina,
formulation of dieldrin in 1967 was 200t (5% conc.) and 550t (18% conc.),
compared to 100t (4% conc.) and 115t (40% conc.) for aldrin and 300t (20%
conc.) for endrin (Alvarez 1998). In Uruguay, 171t aldrin, 50t dieldrin and 60t
endrin were imported from 1968 to 1991 (Boroukhovitch 1999).

Presently, possible sources are stockpiles and severely contaminated areas. For
instance, a contaminated site of 600m? in the Shell Company’s former site in
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Paulinia (Sao Paulo, Brazil) had 1250t contaminated soil and approximately
750kg aldrin, dieldrin, and endrin (DRINS). Chlorinated cyclodiene pesticides
had widespread use throughout the Region but are now officially forbidden in
most countries.

Chlordane Technical chlordane is a very complex mixture of more than 100
chlorinated compounds, with frans/cis-chlordane and nonachlor as its major con-
stituents. Chlordane was not widely used within the Region. It was formulated and
used only in specific cases, especially for ant control. Similar to aldrin, chlordane
has been formulated in some countries with Argentina producing 220t in 1967.
Within the Region, no emission measurements have been reported.

DDTs DDT was intensively and widely used in the Region, principally in the
early 1960s—1970s for antimalaria programs in tropical and subtropical areas. It
was produced as early as 1954 in Argentina (Alvarez 1998). From 1962 to 1982,
Brazil produced 73,481t technical grade DDT. Brazil also imported 31,130t
between 1962 and 1975 and purchased 3200t between 1989 and 1991 (MDIC
2002). DDT deserves special attention because of its possible reintroduction to
the Region to control widespread tropical and subtropical epidemic diseases such
as dengue and malaria. Presently, a possible significant secondary DDT source is
dicofol. This insecticide is used in the Region and may contain DDT as an
impurity. In the year 2000, Brazil imported 111 t dicofol and also produced 209 t.
Illegal trade could be another possible source for this POP. No DDT emission
measurements have been reported for the Region.

Heptachlor Heptachlor is a nonsystemic insecticide used primarily against soil
insects and termites. It degrades into the environment as heptachlor epoxide,
which has greater persistency and toxicity than the parent compound. Heptachlor
in Brazil has been authorized in agriculture, especially on sugar cane plantations.
From 1996 to 2002, around 210t was imported by Brazil (MDIC 2002). The
present estimated stock is around 165 t. There are no emission measurements for
the Region.

Hexachlorobenzene The main environmental input of hexachlorobenzene
(HCB) occurs as a by-product in the industrial manufacturing of chlorinated
solvents as well as some pesticides such as pentachlorophenol. There are well-
known, highly contaminated sites and stockpiles of HCB in Brazil, e.g., at Cubatio,
which could be a significant environmental source (CETESB 2001). In Cubatio,
HCB was probably generated from perchloroethylene production and from the
burning of other chlorinated residues. In 1965, Brazil imported 834 t HCB (MDIC
2002). There are no emission measurements for the Region.

Mirex In Brazil, Uruguay, and Argentina, mirex is popularly known as do-
decachlor. It was used principally for ant control with restricted distribution. Mirex
has been forbidden in all the Region except Uruguay. There are no emission
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measurements for the Region. Presently, there is a commercially available product
in Brazil called Mirex-S, but the active ingredient is perfluorosulphonamide and
not dodecachlor.

Toxaphene Toxaphene is a complex mixture of chlorinated bomanes. There is
no record of use for this substance in the Region, and it has been officially for-
bidden in all countries. There are no emission measurements for the Region.

B. Industrial Chemicals

Polychlorinated Biphenyls PCBs have been intensively used throughout the
region, principally in electrical equipment (e.g., transformers). PCB residues from
commercial formulations (e.g., Aroclor 1242, 1254, 1260, and equivalent prod-
ucts) are ubiquitous in the environment. Detailed inventory information is still
incomplete but there are some country estimates. In Brazil, data are conflicting,
indicating 250,000-300,000t for Askarel (PCB-contaminated oil), which implies
a stock of 130,000t PCBs (Costa 2000). In Chile, PCB stocks have been esti-
mated to be 700t, 46% of which is still in use (CONAMA 2001). These data are
comparable to stocks in Peru (1000 t; Gonzalez, personal communication, 2002).
In Paraguay, 70t PCB-containing oils are stored in open sites of the National
Energy Administration (ANDE). In Uruguay, electrical companies claimed stocks
of 81t PCB-containing oil with 25% still in use (DINAMA 2000). Obsolete
electrical equipment and used oil constitute relevant secondary sources of PCBs.
An important effort to export PCB-containing material for destruction has been
initiated in the Region.

Due to their low water solubility, PCBs have a strong particulate-oriented
behavior, adsorb rapidly to suspended matter, and are sequestered in bottom sed-
iments. These residues constitute long-term reservoirs and secondary sources.

Dioxins and Furans PCDDs and PCDFs are ubiquitous trace residues in the
environment, resulting principally from combustion processes and chemical pro-
duction. Air is an important receptor, but the lack of precise measurements in the
Region does not permit a detailed analysis. A preliminary regional estimate was
calculated considering the correlation between CO, emission from fossil fuels
and the cement industries (World Resources 2000) and toxicity equivalent (TEQ)
emissions to air for some industrialized countries (UNEP 1999), following the
approach of Baker and Hites (2000). Figure 2 shows the regression obtained for
UNEP countries and estimates from this Region. The regression includes con-
siderable error and does not fully explain the trend of the data (R*=0.66).
However, the country regression estimates compare well with emission values
calculated within the project from activity rates and emission factors using the
UNEP (2003b) toolkit. However, more detailed industrial information is consid-
ered vital for more precise evaluations (MVOTMA-DINAMA-UNEP 2002). The
agreement between these two estimates supports the conclusion drawn.
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The total regional PCDD and PCDF (PCDD/F) emission to air would be 721 g
TEQ/yr, with a markedly uneven distribution because Brazil (45%) and Argen-
tina (25%) together account for 70%. In decreasing order are Chile (11%), Peru
(7%), Ecuador (6%), Bolivia (3%), Uruguay (2%), and Paraguay (1%). Individual
country emissions are in the intermediate/lowest range of values reported for
North America, Asia, and Europe. Considering that the individual country total-
to-air ratio from the toolkit estimates are 1.6:2, the total (all media) regional
PCDD/F emissions would be of the order of 1300 g TEQ/yr. Toolkit calculations
indicate that waste incineration, including hazardous and hospital wastes, is a
major source (30%—-50%), and comparable to biomass burning (20%—40%). In
spite of the agreement of these estimates, validation of emission factors for the
Region is considered essential. This estimate should include different industrial
technologies, but especially wildfires and biomass combustion, which are rele-
vant processes in South America. Specific combustion experiments with local
biomass should be conducted to obtain empirical evidence for local emission
factors. At this moment, Brazilian data on PCDD/F emissions are being re-
evaluated on the basis of recent data on industrial and biomass burning as well as
more realistic emission factors.

C. Contaminated Sites as Sources

There are very few officially recognized contaminated sites, and these are located
principally in heavily populated industrial areas, i.e., Sdo Paulo, Brazil, Buenos
Aires, Argentina, and Santiago and Concepcion, Chile. However, these official
numbers grossly underestimate the real situation because of the existence of
illegal or nonreported contaminated sites throughout the Region. In Argentina,
several legal pesticide stocks exist; e.g., the National Health and Food Quality
Service (SENASA) has declared stocks of dieldrin (~6t in La Rioja state) and
gamma-HCH (lindane) (1200 L in Cordoba). In the City of Buenos Aires, about
6-30t HCH and thallium have been stored for years (Vilar de Sardchaga 1997),
although recent estimates indicate that this stock would not exceed 10t. Twenty
tons organophosphorous and chlorinated pesticides were inadequately disposed
of in El Cuy, Rio Negro State, but were remediated in 1998. An obsolete POP
stockpile of 6t residual DDTs from outdated antimalaria programs was deposited
in northwest Argentina. The most important known illegal disposal of more
than 30t HCHs and other organochlorines (chiefly DDT) took place in a small
town of Argentina in the Province of Santiago del Estero. In Brazil, the envi-
ronmental agency of the State of Sdo Paulo published a list of more than 600 risk
areas (hot spots), the vast majority of which are contaminated by hydrocarbons
(CETESB 1997). Three other well-known sites contaminated with miscellaneous
chlorinated compounds exist in Paulinia and Cubatdo, Sao Paulo, and Cidade
dos Meninos, Rio de Janeiro (HCH). In Chile, the official disposal of about 100t
PCB-containing oils has been reported in the Antofagasta Region (CONAMA
2001).
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III. Environmental Levels

The information is generally aggregated in densely populated areas along the
extensive hydrographic basins of major rivers of the Region such as the Amazon,
Parand, and Rio de la Plata and consequently the database is strongly biased
toward freshwater environments. In spite of the large development of coastal
marine areas along the Atlantic and Pacific Oceans, they have received propor-
tionally less attention. Another general regional trend for environmental POP
information is the uneven contribution between countries, which reflects the dif-
ferent patterns of economic and technical development.

A. Air

There is no regional routine monitoring program for POPs in air. Available data
represent a few geographical areas within the Region, which contrasts with other
environmental media and reflects the lesser attention given to air monitoring. The
low representation of these measurements should be stressed given the well-
recognized high variability of air masses that cross the Region. Table 1 presents
POP data available for air.

PCBs Few measurements of PCBs in air have been undertaken in the Region.
Recent PCB reports for Santiago de Chile indicated values from 1.04 to 1.75 ng/m°,
comparable to other urban areas of the world (CENMA 2001). PCB levels in air
particles smaller than 2.5 um diameter (PM, 5) in Temuco, Chile, ranged from
0.67 to 1.7ng/m>, while in Santiago the levels ranged from 1.15 to 2.7 ng/m’
(Mandalakis and Stephanou 2002). Unexpectedly, observed differences between
these two cities were not high, in spite of differences in population density, indi-
cating that the atmosphere in these two Chilean cities is fairly polluted with PCBs
even when compared with other urbanized areas of the world.

In the southeast Atlantic Ocean, data presented by Ockenden et al. (2001)
reveal several PCB congeners in the Falkland Islands (Islas Malvinas). Levels of
PCB congeners 28, 52, 101, 153/132, and 138 ranged from 0.13 to 3.1 pg/m3,
with higher concentrations of the less-chlorinated congeners. Air concentrations
over the ocean reached more than 100 pg/m> for PCB 28 and only 0.67 pg/m® for

Table 1. Persistent organic pollutant (POP) ranges in air.”

PCBs HCHs Chlordanes DDTs Heptachlors PCDD/F

Particulate 1-3 1-1.5 1-1.5 1-1.5 1-1.5 3-394
(range)

Stack stream 5.9-1,344 13,986—18,000
deposition
(range)”

Data are POP concentrations in ng/m’; PCDD/F in pg-TEQ/m”.
"Deposition expressed in ng/m*/d.
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PCB 138. In addition, a temporal trend of increasing air levels in summer periods
was also reported, with variable concentrations according to the sampling station.
Average total PCB levels add up to 5.1pg/m’, which illustrates either local
sources or the impact of air or water transport to remote environments throughout
the Southern Hemisphere.

Dioxins and Furans There are very few measurements of PCDD/F air levels
within the Region. Limited data are reported for Brazil, although an interesting
study performed by Lohmann et al. (2001) along a transect from Lancaster, U.K,
to the southern Atlantic Ocean reported data from coastal and offshore areas in
Argentina, Brazil, and Uruguay. In general, reported ambient air concentrations
are comparable to those found in remote areas; in fact, in the Falkland Islands
(Islas Malvinas), PCDD levels were 330 fg/m? for Cl,—Clg congeners, very similar
to remote areas of the Irish coast. The sole exception was Montevideo (Uruguay),
which presents a very high, anomalous value of 4000 fg/m> of Cl,—Cly PCDDJF,
equivalent to 40fg TEQ/m’. Further work is needed to identify the principal
sources in this area.

Data reported for Brazil (Krauss 2000) also indicate low PCDD/F concen-
trations, between 3 and 839fg International toxicity equivalents (I-TEQ)/m>
while the other countries within the Region (Argentina, Ecuador, Bolivia, Chile,
Paraguay, Peru, and Uruguay) do not report data on PCCD/Fs in air.

As a general conclusion, it appears that very low PCDD/F levels are detectable
in air samples, but data comparison is difficult because they represent only a little
isolated information.

B. Soils

Soils are natural sinks for persistent and lipophilic compounds that strongly ad-
sorb to organic carbon and remain relatively immobile in this reservoir (Mackay
2001). Thus, soil is a typical “long-memory”’ accumulating matrix. Therefore,
POP inputs received in the past will persist with very little clearance and long half-
lives. Soils receive environmental pollutant inputs via different pathways, in-
cluding direct pesticide application, atmospheric deposition, application of sewage
sludge or composts, spills, erosion from nearby contaminated areas, illegal de-
position, and irrigation with contaminated water. In general, it is difficult to
determine when soil contamination occurred, but the level in soil tends to reflect
the baseline contamination of a region. An historic evaluation could be performed
to determine the predominant input pathway, and occasionally pattern analysis
may provide further evidence. On the other hand, urban areas exhibit high POP
concentrations produced by industrial activities, whereas in rural areas higher
levels of pesticide POPs in soils are expected.

Little information has been obtained at the Regional level, and consequently
the database is limited and probably does not reflect the actual situation within the
entire Region. Most soil data refer to contaminated urban areas, with few studies
covering a large spatial area (Table 2).
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Pesticides Only in a few countries is there information available on chlorinated
pesticides in soil, and it does not reflect the actual situation of the Region.

The work of Torres et al. (2002a) described the presence of DDT residues in
areas located in the southern Amazon region of Brazil. Considering that the use
of DDT in the agriculture has been forbidden since 1985, the presence of this
compound in higher levels than its main metabolites suggests that current con-
tamination is derived from the more-recent use of this pesticide or another active
principle contaminated with DDT.

A national survey of chlorinated pesticides performed during the late 1980s in
agricultural areas from Chile indicated a relatively high detection frequency of
these compounds, but the concentrations in surface soils were low (INIA 1990).

PCBs Few studies on PCB levels in soil have been carried out in the Region.
The available data are scarce and fragmentary. PCBs have been evaluated in
samples from 21 Brazilian municipal solid waste sites with different degrees of
maturation. For PCB, the average concentration for the sum of the six congeners
(28, 52, 101, 138, 153, and 180) was virtually three times lower when compared
to German samples, and all were below the value set by legislation (0.2 mg/kg)
(Grossi et al. 1998).

In 18 topsoil samples from Uberlandia (Minas Gerais, Brazil), PCB ranges
were 0.05-1.25 ug/kg. These results are comparable to or below background con-
centrations normally found in temperate soils (Wilcke et al. 1999).

Dioxins and Furans Soils from the Amazon Basin contained 0.02-0.4ng
I-TEQ/kg PCDDs and PCDFs. The low PCDD/PCDF concentrations were ex-
plained by the absence and lack of dioxin formation during forest burning or by a
lack of humic acids in soils, which prevented the adsorption of dioxins. This
behavior also reinforces the hypothesis that dioxins measured during biomass
burning may result from volatilization and not in situ formation (Krauss et al.,
1995).

Braga and Krauss (2000) found higher values of dioxin in soil collected from
a supposed remediated area from Cidade dos Meninos (Rio de Janeiro State,
Brazil), a well-known POP hot spot resulting from stockpiles left from a pesticide
industry operated by the Ministry of Health that is now deactivated.

PCDDJF levels in 21 Brazilian municipal solid waste sites showed that most
PCDD/F concentrations are above the levels acceptable by German standards
(17 ng I-TEQ/kg), especially for samples from metropolitan areas. However, the
results are similar to those found for Germany (Grossi et al. 1998).

According to the information provided recently by Krauss (2000), several
locations in Brazil present very high dioxin and furan levels in soils, particularly
at a former HCH production plant with levels reaching 13,900 ng I-TEQ/kg.

Hot Spots in the Region 1t is widely accepted that several POP stockpiles are
probably relevant sources for soil contamination, but few data have been gathered
to date. Some institutions in Chile and Uruguay and the IBAMA in Brazil have
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begun a project to identify sites contaminated with PCP and other chemicals.
Additional data on contaminated soils should soon be reported as these programs
are implemented.

In the study performed by Oliveira and Brilhante (1996), the authors dem-
onstrated that the risk of contamination was restricted to the population close to
the contaminated area and the consumption of food and other products produced
in Duque de Caxias (Rio de Janeiro State, Brazil). In this region, a lindane plant
belonging to the Ministry of Health was operated for many years, and when it
was closed in 1955, many tons of pesticides were left unattended in the area. An
extremely high level of surface soil contamination (of the order of hundreds of
mg/kg) was found in the area up to 100 m distant from the old plant.

The high POP values in soils obtained in Canoas (RS) were associated with a
pesticide industry. In Paulinia (Sdo Paulo State), Shell Chemical manufactured
pesticides from 1975 to 1993, contaminating the soil with aldrin, endrin, and
dieldrin.

Another well-known POP (dioxin and furan) hot spot in Brazil refers to the
Solvay Company in Santo André, Sao Paulo State. In the CETESB (2000) report,
it was shown that lime samples had dioxin and furan concentrations in the range
of 0.1-31, 138 ng/kg TEQ for samples collected in August and December 1998.
In March 1998, high dioxin levels were found in milk produced in the German
state of Baden-Wurttemberg, leading to its removal from the market. Tracing the
origin of this contamination led to cattle feed that was tainted with high dioxin
levels. Six components of the feed were analyzed separately and the citrus pulp
pellets from Brazil were identified as the source. A broker, Carbotex Industry and
Commerce de Cal Ltda., had marketed the lime produced by Solvay in Santo
André since 1986.

Rhodia (Cubatao City, Sao Paulo State) manufactured chemicals used for wood
treatment, such as pentachlorophenol and sodium pentachlorophenate as well as
tetrachloroethylene and carbon tetrachloride. The principal chemical waste com-
pounds from the manufacture of these chemicals were HCB, hexachloroethene,
and hexachlorobutadiene. In 1984, it was reported that the company had 11 illegal
waste dumps around the area.

C. Waters

As indicated previously, the majority of information on POP levels is for the
major rivers of the Region. Table 3 presents Regional POP ranges and averages
for waters. The database is not completely representative for the entire area be-
cause its information comes principally from Argentina and Brazil (~95%) and,
to a lesser extent, from Uruguay, Ecuador, and Chile. There is a lack of infor-
mation from the other countries of the Region.

Pesticides Overall, the high pesticide levels in freshwaters of the Region suggest a
complex situation, but the small amount of data requires a cautious interpretation.
Usually, only suspected contaminated ecosystems are monitored, and large-scale
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regional water monitoring programs have never been undertaken. In addition,
very frequent nondetectable levels were not included in the database; e.g., mean
values in Table 3 overestimate the regional picture due to the strong influence of
contaminated sites.

High variability in the pesticide levels (0.6—-14,160ng/L) reflects distinct eco-
system conditions, from less-impacted environments to severely polluted streams
located in densely populated and industrialized areas close to Buenos Aires and
Sao Paulo. Heptachlor, HCHs, aldrin, and DDTs are the most frequently reported
pesticides in water, accounting for more than 60% of the total database.

As expected, according to its higher water solubility, lindane and its isomers
are frequently detected at high levels. The highest mean is 622 + 1572 ng/L, and
the information principally reflects Argentinean data (47 of 56 cases). Indeed,
high HCH concentrations (0.3-7 pg/L) in the Reconquista River, Buenos Aires
(Topalian et al. 1996; Rovedatti et al. 2001) and in some northern and central
areas (Garcia Fernandez et al. 1979; Caviedes Vidal 1998) exceed by 3-400
times the Canadian guidelines (10 ng/L).

Concentrations as high as 520 ng/L have been reported for the Rio de la Plata
near the Buenos Aires sewer, and data from important Argentinean rivers in the
South (Parand, Uruguay, Rio de la Plata) or the north of the country (Rio Negro,
Rio Limay) are consistently higher than guidelines. The relatively high pesticide
levels in the Rio Negro, Patagonia, reflect the intense agricultural activity in this
valley (vegetables and fruits) and related pesticide use, e.g., the organophos-
phates dicofol, endosulfan, endrin, and heptachlor (Natale et al. 1988). Finally,
excluding these critical sites, the general mean of HCH decreases drastically to
146 £+ 191 ng/L, although it is still higher than the guidelines, suggesting that
these compounds are of concern throughout the country.

Heptachlor and aldrin data are more widely distributed within the region and
have lower general means than HCHs (206 £ 274 and 187 £ 647 ng/L, respec-
tively) but are still higher than guideline values (3.8—4 ng/L; Canadian EPA).
Dieldrin presents a worse situation, especially in Brazil, which has a larger set of
reports (12 of 19 cases) and includes the highest levels. The general dieldrin
average (447 £+ 1200 ng/L) is almost an order of magnitude higher than the USEPA
guideline (56 ng/L). The general means of aldrin and dieldrin are shifted by a few
contaminated sites in Brazil (3710 and 1000-5000 ng/L, respectively; CETESB
1997; Chagas et al. 1999) and Argentina (dieldrin, 1429 ng/L; Caviedes Vidal
1998). Excluding these outliers, the averages decrease 3—10 times (42-74 ng/L),
closer to the guidelines.

DDTs are also frequently reported at very high concentrations, and the general
mean (1267 = 1920 ng/L) is double that of the more-soluble HCHs. Reports from
Argentina and Brazil indicate very high levels (10006000 ng/L), more than three
orders of magnitude above the USEPA guideline (1 ng/L), which could reflect
higher inputs related to subtropical agricultural exploitations and vector control.
However, this variability probably includes methodological uncertainties, espe-
cially in older works, because water analysis of highly hydrophobic compounds
such as DDTs is recognized as more difficult. As observed for HCH, excluding
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the critical samples, the DDT average decreases to a few tens of ng/L, but still
remain 1-2 orders higher than guidelines.

HCB concentrations present the highest regional average, similar to DDTs, but
with a larger variation in levels (1,384 + 3,280 ng/L), that are within accepted
guidelines (USEPA: 3680 ng/L). This average is raised by Brazilian data, which
have the largest HCB data set (25 of 31 cases) with the highest concentrations
(6,000-14,160 ng/L; Celeste and Céaceres 1987; CETESB 1997).

PCBs PCBs have only been reported in Brazil (Paraiba River, Rio de Janeiro),
Chile (Biobio River), Argentina, and Uruguay (Uruguay River and Rio de la
Plata). Available data are scarce, and the concentrations detected range from non-
detectable to higher than the guideline value.

In the Uruguay River, the recorded concentrations (7 ng/L) are above the rec-
ommended Argentinean limit (1 ng/L) (DINAMA-SOHMA-SHN 1998), and the
PCB levels in the Rio de la Plata River (close to Buenos Aires) and the Biobio
River (22ng/L) are even higher than this more-permissive guideline (USEPA
recommend a guideline value of 14 ng/L) (Gavilan et al. 2001). In Brazil, Telles
(2001) showed that PCB and organochlorine compound concentrations in surface
water samples collected in the State of Pernambuco were below the detection
limit. Another important survey carried out in Brazil by UFSCar/UNICAMP/
CETESB (Qualised Project) showed nondetectable PCB levels in the water col-
umn and interstitial waters of the Tiete River.

Dioxins and Furans The recent environmental survey from CETESB (2002) in
the Santos Bay (Sao Paulo State, Brazil) is the only published study for PCDD/Fs
in water, and all 25 analyzed samples were below the detection limit.

D. Sediments

Table 4 presents POP ranges and averages for freshwater sediments. In this case,
the database (n=214) presents a more-uniform contribution from the different
countries: Argentina (45%), Brazil (31%), Chile (14%), Peru (10%), and Uruguay
(5%). Individual POP information is also more equilibrated, but chlorinated pes-
ticide data still dominate (61%) followed by Polycyclic aromatic hydrocarbons
PAHs (23%), PCBs (10%), and PCDD/F (6%). Two reports for Peruvian coastal
sediments (Whelan and Hunt 1983) and 10 from the Brazilian CETESB (2001) for
an environmental survey in the Santos Bay (Sao Paulo State) were included that
also include organic mercury in sediments from the Amazon region.

Overall, as observed for water data, sediment data indicate a complex situation
in densely populated areas affected by urban-industrial inputs and that present
high POP levels. The most frequently reported POPs in sediments are DDTs,
HCHs, PCBs, and heptachlors, accounting for 46% of the total database. The
concentrations indicate a large variability, basically introduced by some highly
contaminated sites in Argentina and Brazil, which present levels 4-5 orders of
magnitude higher (Costa 1997; Tavares et al. 1999; Torres et al. 2002b).
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Pesticides Essentially, the chlorinated pesticide patterns reveal some very crit-
ical sites and more-homogeneous residual concentrations. Thus, the principal
mean averages consistently exceed all sediment guidelines. Excluding these more-
critical sites (see bracketed values in Table 4), the general averages decrease in
2-3 orders of magnitude. However, they still remain generally higher than Ca-
nadian freshwater guidelines for aquatic life protection, i.e., heptachlor (3.9 £+ 5.4
vs. a reference value of 0.6 ug/kg); DDTs (9.7 + 14 vs. 6.15 ug/kg); HCHs
(3.2t 4.4 vs. 0.94 pg/kg); and chlordanes (4.2 £ 5.7 vs. 4.5 ug/kg).

Recent studies carried out in an urban site in central Chile reported low DDT
levels in a dated sediment core. The historic pattern registered a deposition rate of
1309 ng/m*/yr during 1972-1978, which declined steeply in recent years after
DDT banning during the 1980s. However, actual lindane deposition rates are
relatively high (188 ng/m?/yr), reflecting the recent use of this pesticide (Barra
et al. 2001). Additionally, Torres et al. (2002b) detected in sediment samples
from Paraiba do Sul-Guandu system, average concentration of XDDT around
225ng/g and trace concentrations of HCB.

PCBs Overall, PCB concentrations in sediments are relatively high, but the
database is strongly biased by contaminated sites in Argentina, the Rio Santiago
(998 ug/kg; Colombo et al. 1990), and Brazil (580 ug/kg; Lamparelli et al. 1996).
Excluding these sites, the general PCB mean decreases from 58 + 149 to 9.1 +
7.7 ng/kg, lower than the Canadian guideline for aquatic life protection (34.1 ug/
kg). However, polluted sediments from the Rio de la Plata estuary often exceed this
value. PCB values in sediments from a remote highland lake in northern Chile have
recently been reported (Barra et al. 2004) with levels that are quite low, reaching
maximum values of 2ng/g dw, but with trends indicating an increase in recent
times.

E. Biota

As expected, available data on POPs in South America for both aquatic and
terrestrial animals are relatively scarce when compared to other regions of the
globe. Aquatic organisms are by far the most studied organisms, and among
them, bivalves and fish. Terrestrial organism data are almost completely centered
on birds, with some Brazilian data available for bovines and insects. As observed
for other environmental receptors, regional data distribution is uneven, heavily
centered in coastal environments, principally on the Atlantic coast. Data avail-
ability reflects both the capacity of each region to maintain a routine environ-
mental monitoring program as well as the environmental monitoring carried out
by universities and research centers, which are by far the two most active data
generators in South America. The data presented for aquatic and terrestrial or-
ganisms are solely from Argentina, Brazil, Chile, Peru, and Uruguay, and most of
them are centered in the Amazon basin and estuarine ecosystem (Parand-Rio de la
Plata). Moreover, the recent environmental survey in the Santos Bay (Sao Paulo
State) from CETESB reported the first data on PCDD/F concentration in biota
within the region (CETESB 2002).
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Shellfish Considering the South American coastal environment as a whole, the
most comprehensive program of POP monitoring in coastal organisms is the
Mussel Watch (Farrington and Tripp 1995). Sampling sites showing high POP
levels in the Region include Recife, Brazil (Fig. 3; BRRE), Rio de la Plata,
Argentina (ARRPi m), and Punta Arenas, Chile (CHPA). Among the POPs
reported in this study, PCBs predominate, followed by DDTs and chlordanes,
whereas when all data gathering is considered (including >10yrs old), DDT,
HCH, DRINS, and HCB are the most common POPs.

Baseline PCB concentrations range from 200 to 700 pg/kg lipids in unpolluted
sites, 1000 to 3,000 ug/kg in samples from moderately contaminated sites, and
4,000 to 13,000 ug/kg lipids in the most affected bivalves. Comparison of the
presented values is difficult because the lipid content does not normalize all data.
In this context, when considering all data available for bivalves, the PCB mea-
surable concentration averages 20 ng/g in almost all the gathered data, reaching
values above 200 ng/g only in the work of Farrington and Tripp (1995). This is an
interesting result, and according to Lopes et al. (1992), these high values may
reflect a seasonal variation in POP content in bivalves. Fresh weight concentra-
tions in these bivalves are 1 order of magnitude lower than the guideline for
PCBs (0.15-0.2 compared to 20ng/g), and concentration patterns tend to follow
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Fig. 3. Mussel Watch data for South America. From the left in north to south direction on
the Atlantic (Brazil, BR; Uruguay, UR; Argentina, AR) and from south to north on the
Pacific (Chile, CH; Peru, PE; Ecuador, EC).
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both the industrial development and population growth observed in the Pacific
and Atlantic coastal areas.

Within the framework of the international Mussel Watch Program (Sericano
et al. 1995), levels of several congeners of PCBs were analyzed in five samples
collected within the wide latitudinal gradient of Chilean coast (see Fig. 3), in-
dicating very low levels, increasing as one moves south. Average DDT values are
around 10 times lower than those observed for PCBs, well below the proposed
guideline value (5,000 ug/kg), and follow a similar pattern observed for this class
of compounds.

Fish The database used to assess the present stage of fish contamination by
POPs is composed of a set of reports from Argentina, Brazil, and Chile. The
majority of these results are normalized by lipid content, and the trends observed
are similar to those obtained in bivalves. POP contents in fish present a tremen-
dous variability resulting from environmental characteristics as well as organ-
related components. PCBs are the major organochlorine residue, followed by
DDTs and HCHs.

Fish from the Rio de la Plata River presented the highest POP levels, princi-
pally PCBs and PCDD/F, when compared with samples collected upstream along
1500km on the Parana and Iguazd Rivers. In contrast, Focardi et al. (1996)
observed PCB levels around 530 ng/g lipid (n =45) in fish muscle sampled up-
stream in the Biobio River (central Chile), an order of magnitude higher than the
values reported for marine fish from the Argentine coast. Additionally, the heavy
industrial activity in the Biobio basin (pulp and paper mills, petrochemicals,
forestry, and diversified agriculture) is reflected in the high value found in Mugil
cephalus sampled in the river mouth (1842 =+ 1005; ng g~ lipid basis, n = 6).

With respect to chlorinated compounds, the majority of the data refer to the
Tieté Basin (Sao Paulo State).

A very comprehensive survey in the Santos Cubatdo area (Brazil) was recently
carried out by the Sdo Paulo State Agency (CETESB), selecting 26 sampling
points, including water (n =26), sediments (n=71), and biota (n=2242). The
results indicate that PCBs are by far the most abundant persistent toxic com-
pound, being detected in 96% of the organisms, with 14% above the human
criteria for daily consumption. PAHs rank as the second most important con-
taminant, being detected in 76% of all organisms, although none was above the
acceptable levels for consumption. As expected, the most abundant dioxin found
in 11 biota samples was octachlorine (OCDD), detected in 10 samples. TEQ
values in the area varied from 0.6 to 1.7 pg/g for crabs, 0.003 for bivalves (Perna
perna), and 3.45 pg/g for Cassostrea sp., and from <0.0001 to 0.16 pg/g for fish
(Mugil curema). These values are in general low when compared to similar
organisms analyzed in Argentina (clams) and in the Northern Hemisphere.

Other Aquatic Organisms Other organisms that have been analyzed for POPs
in the Region are crabs (Cyrtograpsus angulatus), dolphins (Pontoporia blain-
villei), and porpoises (Phocoena spinipinnis) from the Atlantic Argentine coast
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and continental shelf (Menone et al. 2001; Borrel et al. 1994; Corcuera et al.
2002). As expected, according to their different feeding habits and trophic status,
dolphins and porpoises collected along the Buenos Aires Atlantic coast present
~1 order of magnitude higher lipid concentrations in blubber samples. PCBs
show the highest levels (averages, 296, 1980, and 3300 ug/kg lipid in crabs, dol-
phins, and porpoises, respectively), closely followed by DDTs (170, 1670, and
4320 pg/kg lipid). Cetacean values are comparable to those of moderately con-
taminated bivalves from the Mussel Watch (Fig. 3) but much lower than those of
polluted clams and fish from the de la Plata River.

Samples from Callinectes sapidus (an omnivorous crab) collected in the Santos
Bay area (Brazil) showed octachlorine dioxin to be the most important congener in
these animals (~30pg/g ww), followed by the heptachlor congener (~8 pg/g),
whereas for furans, the 7-chlorine congener was the most abundant. Total TEQ
values averaged 1.5 pg/g ww.

In Chile, in crustacean and gastropods from the Valdivia area (southern Chile),
DDTs and DRINs are the POPs with the highest concentrations. The levels
observed are low compared to other regions of the world, ranging from 0.8 up to
5ng/g ww (Palma-Fleming et al. 1998).

Birds Bird eggs from common gulls were analyzed to correlate PCB levels to
different trophic status and anthropogenic influence for different colonies sampled
along the Chilean coast. PCB levels were higher by a factor of 2 in central Chile
when compared to eggs collected in southern Chile, reflecting the impact of
anthropogenic sources. Nevertheless, average data for six PCB congeners indicate
that levels are at least 1 order of magnitude lower than those reported for gulls’
eggs in the Northern Hemisphere, ranging between 53 and 245ng/g ww, re-
spectively (Mufioz and Becker 1999).

Focardi et al. (1996) analyzed PCB residues and chlorinated pesticides in
muscle and liver from three bird species collected in the Biobio River Basin
(central Chile) in an attempt to evaluate a possible pollution gradient from the
Andes Mountains (Santa Bérbara) to the Pacific Ocean (380km). PCB levels
were higher in the most urbanized area (Concepcién) with important industrial
activity. A similar compositional pattern observed for PCB congeners in both
areas indicates a common POP source.

F. Foods

Owing to their persistent and bioaccumulative properties, POPs are transferred
through terrestrial and aquatic food chains and ultimately accumulate in top pred-
ators and humans. Omnivorous humans occupy a top position in terrestrial and
aquatic food chains, thus favoring the biomagnification of POPs.

The data collected clearly reflect the regional need to control POP levels in
food, especially milk products, grains, vegetables, and oils (e.g., soybean, cotton,
corn, fish, sperm, and peanut). At the same time, results reported in older papers
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should be considered cautiously because of the changes in analytical techniques
in the past two decades.

Most frequently reported POPs are DDTs and HCBs (five countries), HCHs
(mainly lindane and aldrin (four countries), followed by heptachlors, dieldrin, and
endrin (three countries), chlordanes and endosulfan (two countries), and PCBs,
mirex, and toxaphene (one country). In contrast, PCDD/Fs and PCBs are scarcely
reported for food items in the region. Chile and Argentina are the countries with
more reports, whereas no data are available from Paraguay, Bolivia, and Ecuador.
Overall, HCHs and DDTs usually present the highest concentrations in food
items in the Region, with a decreasing trend in recent years, probably associated
with restrictions in the use of these pesticides for agricultural purposes (Table 5).

G. Humans

POPs pose a serious risk to human health because these substances may be ac-
cumulated in the adipose tissues leading to body burdens and because they have
the potential to be biomagnified through the food chain. Once ingested, POPs are
sequestered in body lipids, where they equilibrate at roughly similar levels on a
fat-weight basis between adipose tissue, serum, and breast milk. Since the early
1980s, concerns within the Region have increased with respect to POP levels in
different human tissues. Several governmental reports and occupational exposure
surveys, and to a lesser extent scientific papers, were produced during 1980-1990.

The Region presents important differences with respect to the information
obtained both qualitatively and quantitatively. Argentina, Brazil, Chile, and Ur-
uguay have a long history of human tissue sampling with standardized protocols
for analyzing most POPs, whereas in Peru fewer analyses of human samples were
reported.

Chlorinated Pesticides Chlorinated pesticides were more often reported (76%
of the total data) and discriminated by individual pesticides, where the most
frequently detected were DDTs, HCHs, HCBs and DRINS (aldrin, dieldrin and
endrin). On the other hand, the most often monitored matrices were breast milk
and blood, with scarce reports for adipose tissues and urine.

Some chlorinated pesticide data in humans show high levels, with some
critical cases for DDT in breast milk and blood and for dieldrin in blood. Breast
milk was the matrix that presented the highest variability for all studied com-
pounds, followed by blood (Table 6). This factor, together with differences in
statistical management, makes comparison difficult and only permits a discussion
based upon range and mean values.

In general, it is evident that the countries of the Region differ in terms of
database uniformity for the different POPs in humans. Three groups may be dis-
cerned: (a) countries with a broader database (more compounds), e.g., Argentina
and Uruguay; (b) countries that focused on a few compounds, e.g., Chile, Brazil,
and Ecuador; and (c) a third group with no information on human POP level, e.g.,
Bolivia, Paraguay, and Peru.
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Table 6. Pollutant ranges and averages in humans (ug/kg or ug/L).

Sample DDT HCHs HCB Dieldrin
Breast milk n=76 n=35 n=34 n=31
Range 9.0-230 5.0-150 8-205 3-48
(9 x 10% (3.910)
Mean 69.6 (1,109) 86.5 (620.3) 77 30.3
Blood n=48 n=41 n=239 n=29
Range 0.4-97 1.1-50 (308) 3-42 0.7-20.4
(17 x 10% (3x10%
Mean 25.0 (12,135) 15.0 (39.4) 24.2 6.94 (25,042.9)
Fatty tissue n=>5 n=4 n=4 n=3
Range 0.3-19 (790) 0.4-13 (146) 0.04-0.04 (70)
Mean 6.5 (202.4) 4.6 (39.9) 0.04 (23.36)
Urine n=4 n=2
Range 11.3-34.9 14.4-46.3
Mean 21.9 304

Bracketed values include critical cases.

The exposure pathways to chlorinated pesticides are very similar throughout
the Region, and in general terms occupational and accidental exposures are the
principal factors, with some cases of environmental exposure and exposure via
food intake.

PCBS PCB data in the Region are very scarce and correspond to breast milk and
adipose tissue levels reported by Chile. A total of 540 samples of human milk were
analyzed: 18.3% was PCB positive with levels ranging from 0.09 to 84.93 mg/kg
on a lipid basis (Tamayo et al. 1994). In contrast, a mean level of 54 ng/g fresh
weight in samples of fatty tissue from persons living in an industrialized zone
was also reported with the corresponding PCB TEQs values of 1.09 pg/g ww
(Mariottini et al. 2000, 2002). These levels are almost an order of magnitude
lower than values reported for relatively nonindustrialized areas in Italy (400 ng/g
lipids).

IV. Discussion

The identification and quantification of POP sources and releases to the envi-
ronment are poorly developed in the Region. Most of the results presented in this
review refer to critical areas (hot spots), and to a lesser extent to stockpiles, which
act as a major environmental source for the most common POPs. Industrial
emissions and other specific sources, including the unintentional ones, are largely
ignored, and no records are available to estimate the real threats that they may
pose to humans and to the environment. Dioxin and furan emissions to the
atmosphere were estimated using both the UNEP toolkit and CO, emissions. The
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value obtained for the whole region is ~700 g TEQ/year, and is in the same order
of magnitude of values reported for European countries such as France, Belgium,
and UK. Still, this estimation must be validated with experimental data.

The main PCB sources are improper use, disposal, and maintenance of the
available stock. Considered in order of increasing priority, PCBs could be con-
sidered as the most important POP issue for the analyzed countries. The most
relevant environmental problems with POPs are related to the improper use, dis-
posal, and maintenance of the available stock. The discharge of untreated effluents
throughout the whole region is recognized as a major input pathway of POPs into
the environment.

The majority of the countries within the Region lack a routine monitoring
program, and most of the available data were generated by induced monitoring
rather than comprehensive programs in densely populated areas and along prin-
cipal hydrographic basins. For this reason, the database concerning environmental
levels strongly reflects bias toward freshwater ecosystems and does not address the
current status and trends of vast areas of the region.

The environmental compartments most studied are aquatic animals, followed
by sediments, water, and humans, with fewer data for air and soil. The majority of
the published data corresponds to chlorinated pesticides and PAHs, with a few
reports on PCBs and organic mercury. In general, in past decades, environmental
pesticide levels of pesticides are decreasing, especially in foods, mainly because
of legal restrictions or banning in the countries of the Region. However, the other
POPs show clear contamination patterns in sediments, water, and biota in densely
populated and industrialized areas.

An observed trend in the Region was a decline of pesticide levels during the last
decade following banning of pesticides; however, it was recognized that a con-
tinuous monitoring effort is needed because there are large areas without infor-
mation. Toxicological and ecotoxicological effects have been practically not
assessed in the region, with only a few exceptions. Concern should be raised on
the deferred effects of some POPs substances, and attention should be paid to
chronic effects in humans in those situations where exposure is critical. With
respect to environmental effects and responses, despite the attention to environ-
mental levels in biota, few studies have addressed the effects of such exposure.

Studies on long range transport (LRT) at the regional level are practically
nonexistent; only a few studies have been conducted in the Region, where several
POPs such as PCBs, dioxins, furans, and other chlorinated compounds have been
detected in remote areas (Andes Mountains and South Atlantic Ocean), showing
the relevance of atmospheric and ocean transport. Taking into consideration the
abundance and extensive area covered by the freshwater ecosystem, the LTR
through this medium is very likely to occur at the highest altitude, although there
are no experimental data to support this statement. Large rivers within the Region
could be major transport pathways. In conclusion, the Region presents all the
necessary conditions to allow the POP transport and spreading to remote areas,
but there are few experimental data to evaluate the real contribution and im-
portance of this mechanism to the present scenario of Regional POP assessment.
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Summary

Persistent organic pollutants (POPs) are a global issue. The recently signed
Stockholm POP convention requires information from signatory countries re-
garding sources and environmental levels. In eastern and western South Ameri-
can countries, this information is not always easily accessible, and therefore an
effort toward collection of updated information is required. This review attempts
to fulfill these requirements by analyzing the existing information regarding
environmental levels of POPs in eight countries of South America.

A regional trend for environmental POP information is the uneven contribu-
tion among countries, which reflects the different patterns of economic, technical,
and scientific development. In general terms, the available information is strongly
biased toward those countries with scientists, and technical facilities for per-
forming research in POP-related issues. Data related to environmental levels and
spatial patterns principally come from the densely populated areas along major
rivers such as the Amazon, Parand, and Rio de la Plata. The database is thus
strongly biased toward freshwater environments to the detriment of coastal ma-
rine areas, which have received proportionally less attention.

POP monitoring in air is infrequent in the Region. Data represent a few
geographical areas within the Region. PCB levels in air from some urban areas in
Argentina, Brazil, and Chile are low to moderate (0.7-6.5 ng/m3) but consider-
ably higher than those reported for the remote Falkland Islands (Islas Malvinas)
(5 pg/m?). POP monitoring in soils is also limited within the Region. There are no
regional monitoring programs, and most data refer to agricultural areas in Chile
and urban hot spots in Brazil. Chilean soil data from agricultural areas indicate
generally low levels of chlorinated pesticides in spite of a relatively high de-
tection frequency.

Overall, several high pesticide levels for freshwater in the Region suggest a
complex situation, but the narrow coverage of the data requires a cautious in-
terpretation. Usually, only suspected contaminated ecosystems are monitored,
and large-scale regional water monitoring programs have never been undertaken.
The few PCB reports indicate generally low to moderate levels (7-22ng/L),
higher than recommended guidelines in urbanized estuaries and rivers such as the
Rio de la Plata (Argentina) and Biobio (Chile). Pesticide levels show high var-
iability (0.6—14, 160ng/L), reflecting distinct ecosystem conditions from less-
impacted environments to severely polluted streams located in densely populated
areas near Buenos Aires and Sao Paulo. Heptachlor, HCHs, aldrin, and DDTs are
the most frequently reported pesticides in water, accounting for more than 60% of
the total database.

Regional POP information for sediments is also dominated by chlorinated
pesticides, but presents a more balanced contribution of PCBs with a few reports
for PCDD/F. Overall, as observed for waters, sediment data indicate a complex
situation in densely populated areas affected by urban-industrial inputs that have
high POP levels. The most frequently reported POPs are DDTs, HCHs, PCBs, and
heptachlors. The concentrations show a large variability, principally introduced
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by some highly contaminated sites in Argentina and Brazil with levels 4-5 orders
of magnitude higher.

Aquatic organisms are by far the most studied organisms in the region, among
them principally bivalves and fish. As observed for other environmental recep-
tors, the regional distribution of data is uneven, heavily centered in coastal en-
vironments and in some countries (Argentina, Brazil, Chile, and Peru). The most
comprehensive POP monitoring program in the South American coastal envi-
ronment is the Mussel Watch. Among the POPs studied, PCBs predominate,
followed by DDTs and chlordanes. Baseline PCB concentrations range from 200
to 700 ug/kg lipids in unpolluted sites, from 1,000 to 3,000 ug/kg in moderately
contaminated sites, and from 4,000 to 13,000 ug/kg lipids in most affected bi-
valves from the Rio de la Plata (Argentine side), Recife (Brazil), and Punta
Arenas (Chile). DDT averages in bivalves are an order of magnitude lower than
those of PCBs, below the 5 ppm guideline, and follow a similar spatial pattern.

Other organisms that have been analyzed for POPs in the Region are crabs
(Cyrtograpsus angulatus), dolphins (Pontoporia blainvillei), and porpoises (Pho-
coena spinipinnis) from the Atlantic Argentine coast and continental shelf. PCBs
show the highest levels (averages, 296, 1980 and 3300 ug/kg lipid in crabs, dol-
phins, and porpoises, respectively) closely followed by DDTs (170, 1670, and 4320
ug/kg lipid). PCDD/Fs analyzed in the omnivorous blue crab (Callinectes sapidus)
collected in the Santos Bay area (Brazil) showed total TEQ values of 1.5 pg/g wet
weight with the predominance of octachlor dioxins, followed by heptachlor con-
geners. POP data in crustaceans and gastropods from the Valdivia area (southern
Chile) show generally low levels, basically of DDTs and DRINs (0.8-5 ng/g ww),
whereas very few data from organisms collected in the Peruvian coast show low
DDT (1-10 ng/g), and PCB levels (0.12—-17.8 ng/g).
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I. Introduction

The aquatic environment is the final receptor of all human-made or natural con-
taminants. The situation is particularly critical near large human conglomerations
of Latin America that have grown disproportionately and without any planning.
Extremely high urban and industrial concentrations are associated with environ-
mental pollution processes that, in turn, cause degradation of air, water, and soil, as
well as of other natural resources and of the quality of life of people living in those
places (Borthagaray et al. 2001; Finkelman 1996; Hajek 1995; Joyce 1997).

The expected trend of urban population growth in Argentina shows that the
percentage of urban population will increase up to 96% by the year 2025; similar
tendencies are predicted for all countries of the region (Escalona and Winchester
1994). In fact, the population census for Argentina indicated that urban popu-
lation grew from 87.2% in 1991 to 89.3% in 2001 (INDEC 2002).

Those degrees of urbanization in Latin America are close to or even higher
than those of many industrialized countries; however, although in those countries
almost 100% of the urban population has access to safe drinking water and
sanitation services, this percentage is considerably lower for the South American
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urban communities; the particular situation for the population settled in the
Reconquista River’s basin appears to be critical (Saltiel 1997a).

In addition, most of the large South American cities are surrounded by shanty-
towns of poor and jobless people who migrated from the countryside to seek a
better standard of life. The speed of this demographic process has increased in
particular in the past two decades after the economic models that have been im-
posed in the region. It is worth mentioning that the aforementioned economic
policies also gave rise to the reduction or weakening of the controlling and regu-
lating capacity of the government regarding the environmental problems; there-
fore, the situation has worsened over time.

More recently, the picture is growing even worse because of an urbanization
process taking place in reverse, revealing a centrifugal movement of people who
migrate from large urban centers to gated communities located in the surround-
ings of the big cities, thus occupying lands of high productive capacity and low
levels of pollution (Mateucci et al. 1999). This process may explain the fact that
the population of Buenos Aires city, the largest of the country, declined between
1991 and 2001 by 6.4%.

In Argentina, freshwater pollution is critical in urban and near-urban water
bodies close to the large urban centers, particularly in the estuary of Rio de la
Plata (in Spanish, river = 7:0). It is a kind of a collecting “funnel” of all pol-
lutants brought by the Parand and Uruguay Rivers that carry away the agricul-
tural, industrial and domestic wastes from several neighboring countries of the
region; it also receives wastes from the large San Nicolds—Rio Santiago industrial
axis, which includes the city of Buenos Aires and the Great Buenos Aires. It is
approximately 500 km long and receives contaminant inputs of high complexity
and chemical variability, coming from the atmosphere and by direct point dis-
charges (Brailovsky and Foguelman 1992; Tudino 2001).

Several authors have pointed out that providing freshwater in the region will
become a critical issue in the near future (Fernandez Cirelli 1998). In 2000, the
average renewable water resources in Argentina were 9721 m’/capita/yr, the
lowest in the region, with 75% of the surface freshwater withdrawals for agri-
cultural use, 9% for industry, and 16% for domestic use. In addition, freshwater
withdrawals are approximately 950 m*/capita/yr, 127 of which are groundwater
(UNDP et al. 2000).

At present, most of the water bodies of Argentina are affected in some degree
by pollution processes (Loez and Topalidn 1999). Foguelman and Gonzéilez Urda
(1994) estimated that in Argentina only 10% of the industrial wastes are retained.
In other words, 90% of the wastes produced in industrial activities go, without
treatment, directly to water bodies.

The rivers and streams near the city of Buenos Aires and its outskirts re-
ceive some 300,000 t yfl of toxic mud, 500,000 t yr7l of diluted solvents,
and 500,000 t yr~' of effluents with elevated quantities of heavy metals. In ad-
dition, there is unequivocal evidence showing the existence of groundwater
pollution.
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The situation in the majority of the large rivers in Argentina is very serious due
to the amount and range of chemical pollutants, principally as a consequence of
industrial development with an inadequate regulatory framework and a deficit of
decades in matters of sanitary substructure and waste treatment. In recent years,
the intensity of the environmental stress conditions have shown, in some cases,
incipient signs of recovery, which was interpreted as due to acute economic
recession in the country, reflected by an important reduction in industrial activity.

Pollution levels increase in these large rivers in a sustained way in time,
particularly where pesticides, heavy metals, and hydrocarbons and other products
derived from oil, present either in the biota, in solution, or in sediments, reach
values sometimes much higher than those established by the Argentinean Law of
Hazardous Wastes (No. 24051) for the different uses of water (Bilos et al. 1998;
Catoggio 1990; Colombo et al. 1989, 1990, 1997; Comisién Administradora del
Rio de la Plata 1989; Ronco et al. 1996; Verrengia-Guerrero and Kersten 1998;
Villar et al. 1998).

The history of regular and integral freshwater quality monitoring in Argentina
is limited. Where measurements were made, these were monitored at a limited
number of sites restricted to pollution sources, without a prolonged temporal
sequence of samplings. Monitoring programs relied mainly on water chemis-
try and bacteriology, with measurements carried out for only the main variables,
those required for the determination of particular water quality indexes. The
multidisciplinary approach considering simultaneous evaluation of a number of
factors and processes that, in an integrative picture, may determine its charac-
teristics, was poorly developed or lacking. The use of biota for monitoring the
quality of aquatic environments has been relatively uncommon compared to
abiotic variables (Topalian et al. 2001).

II. Reconquista River Description

The Reconquista River is a typical lowland watercourse situated in the northwest
of Buenos Aires Province. Located in a temperate subtropical region, it originates
in the confluence of the Durazno, La Choza, and La Horqueta streams and finally
joins the Lujdn River that flows into an international river (Rio de la Plata)
(Fig. 1), which is part of the second largest hydrogeographic system of South
America, after the Amazon, and the fifth largest in the world.

The length of the river is approximately 55km with a low flow (70,000—
1,700,000 m> d_l). Its width varies from 4 to 25m and its depth fluctuates be-
tween 0.5 and 2.5m, with an approximate downgrade slope of 0.5mkm ~".

The river receives the output of 80 small tributaries; one of them, the Morén
creek, should be highlighted as it marks the limit between the medium and the
lower sections of the river. It is roughly 16 km long, partially tubed, with a mean
flow of 0.9 m® sec™". During the drought season the entire stream is composed of
sewage and industrial wastes and is known as an “open sewer” (Kuczynski
1991a, 1994).



38 A. Salibidn

ARGFHTINA

La Choza

Fig. 1. Reconquista River, showing positions of sampling sites: S1, Cascallares; S2, Paso
del Rey; S3, Gorriti; S4, San Martin; S5, Bancalari

The watershed of the river covers about 1700 km?. It includes three areas: the
upper plain, 720 km?, is mainly a farming and animal husbandry area while the other
two plains are either urbanized or soon will be. The latter includes green and public
areas such as the one used by CEAMSE (State Society of Ecological Coordination
of the Metropolitan Area) as an open-air landfill zone to hold unclassified solid
urban wastes from the city of Buenos Aires and its surroundings (Zalazar 1996).
These processes of land occupation, which take place simultaneously with others,
modify in a permanent way the original characteristics of the watershed.

Watershed rainfall is quite irregular in frequency and magnitude, without a
defined dry season throughout the year. Mean annual rainfall was 1034 mm
during the studied period.

At present (2001 Population Census), approximately 3.5 million people are
settled in the highly stressed basin of the Reconquista River. Between 1991 and
2001, that population increased by 8.9%. These figures correspond to approxi-
mately 10% of the total population of the country and to 32% of the Buenos Aires
city plus its metropolitan area. It is interesting that the increase of settling rate on
the river’s basin was slightly lower than the growth rate of the total population of
the country, which was, for the same period, 11.1% (INDEC 2002).
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III. Pollution of the Reconquista River

It is accepted that the human colonization process of the river’s basin began in the
middle of the 16th century. A sustained industrial activity was recorded by the
end of the 18th century. At that time, a number of sawmills were established near
the mouth of the river (Kuczynski 1993).

Other factors that have had to do with the human settlement, different from
those related to industrial activities, are worth mentioning briefly. In 1871 an
epidemic of yellow fever affected Buenos Aires, causing a massive migration of
people that moved toward the northeast close to the mouth of the Reconquista
River area. Earlier, in 1567 cholera epidemics moved in from Paraguay.

The strongest industrial development of the country began at the first third
of the 1900s. As early as the 1950s, people complained about the river’s pol-
lution.

The Reconquista River is an example of the adverse impact of human activity
on an urban related waterway. It is the second most polluted river of Argentina,
with a great variety of industrial activities settled in its basin (textiles, tanneries,
dairy and meat processing, chemical, metallurgic, electroplating, efc.); 85% of
these industries are concentrated in five municipalities. In all, 10,000 plants, most
of them located on the margins of the river (Alsina and Herrero 2000), discharge
their untreated effluents into the river and use large quantities of water in pro-
cessing, cooling, and cleaning. Approximately 20% of these industries discharge
a total biological oxygen demand (BOD) load of approximately 150,000kg d ™",
equivalent to an organic loading capacity of 2.5 million population.

The main course of the river and its tributaries receive running water from
different origins, (landfills, agricultural, domestic, industrial, ezc.) (Saltiel 1997b).
Furthermore, the water that flows from the urban margins, and from industrial
and agriculture and cattle farming activities, must be added. This water carries
away a huge and diverse mass of wastes and chemical substances, exceeding in
almost all cases the self-depuration capacity of the river. This situation is serious,
not only because of the increasing amount of anthropogenic wastes but also
because of their alarming variety. Thus, the water of the river becomes an ex-
tremely complex mixture of chemicals that, after physical, chemical, and bio-
logical alterations and interactions, both synergistic and antagonistic, may
become a factor of high toxicological and ecotoxicological risks.

It must be kept in mind that the drainage system is not large enough; therefore,
deposition of domestic effluents is inappropriate and further degrades the quality
of water. Industrial activity, together with demographic growth, has contributed
to the deterioration not only of the surface water but also the groundwater of the
basin, as well as pollution of the adjacent soil (Pereyra and Tchilinguirian 2003).
The groundwater of the area is a main source of running water from which
inhabitants with no service of piped potable water draw their supply.

In past years, several floods were reported in the watershed area of the river;
the most recent ones determined the scattering of different contaminants in the
soil and in the water. Marban et al. (1999) have shown that soils near the river
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affected by those floodings were heavily contaminated with Pb, Hg, and Cd. As a
consequence, the Reconquista River enhances the serious contamination problem
of the major basin of Rio de la Plata, whose southern riverside is the most
important source of freshwater for human use in the cities of Buenos Aires and La
Plata and their outskirts, with a population of about 12 million inhabitants.

In spite of the fact that the Rio de la Plata has a considerably higher capacity of
self-depuration by dispersion and dilution because of its large dimensions, Villar
et al. (1998) determined that Cd, Zn, Pb, and Cr concentrations in the water were
higher than the maximum permitted quantities in sites located a short distance
downstream from the outlet of the Reconquista River. In addition, there is evi-
dence that concentrations of heavy metals in the sediments of coastal areas of the
Rio de la Plata are very high (Kreimer et al. 1996).

The aforementioned description, typical of a difficult and serious situation,
confirmed that every particular environmental process is in fact a part of a larger
system and that what happens in its diverse subsystems strongly affects the other
subsystems.

IV. National University of Lujan Studies

Studies on the quality of surface waters of the Reconquista River, during the
15 years between 1985 and 2001 is the longest and most complete regular mon-
itoring of continental waters in Argentina in the past quarter-century (Salibidn
1999). Following our studies, other authors have contributed additional informa-
tion on the water quality by determining some physicochemical parameters and
the heavy metal content of the sediments of Durazno and La Choza, two of the
creeks that give rise to the Reconquista River (Tudino 2001).

To monitor water quality in the main course of the Reconquista River, re-
search activities have concentrated on the following:

« Measurement of physical and chemical variables, about 30 parameters for each
water sample

- Determination of water quality indexes based on the chemical profiles

. Determination of biological parameters (phytoplankton and zooplankton abun-
dance, diversity and community structure, microbiology)

« Acute and prolonged in situ and laboratory toxicity tests with native and
standardized producer and consumer species as sentinel organisms

When they agreed, various numerical and statistical procedures were applied to
the different sets of data.

Studies were carried out on samples taken monthly in five sites, covering the
entire length of the main course of the river: Cascallares (S1), Paso del Rey (S2),
Gorriti (S3), San Martin (S4), and Bancalari (S5) (see Fig. 1).

Cascallares is located close to the mouth of the river (5 km) and was identified
as the “control” site because of its low pollution rate (Loez and Salibidn 1990),
affected mainly by agricultural runoff and livestock watering. Paso del Rey (10 km)
and Gorriti (20 km) are located in the rural-urban transition, with increasing loads
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from industrial and household waste discharges. San Martin (S4) (38 km down-
stream) was considered to be a key site to evaluate the impact of toxic wastes of
the Mor6n creek, which flows into the Reconquista just above this point. Ban-
calari (S5) (45 km) was the site that showed the heaviest deterioration; it lies close
to the outlet in the Lujan River, but is far from the influence of the Rio de la Plata
tides which might alter the composition of water samples. At this point, the water
is always blackish-brown, with heavy foam on the surface and evidence of the
presence of petroleum and its waste products.

The area of the river whose margins are used by the CEAMSE is located
between San Martin and Bancalari. In this respect, it is interesting to mention the
results reported by Faggi et al., (1999) after detailed studies on the aquatic and
riparian vegetation of the river. As they moved from Cascallares (S1) through
Bancalari (S5) during sampling, they reported a significant decrease in the
number of native species and a parallel increase in alien species. They concluded
that their findings cannot be explained only as a secondary consequence of the
pollution and, alternatively, postulated that the interpretation of those changes in
the riparian flora profile might be related to anthropogenic factors such as the
impact of urbanization processes and mechanical modifications occurring in the
margins of the river as a result of changes in land use.

It is necessary to highlight that the water quality measurements that focus on
levels of contaminants are useful but do not directly tell us how complex and
poorly characterized mixtures of a large number of chemicals pollute water and
affect adversely freshwater ecosystems. The evaluation of river water quality by
physicochemical parameters provides a temporary approach and reveals only the
presence of the substances that are being determined. In systems of mixed and
complex pollution, such parameters are not sufficient to infer joint effects on the
aquatic biota.

Toxic substances may interact among themselves, and with natural substances,
particles, and organisms, thus varying their toxicity and their bioavailability.
Therefore, data related to the structure and dynamics of the communities such as
phytoplankton and zooplankton are particularly important because they can indi-
cate environmental quality alterations by their particular sensitivity to the effects of
changes in nutrient concentrations and to the presence of toxics and xenobiotics.

Therefore, an integrated protocol of assessment of water pollution is a basic
requirement for the design of its control strategies. In our case, the information
acquired and the integration of both abiotic and biotic features of the water
resulted in a more comprehensive understanding of the dynamics of the pollution
status of the river, characterizing it both spatially and temporarily. In addition, we
determined different chemical pollution indexes as complementary diagnostic
information referring to the quality of the river water.

More recently, a number of statistical procedures (cluster analysis and ordina-
tion by PCA (Principal Components Analysis) stepwise discriminant analysis,
and multiple discriminant analysis of variance) (Hair et al. 1995; Legeéndre and
Legendre 1979; P14 1986) have been recommended as suitable tools for the study of
aquatic communities and to correlate them with the profile of the physicochemical



42 A. Salibidn

parameters in their particular environment. By means of this methodology, we were
able to detect phytoplankton and zooplankton associations that may be represen-
tative of particular environmental conditions (Olguin Salinas et al. 1999; Rovedatti
et al. 2000; Topalian et al. 1999a).

The toxicity bioassays also contribute to this integrative approach concern-
ing their acute response or through the changes that can be seen in particular
bioindicators of different freshwater species used as test organisms under chronic
or sublethal conditions. This type of approach was recently applied to ecotox-
icological assessment of the quality of the river water, showing that the integrative
complementation of different chemical and biological analytical information with
appropriate mathematical methods of analysis may be more precise tools (Olguin
et al. 2004).

Our team conducted this study that supplied a reliable basis, particularly
useful to (a) determine the spatiotemporal quality or deterioration of the waters,
(b) monitor the impact of remediation programs, (c) establish regulatory needs,
and (d) design predictive models of what the future would be like relative to the
quality of the river water under different environmental conditions.

V. Analytical Portrait of the Reconquista River

To shorten the text, the results are shown in a general way in selected figures and
tables that partially present the data obtained in our studies. In each case, the specific
sources of information were indicated so that the reader can obtain a detailed
description of the applied analytical methods as well as of the results reached.

A. Abiotic Parameters

Basic Physiocochemical Parameters Most of the physical and chemical param-
eters (Table 1) showed changes downstream, particularly acutely, and in some
cases abruptly, after the discharge of the highly polluted Mor6n stream, indicating
significant deterioration of the water quality in the zone between S4 and S5
(Castafié et al., in preparation).

Water temperature did not differ among sites, suggesting that thermal pollu-
tion was not a common event in the river; it changed in concordance with
seasonal variations, oscillating between 6 ° and 10 °C in winter and between 30 °
and 31 °C in summer. The pH along the river was mostly in the alkaline zone
(7.4-10.0), characteristicly a steady high-to-low gradient from the source to
the mouth, which may result from to the calcareous substratum of the river.

The majority of the remaining chemical parameters showed a clear tendency to
increase toward the outlet of the river, with important jumps in the San Martin—
Bancalari area.

The spatial variation of the dissolved oxygen (DO) was very important, from
7-8 mgL*1 in S1 down to 0-0.3 mgL*1 in S5; thus, the water condition in
Bancalari was permanent anoxia. The DO in less-polluted points (e.g., S1) in-
creased when the algal density was augmented by the blooms.
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As expected, values of conductivity, BOD, and chemical oxygen demand
(COD) also increased in the direction S1 to S5; at S4-S5 there were always
registered values 2 to 20 times higher than those of S1-S3. The hardness was
considerably uniform except in S4-S5 samples, where it reached values ap-
proximately 40% higher than in S1-S3. The COD/BOD ratios oscillated between
11 (in S1) and 4 (in S4-S5), suggesting the presence of important amounts of
nonbiodegradable organic matter along the river.

Physicochemical parameters particularly important from the toxicological and
ecotoxicological aspects, indicators of domestic sewage and municipal wastes,
such as chloride, phosphates, inorganic N compounds (NHJ, NO5, NO3), and
phenols, were found in all samples. The data showed a clear-cut trend of in-
creasing concentration toward the mouth of the river, reaching values always well
over the maximum permitted quantities (MPQs), the increases being particularly
accentuated between S4 and SS5.

For instance, N-NHZ was 15 times higher in S5 compared with S1. When the
concentration of the same cation is expressed as a percentage of total dissolved
inorganic nitrogen (NH; +NO3 +NO3), in S4-S5 it represented 80%—93%.
Similar tendency to increase suddenly after S4 was recorded with phosphates,
chlorides, and phenols (Topalidn et al. 1999a,b). These high nutrient inputs are
mostly related to sewage effluents and secondarily to industrial discharges.
Consistently, BOD values also increased downriver. Within this framework is
underlined the presence of phenols, always in concentrations 60 to 150 fold
higher than the maximum permitted quantities.

Abundant foam, attributed to domestic or industrial drainage of surfactants,
was frequently observed, which in aquatic media reduces transparency and gas
exchange at the air—water interface.

Heavy metals in water and in sediments It can be said that heavy metals are
permanently present in the river. At the same time, it was noted that the values
suffer randomly sudden important increases. These findings were not restricted to
any particular area of the river, which was interpreted as evidence that it is used
as an illegal repository site for industrial and domestic wastes. In agreement with
this observation is the fact that rainfall did not significantly change the profile just
described.

Because of the proximity of Buenos Aires and its outskirts, it is plausible to
postulate that a fraction of the detected metals in the water of the river may also
have atmospheric origin by deposition from different points of the industrial belt
of the city.

The total heavy metal concentrations found throughout the sampling period
exceeded widely the MPQs established by Argentine law for protection of
freshwater life, being, for example, 4 (As), 40,000 (Cd), 150 (Cr), 65 (Cu), and
23 (Zn) times higher, respectively, than those limits. In Fig. 2 are shown data
corresponding to three heavy metals found in surface water from Cascallares, San
Martin and Bancalari, sampled between 1994 and 1996 (Topalidn et al. 1990,
1999b).
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Fig. 2. Concentration of Cd, Cr, and Zn in the Reconquista River. In parenthesis are MPQ values.
Source: Topalian et al. (1996)

It is known that particles of reactive metals released to bodies of water are
likely to accumulate in sediments. Seasonal variability in the temperature of the
river water may have led to temporal variability in the flux of deleterious chem-
icals from the sediments, acting as a removal factor from the overlying water
column (Castafié et al. 1998a). In that respect, it was reported that extremely large
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amounts of heavy metals were found in sediment samples taken in San Martin
(S4), in particular, Cr (1923 mg L*I) and Zn (967 mg Lfl); other metals (Cu, Cd,
Pb, Mn) were also found at high concentrations associated with considerable
quantities of humic and fulvic acids (Iorio et al. 1997; Saltiel and Romano 1997;
Tudino 2001).

Insecticides in Water Large numbers and quantities of pesticides are used in
Argentina for agricultural and public health purposes. It is well known that their
application may be a contaminant source for the aquatic environment, in
particular in developing countries where their use is estimated at 20% of the total
amount of pesticides used in the rest of the world.

Most of the applied pesticides are subject to many transport and conversion
processes. Thus, they do not remain at their target site but often enter aquatic
environments via soil percolation, air drift, and surface runoff, affecting abun-
dance and diversity of nontarget species, producing complex effects on the
ecosystems, and altering trophic interactions (Rand et al. 1995). In addition,
many pesticides eventually end up in groundwater, where their residues or
transformation products may remain for years (Belfroid et al. 1998).

Ours was the first systematic data collection by direct measurement of insec-
ticide residues in the river over the course of a 2-yr monitoring program with
monthly samplings in S1, S4, and S5 (Rovedatti et al. 2001). Of the samples
analyzed, 35% had organochlorine pesticides in a concentration greater than
0.1 ugL™" (ppb). Organophosphates were not found, possibly due to their low
persistence because of their short half-lives in aquatic environments.

At all locations, pesticide levels varied from 40 to 400 times above the MPQ
for protection of freshwater life according to current Argentine legislation.
Throughout the study period, DDT and its metabolite, DDE, were found only in
S1 and gamma-chlordane in S4; heptachlor was found in 50% of the samples of
S4 and in 35% of S5, while HCH isomers were detected in 38% of S4 and 45% of
S5 samples. High levels of some pesticides were simultaneously detected but
with greater frequency downstream (S4 and S5). Neither temporal nor spatial
trends were found. There was no relationship between the detected pesticide
residues and the application season for farming purposes.

These data are in agreement with those that result from the remaining phys-
icochemical information, confirming that the quality of the river water is con-
siderably deteriorated between S4 and S5, providing additional impact on the
biota and bringing a potential risk to human health.

It must be mentioned that, since the 1970s, the import, manufacture, com-
mercialization, and agricultural use of products based on DDT, heptachlor, chlor-
dane, dieldrin, aldrin, and HCH (except its pure gamma isomer) was forbidden in
Argentina (Piazza et al. 2000). In this respect, it is interesting to mention that
Garcfa Fernandez et al. (1979), after an extensive screening of major organo-
chlorine pesticides in two main large rivers of the same basin, have found high
levels of a-, -, and y-HCH [up to 0.86 ug L™ (ppb)], heptachlor and its epoxide
[up to 1.12 ug L™" (ppb)], and pp/-DDT [up to 5.6 ug L™ (ppb)].
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Organochlorine pesticide levels exceeding guidelines were also detected in
coastal water samples of Rio de la Plata, the final receptor of the Reconquista
River water (AA-AGOSBA et al. 1997, AGOSBA et al. 1992; Colombo et al.
1990). However, in the principal watercourse of that river, those values remain
below the regulatory limits as a result of dilution processes (Comisién Admin-
istradora del Rio de la Plata 1989).

The natural and anthropogenic pollution of groundwater in Argentina by
heavy metals and pesticides has been recently reported (Ares et al. 1999; Farfas
et al. 2003; Loewy et al. 1999; Marteau et al. 1999; Momo et al. 1999). However,
the kinetics of the interactions between pollutants in groundwater and surface
water for this particular system was not studied.

Our previous data and the present results indicate that the river receives in-
termittent contaminant inputs of pesticides. Although the sampling sites located
after the Mordn stream’s discharges appeared as the more polluted, upstream
points proved to be also polluted, although less extensively than in the remaining
locations. It must be pointed out that our research was restricted to only two
groups of insecticides. The overall picture will change if the last-generation
pesticides (e.g., pyrethroids), currently being used, is included for consideration.

Turbidity This variable is a relevant factor both in primary productivity and
in the transport and bioavailability of several chemicals such as heavy metals.
Tubidity results from the scattering and absorption of incident light by particulate
matter originated from erosion in the watershed and/or resuspension of particles
deposited in the riverbed.

Turbidity was one of the parameters that remained almost constant, without
important spatial or temporal changes within each sampling series. This finding
supports the conclusion that the detected differences in algal biomass (see fol-
lowing) may be attributed to the effects of either xenobiotics, seasonal tempera-
ture, or nutrient concentration variations rather than to differential penetration of
light.

The amounts of total dissolved solids were variable, with a tendency to in-
crease in the sampling stations located close to the mouth of the river, but with a
very irregular spatial profile, closely dependent on rainfall. The mean values
oscillated between 250 and 1100mgL~'. The suspended matter was a minor
proportion of the total solids and showed a tendency to diminish in S4 and S5.

Water Quality Chemical Indexes Several indexes have been proposed and
applied as relative indicators of water quality. They have the advantage of sum-
marizing large sets of data into simple numeric expressions.

An ecological classification of riverine systems based on the concentrations of
dissolved heavy metals has been proposed by Wachs (1998). According to that
classification, a water body excessively polluted (grade IV) shows the following
concentration profile (in ug L*I): Cd>2,Cr>8, Cu>20,Pb>15, and Zn > 140.
In the case of the Reconquista River, those limits were exceeded in most cases by
329%—47%.
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The ICA (Index of Water Pollution) (Berén 1984) is an index of organic
pollution. Determined by temperature, Cl, N-NH,", BOD, and DO, it varies
between 0 and 10 (worst—best condition); an index of 10 corresponds to a sample
with a pollution status equivalent to a sewer effluent. The ICA was 6.1-8.9 in
Cascallares (S1), 3-6 in Paso del Rey (S2), 3-5 in S3, 1.7-3.8 in San Martin (S4),
and 1.2-4.4 in Bancalari (S5) (Olguin et al. 1999; Topalidn and Castafié 2003).
By means of the same index, other authors have shown that the quality of the
water has declined since our samplings (Arreghini et al. 1997).

The ICAPI (Lacoste and Collasius 1995) (Index of Water Pollution by Industries)
is another index used to quantify industrial contamination; it relies on the concen-
tration of phenols, detergents, and heavy metals (As, Cd, Cr, Cu, Hg, Pb, Zn), DO,
and COD. The values of the ICAPI also vary within a 0—10 (worst-best) scale with
10 equivalent to an original purity state and O corresponding to an untreated in-
dustrial effluent. The ICAPI was 3.4-5.0 in Cascallares (S1), 0.4-2.0 in San Martin
(S4), and 1-2 in Bancalari (S5) (Olguin et al. 1999; Topalian and Castafié 2003).

When the ICA indexes were grouped by season, it was found that in most cases
the worst condition corresponded to the autumn—winter period. The ICAPI index
did not show similar fluctuations, suggesting that the industrial effluents were
spilled regularly into the river all year long (Topalidn and Castafié 2003).

B. Biotic Parameters

Phytoplankton In spite of the amount and range of domestic, agricultural, and
industrial pollutants poured into the river, considerably diverse algal communities
were found, even at points such as Bancalari (S5) where the pollution indexes
showed elevated deterioration of water quality (in particular, permanent anoxic
condition and extremely high concentrations of heavy metals).

A maximum of 160 algal species distributed among 92 genera were recorded
in different points of the river (Castafié et al. 1998b; Loez 1995). The number of
genera was similar or even lower than those reported for other rivers of the same
basin located in areas of comparable geological and climatic characteristics,
studied within the same time (Conforti et al. 1995; del Giorgio et al. 1991), and
receiving comparable types of discharges to those poured into the Reconquista
River. The differences described in algal diversity may be interpreted as a con-
sequence of the higher quantities of pollutants in our river.

The total phytoplankton density fluctuated extremely both in time and in
space, being usually in the range of 1,600-25,000 cells mL ™' but reaching ex-
treme values of 13 x 10 cells mL ™!, obviously the highest end of that range was
registered when blooms occurred. The general trend was in the direction of an
increase between S1 and S4 coincident with the augmentation of the nutrient
concentrations, while it declined in the vicinity of the mouth (S5) as a response to
high pollution stress, probably due to the synergistic effect of elevated hardness
and heavy metals concentration. Similarly, the specific richness and diversity
were also reduced; density showed climatic oscillations, the highest values being
found in spring.



50 A. Salibidn

The biomass of Bacillariophyceae and Chlorophyceae (associated with or-
ganic pollution) was in general dominant, but the density of Cyanophyceae and
Euglenophyceae (indicators of abundant organic matter and low DO) increased
in urban and industrialized zones of the river’s basin (Loez and Topalidn
1999).

In summer and winter, frequent blooms of some species in limited areas of the
river were recorded, associated with an elevation of chlorophyll a levels. How-
ever, it is interesting to mention that under “normal” conditions the algal biomass
did not show significant changes, remaining approximately stable.

Although total concentrations of nutrients were always rather high, levels of
chlorophyll a generally remained moderate because of high discharge rates and
large amounts of nonliving suspended solids, causing reduced growth of algae by
washout and light limitation. O’Farrell et al. (2002) have observed this behavior
in the Lujan River.

It is worth mentioning that after the output of the Mor6n stream, sev-
eral species of Pediastrum showed important morphological anomalies (Loez
1995).

Only a very small proportion of the species were restricted to a particular site,
while the majority were found in all sampling points, although, as already stated,
with differences in their densities. Throughout our study most of the species
found were typical cosmopolitans in eutrophic rivers. From the density values of
the different algal groups, the degree of eutrophication of each site was estimated
by means of the Nygaard Index. It resulted in 11.3, which was evidence of an
eutrophic environment with organic pollution.

The simplest interpretation of these findings relates the increase in species di-
versity found in S1-S4 to the gradual nutrient enrichment of the water, especially by
N- and P-containing compounds in the water or, alternatively, as an evidence of
adaptation of algal communities to high pollutant levels, thus explaining the fact that
certain assemblages of species were registered regularly in all seasons, in all sam-
pling stations and during the entire monitoring program. That was the case of
Aulacoseira granulata var. angustissima, Chlorella vulgaris, Crucigenia crucifera,
Cyclotella meneghiniana, Euglena acus, Microcystis aeruginosa, Monoraphidium
arcuatum, Nitzschia palea, and Oscillatoria chlorina, which occurred regularly.
These species can be considered indicators of pollution or tolerant to the presence of
pollutants.

Relatively abundant and diverse algal communities were found even in
Bancalari (S5), a point characterized by its permanent anoxic condition and high
dissolved Zn>" concentration, 12004000 ug L™" (ppb) (Loez 1995; Loez and
Salibidn 1990; Loez et al. 1995, 1998). In this respect it could be concluded that
metals were not completely available and/or that some species have adapted to
them through an increase in their toxicity thresholds. Some of the results obtained
from the bioassays (see below) strongly suggest that possibility.

It is interesting to mention the report by Vigna et al. (2002) of the isolation
from the water of the Reconquista River of a coccoid algal species that showed
the capacity to degrade gas oil as its unique source of energy and carbon.
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Zooplankton The mean total abundance of zooplankton was 70-120 individu-
als L™! with rotifers as dominant species. Kuczynski (1991b) reported the same
trend in samplings carried out 10 years ago. Among crustaceans, larval copepods
(nauplii) and cyclopodean copepods were found though in higher density than
cladocerans and calanoid copepods.

The annual mean density of most of the zooplankton groups showed a clear
tendency to decrease from S1 to S5, mainly due to a reduction in the cladocerans
(Castafié et al. 1998b). The same trend was reported by Kuczynski (1984) in
samplings carried out in 1982.

The analysis of the changes in the density of the zooplankton communities has
shown significantly positive correlations with DO and negative correlations with
pollution-associated parameters (N-N HJ, hardness, phosphates, COD, BOD, low
ICA) (Olguin et al. 1999; Puig 1997a; Puig and Salibidn 1999).

This profile is not homologous to that described for the phytoplankton. In this
case, a density decrease was recorded and yet their available food in terms of
phytoplankton density and algal biomass did not reveal any important changes.
Therefore, it is reasonable to suggest that the interpretation of the changes in the
zooplankton profile would rather be caused by the deterioration of the chemical
quality of the water, specially due to increased hardness coupled to changes in the
concentrations of different substances (e.g., oxygen, N-NHJ) up to toxic levels
(Puig 1997b).

As in the case of the phytoplankton, the spatial changes in the pattern of some
groups of zooplankton (for instance, dominance of rotifers by crustacean decrease
in Bancalari) might be interpreted as a consequence of specific adaptations to
particular physicochemical environments.

Thus, the rotifer—crustaceans relationship could be considered as an indicator
of water quality, increasing in the most deteriorated sites, and characterized by
high organic and industrial pollution and by conditions of permanent anoxia,
such as in S5 (Olguin-Salinas et al. 1999).

Microbiology The water quality of urban rivers in Argentina is worsening, not
only because of increased input of chemicals but also because of the large
amounts of discharges from septic tanks, raw sewage, and, in much less extent,
from sewage treatment plants. From the public health standpoint we considered
an important objective was to examine whether the Reconquista River water is
polluted with feces. This is the first report referring to a long-term monitoring of
bacterial pollution in the surface water samples of the Reconquista River
collected monthly in three critical sites: Cascallares (S1), San Martin (S4), and
Bancalari (S5). Preliminary reports of the results were published elsewhere.
(Martinez and Salibidn 1995a,b).

Among the indicators currently used to estimate fecal pollution of water are
N-NH, " and the concentration of coliforms, total and fecal, calculated from the
most probable number (MPN). The results (Table 2) were alarming. In general,
S1 was a relatively less polluted point compared with S4-S5. The bacterio-
logical diagnosis of samples has shown the dominant presence of Escherichia



52

A. Salibidn

Table 2. Most probable number index (MPN) (100 mL™Y), N-NH," (mg N L), BOD
and COD (mg O, L") in water samples of the Reconquista River taken from Cascallares
(S1), San Martin (S4) and Bancalari (S5).

Month Parameter S1 S4 S5
October MPN 1.70 x 10* 2.20 x 10° 8.00 x 10°
N-NH, " 1.70 15.80 15.20
BOD 7.80 61.00 66.00
COD 103.00 300.00 250.00
November MPN 9.00 x 10% 2.20 x 10° 1.70 x 10°
N-NH, " 0.60 15.60 19.60
BOD 5.80 55.70 43.50
COD 79.00 237.00 225.00
December MPN 3.00 x 10* 3.30 x 107 3.00 x 10°
N-NH, " 1.20 11.10 6.25
BOD 3.90 65.50 42.50
COD 46.00 351.00 339.00
February MPN 3.50 x 10° 7.00 x 10° 8.00 x 10°
N-NH, " 0.35 20.00 20.10
BOD 10.80 104.50 85.50
COD 70.00 310.00 324.00
March MPN 1.1 x 10* 5.0 x 10° 5.0 x 10°
N-NH, " 0.90 2.90 2.80
BOD 13.00 59.80 36.00
COD 71.00 213.00 209.00
April MPN 2.20 x 10* 9.00 x 10° 7.00 x 10°
N-NH, " 0.00 0.90 2.20
BOD 3.50 10.50 9.00
COD 55.00 46.00 59.00
May MPN 2.20 x 10* 5.00 x 10° 3.00 x 10°
N-NH, " 0.50 4.90 4.80
BOD 5.70 26.00 39.50
COD 55.00 190.00 228.00
June MPN 5.00 x 10° 1.60 x 10’ 1.10 x 107
N-NH, " 0.60 9.30 10.00
BOD 0.60 15.50 49.00
COD 45.00 99.00 198.00
August MPN 5.00 x 10° 3.00 x 10° 1.10 x 107
N-NH, " 0.20 15.80 15.40
BOD 3.00 58.00 65.50
COD 59.00 303.00 312.00
September MPN 2.80 x 10° 1.10 x 107 9.00 x 10°
N-NH, " 0.50 17.50 19.00
BOD 0.90 81.00 75.00
COD 77.00 354.00 321.00
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Table 2. (Continued)

Month Parameter S1 S4 S5
October MPN 1.70 x 10* 3.00 x 10° 2.20 x 10°

N-NH,*+ 0.50 12.30 14.10

BOD 420 51.00 52.00

COD 50.00 165.00 150.00
November MPN 2.20 x 10* 1.40 x 10° 5.00 x 10°

N-NH,* 0.3 9.3 10.1

BOD n.m. n.m. n.m.

COD n.m. n.m. n.m.
December MPN 3.00 x 10* 2.20 x 10° 9.00 x 10°

N-NH,* n.m. n.m. n.m.

BOD n.m. n.m. n.m.

COD n.m. n.m. n.m.

BOD: biological oxygen demand; COD: chemical oxygen demand; DO: dissolved oxygen; n.m., not
measured.

coli in all samples, together, but in lower proportion, with Enterobacter sp.,
Klebsiella sp., Salmonella sp., and Shigella sp.

The pollution in terms of fecal bacteria increased downstream, especially after the
output of the Mordn stream into the river. The results also indicated a reasonable
correlation of the bacterial pollution with N-NH; concentration, BOD, and COD
values of the samples. All MPNs were well above the local and international water
quality guidelines. The results show that the river presents (a) a heavy bacteriological
pollution level at all studied sites, reflected by an elevated number of fecal coliforms
and (b) important fluctuations of the pollution both spatially and temporally.

Finally, it is interesting to mention that the physicochemical profile of the
studied samples showed elevated concentrations of heavy metals, which suggests
an adaptation of bacterial strains to particular environments. Vidal et al. (1993)
have isolated, from the water of the river, Pseudomonas and Alcaligenes, which
are characterized by their resistance to high levels of Cr, Hg, Cd, and Pb.

Toxicity Bioassays It is well known that bioassays with sensitive species
representative of different organization levels as sentinel organisms are useful
tools for the quantitative evaluation of the toxicity of complex mixtures. In acute
assays the usual endpoint is the survival rate after 96 hr exposure; in longer
assays, under sublethal conditions, biomarkers have the potential to be integrative
indicators of the suborganismal effects of the simultaneous impacts of multiple
xenobiotics and/or environmental stress factors on the test organism as a whole.
Changes in different parameters in the sentinel organism (biochemical, phys-
iological, morphological, behavioral, efc.) may be appropriate bioindicators of
toxic effects, exposure, or susceptibility to toxic substances; and they also may
serve to identify reliable sites that represent a threat to the health and survival of
contaminant-exposed populations (Porta 1996; WHO 1993).
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For acute toxicity bioassays of the Reconquista River water samples (S1, S4, and
S5), algal and animal species as test organisms were used applying protocols and
techniques developed in our laboratory (Ferrari et al. 1997, 1998; Olguin et al. 2000).
In both algal and animal assays, a standard reference toxicant was included in the test
batteries at concentrations close to the 96-hr LCs or ICsq values for each species.

Bioassays with Algae Because of their sensitivity, algae are primary producers
particularly useful as test organisms in toxicity bioassays in both unispecific and
plurispecific systems. They allow quick responses evaluated by means of different
endpoints (stimulation or inhibition of the growth rate, changes in biomass and
diversity, or alterations in the community structure). In addition, algae are sensitive
indicators of the combined effect of changes in physical parameters and nutrient
concentration and of inputs of toxicants.

Two types of algal assays were performed. One group of prolonged assays
determined the impact of Zn on the native seasonally taken samples of whole
phytoplanktonic communities. These samples were incubated in the laboratory in
the presence of different concentrations of the metal for 1 month. Responses of
these multispecific bioassays were variable and concentration dependent, having
observed specific stimulations or inhibitions of the growth rate of certain species,
thus allowing the determination, for each assayed concentration of the metal, of
particular Zn-tolerant associations characterized by typical diversity, richness,
and evenness. Chlorophyceae and Bacillariophyceae were dominant algal classes,
with Diatomophyceae the most toxicant-sensitive algae.

These results may help explain the fact that in spite of the high concentrations
of some heavy metals found in heavily polluted points of the river, such as
Bancalari (S5), there was a considerably diverse algal community (Loez et al.
1995, 1998; Topalian and Loez 1995).

The second type of algal assays were performed with three Chlorophyceae,
Chlorella vulgaris, C. pyrenoidosa, and Scenedesmus acutus, representative
species of the phytoplankton communities present in almost all sampling sites of
the river. Algae used in these unispecific toxicity assays were previously cultivated
in axenic conditions and were free of previous contact with xenobiotics. Assays
with pure media and with samples of different points of the river were run si-
multaneously. Cultures showed in all cases stimulation of the growth rate, which
was attributed to the presence of high quantities of nutrients, mainly phosphates
and N-NHZ, showing the greatest increase in S4 samples whereas those from S5
showed the least increase. These results corresponded with the chemical compo-
sition of the samples and thus explained the simultaneous presence of important
quantities of toxicants. S. acutus was the most sensitive species (Ferrari et al. 1998;
Olguin et al. 2000; Olguin-Salinas et al. 1999).

Bioassays with Animals Among consumers, we used two teleost species (fry
and juveniles of Cnesterodon decemmaculatus and juveniles of Cyprinus carpio)
(de la Torre 2001; de la Torre et al. 1997, 2000a; Ferrari et al. 1998; Garcia et al.
1998). C. decemmaculatus is a small ovoviviparous fish of the indigenous fauna
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present in all aquatic environments of the pampasic plains that is also frequently
found in low-level polluted sites of the river. The biology of this species is very
well known. The common carp C. carpio is an introduced species, standardized
by international agencies as a sentinel organism for aquatic toxicity tests. All the
animals used in laboratory tests were also specimens reared in controlled con-
ditions, free from previous contact with xenobiotics.

Acute and chronic sublethal toxicity fish bioassays were performed following
two protocols: (a) bioassays in laboratory conditions (larvae and juveniles) and
(b) in situ caged adult fish. The cages were submerged in the water at different
sampling stations along the river.

In chronic sublethal assays, several selected biochemical and physiological
parameters as biomarkers of the function of several systems of the animals and
somatic indexes (liver somatic index, condition factor) were measured. All bio-
markers and indexes were measured in the same animals (de la Torre 2001; de la
Torre et al. 1999, 2000b).

Premetamorphic larvae of a native toad (Bufo arenarum) (de la Torre 2001;
Ferrari et al. 1998) were also used. This animal is a species widely distributed in
the region and characterized by its fully aquatic early development. We have
shown that the young tadpoles of these animals are useful biological tools for
performing standardized acute toxicity assessment tests (Demichelis et al. 2001;
Salibidn 1999); their sensitivity was greater than that shown in young fish.

Both fish and tadpole assays enabled us to discriminate between highly pol-
luted sites of the river (S4-S5) and those whose degree of deterioration was not
so remarkable (S1) (Figures 3, 4). The assays made possible the detection of
temporal variations in water pollution at a given particular site.

Chronic bioassays with fish had three phases. The first was the acclimation
phase, followed by the exposure and recovery periods, the last one was designed
to evaluate the reversibility of the altered biomarkers by exposing the test animals
to diluted samples or to clean water. All assays included a number of appropriate
controls. In these assays, gill ATPases and liver aminotransferases were the most
affected variables pointing to the impairing effect of the river water on the
respiratory, ionoregulatory, and excretory capacity of the gills as well as the liver
function involved in protein and carbohydrate metabolism and in xenobiotic
conversions. The magnitude of brain acetylcholinesterase inhibition was a
valuable marker for heavy metals as well as of previous contact with organo-
phosphorous and neurotoxic contaminants (de la Torre et al. 2002); the activity of
that enzyme is vital to normal behavior and muscular function.

It is important to point out that biomarkers were altered in all cases, even in
those assays performed with samples from sites considered to have low con-
tamination (e.g., Cascallares). Nevertheless, most of the detected alterations were
reversible at the third phase of the assays when river water samples were diluted
or replaced with clean media.

During the assays, samples of water were always taken simultaneously, so that
we were able to correlate by means of a stepwise analysis the response of the
animals with the relevant components of the physicochemical profile of each
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Fig. 3. Cumulative mortality curves of premetamorphic Bufo arenarum tadpoles held 96 hr
in control media (HW) and in samples of the Reconquista River. BAN (S5); BAN:HW (S5
diluted 1+ 1 with hard water) SM (S4) CAS (S1) HW (EPA hard water).

Source: Demichelis et al. (2001)
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Fig. 4. Cumulative mortality of juvenile Cnesterodon decemmaculatus exposed to samples
of Reconquista River water. Hw, EPA hard water; Cas, Cascallares (S1); Sm, San Martin
(S4); Ban, Bancalari (S5); a, significantly different from Hw and Cas; b, significantly
different from Sm.

Source: de la Torre et al. (1997)
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sample. This, in turn, allowed determining predictive regression equations cor-
responding to mortality and to a particular set of physicochemical parameters of
the tested water sample.

There was variability in the toxicity of water depending on the physico-
chemical profile of the assayed samples, which was considered as a relevant
result of our work, showing the importance of making precise diagnosis after an
integrative protocol of physicochemical parameters with the responses of intact
aquatic organisms. In our case, results of the models constructed after the bio-
assays with animal species showed that acute toxicity of the river water was
related to an integrated response to pH, N-NO;, N-NHZ, C1~, BOD, and heavy
metals; in other words, both the domestic and industrial effluents were respon-
sible for the acute toxicity of water.

Finally, it must be noted that our results showed the usefulness of indigenous
fish and amphibian species as reliable test organisms for environmental biomo-
nitoring, equally sensitive to toxic mixtures as are species of introduced biota.

VI. Conclusions

The Reconquista River is a watercourse that shows an important and sustained
chemical and bacteriological stress, resulting in a critical condition. No part of the
river can be considered pollutant free. The diverse and complex mixtures of
untreated effluents that are discharged into the river, the highly polluted trib-
utaries, and its reduced flow have caused it to exceed its dilution and self-
purification capacity.

An earlier study (Loez and Salibidn 1990) showed that spatially the river may
be considered as a succession of several rivers, each one with its own particular
chemical and biological characteristics. One of them can be the S1-S2 area; the
second “river” is doubtless S4-S5, whereas S3 may be considered as the portion
of the river in transition that links the less-polluted “river” to the highly polluted
area. The site of the Morén stream entrance into the main course of the river
makes a clear-cut separation between S1-S2 and S4-S5 areas. This conclusion
was confirmed in all subsequent studies carried out in our laboratory and by other
investigators.

The results presented here confirm that in its present condition the Re-
conquista River may not be used for any human purpose and that it shows serious
risks for the preservation of biodiversity.

The river was considered by several authors as a “dead river.” Notwithstanding,
our conclusion is that its water quality may be improved if adequate remediation
measures are taken. The fact that a large amount of information is now available
facilitates the design and monitoring of the efectiveness of those measures.

In spite of the contamination, the behavior of the plankton communities in-
dicates their adaptation to survive in very adverse conditions. In this respect,
there is no doubt that this group of microorganisms will be fundamental in any
recuperation process of water quality.
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When considering physicochemical and biological parameters altogether in a
spatial and temporal perspective, it is possible to reach two main conclusions:
first, that there was a progressive but sustained alteration of the water quality
downriver, especially after the confluence of the Morén stream, and second, that
the deterioration has increased significantly during the past 15 years. More re-
cently, other authors (de Cabo et al. 2000), after a shorter monitoring, contem-
porary to ours, reported results that confirm our conclusions.

Summary

The situation of most of the Argentine rivers is very serious due to the amount
and range of pollutants, principally as a consequence of industrial development
with an inadequate regulatory framework and a deficit of decades in matters of
sanitary substructure and waste treatment.

Freshwater quality monitoring in Argentina was based on water chemistry and
bacteriology, with measurements of only the main variables required for the
determination of quality indexes. A multidisciplinary approach considering si-
multaneous evaluation of a number of factors and processes that in an integrative
picture determine its characteristics was poorly developed or lacking. The use of
biota for monitoring the aquatic environments has been relatively uncommon
compared to abiotic variables.

The Reconquista River is a typical lowland watercourse situated in the
Buenos Aires Province. Located in a temperate subtropical region, it flows into
an international river, Rio de la Plata, which is part of the second largest hy-
drogeographic system of South America, after the Amazon, and the fifth largest
in the world. The river receives the output of 80 small tributaries, and one of
them, the Mor6n creek, should be highlighted as it marks the limit between the
medium and the lower sections of the river. During the dry season the entire
stream is composed of sewage and industrial wastes and known as an “open
sewer.”

The river is the second most polluted waterway of Argentina. There is a great
variety of industrial activities settled on its basin. Some 10,000 plants, most of
them located on the margins of the river, discharge their untreated effluents into
the river and use large quantities of water in processing, cooling, and cleaning.
Approximately 20% of these industries discharge a total BOD load of approxi-
mately 150,000 kg d~', which is equivalent to an organic loading capacity of
2.5 million population.

To monitor water quality of the main course of the Reconquista River, the
following principal approaches have been adopted: (a) measurement of approx-
imately 30 physical and chemical variables, (b) determination of biological pa-
rameters (phytoplankton and zooplankton abundance, diversity, and community
structure, microbiology), (c) acute and prolonged in sifu and laboratory toxicity
tests with algae, tadpoles, and fish (fry and juveniles) as sentinel organisms,
(d) monitoring of alterations in specific physiological and biochemical markers
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of exposure in fish, and (e) determination of water quality indexes based on the
physicochemical profile of the samples.

The studies were carried out during a span of 15 years on samples regularly
taken in three to five sites covering the length of the river’s main bed. The most
relevant outcomes of the study can be summarized as follows.

Spatial variation of the DO was from 7-8 mg L ™" in SI down to 0-0.3mg L ™" in
S5, indicating water in Bancalari was in permanent anoxia.

COD/BOD ratios oscillated between 11 (in S1) and 4 (in S4-S5), suggesting the
presence of important amounts of nonbiodegradable organic matter.

The presence of domestic sewage indicators and municipal wastes as chlorides,
orthophosphates, inorganic N compounds (NHZ, NO,, NO3) and phenols
were found in all samples, with a clear-cut increase in concentration down river
up to values well above MPQs.

Total heavy metal concentrations always exceeded widely MPQs established by
Argentine law for protection of freshwater life.

At all locations organochlorine insecticide levels varied between 40- and 400 fold
above legal limits.

When considering physicochemical parameters altogether in a spatial and tem-
poral perspective, it becomes evident that there was a progressive but sus-
tained alteration of the water quality downriver, especially after the confluence
of the Mordn creek, and, that the deterioration increased with time.

River water showed an alarming degree of bacterial pollution, which was tem-
porally and spatially highly variable.

Environmental physicochemical toxicity data were closely correlated with the
results of both acute and sublethal chronic toxicity bioassays.

It was concluded that only an integrated analysis of chemical and biological
parameters coupled with toxicity tests will offer a realistic view of the state of
water quality in the Reconquista River.

Acknowledgments

The results reported and discussed in this review were generated in a number of
projects supported by grants to the author from the National Research Council
of Scientific and Technological Research (CONICET, Argentina), the Scien-
tific Research Commission of the Buenos Aires Province (CIC-Buenos Aires,
Argentina), and the Basic Sciences Department (Programa de Incentivos) of the
National University of Lujan, Argentina. The author thanks all colleagues that
participated in the studies whose results have been reported in this article. Their
names are included as coauthors of the papers listed below. The very efficient and
enthusiastic technical assistance of Roberto Yoshihara and Javier Katz is also
acknowledged. The author thanks Ms. Cecilia Moreno of the translators’ team of
the CIC-Buenos Aires, for her assistance in the preparation of the English version
of the manuscript.



60 A. Salibidn

References

AA-AGOSBA-OSN-SIHN (Republica Argentina) (1997) Rio de la Plata. Calidad de las aguas
de la franja costera Sur del rio de la Plata (San Fernando-Magdalena). Buenos Aires.
AGOSBA-OSN-SIHN (Reptiblica Argentina) (1992) Rio de la Plata. Calidad de las aguas.

Franja costera Sur (San Isidro-Magdalena). Buenos Aires.

Alsina MG, Herrero AC (2000) Relevamiento de industrias en la cuenca del rio Reconquista
y georreferenciacion de las de tercera Categoria segutn el nivel de complejidad ambiental
(Ley 11459). Relacién entre actividad industrial y grado de contaminacion de la cuenca.
Actas Simposio Latinoamer Percepcién Remota (Iguazi, Argentina): 867-878.

Ares JO, Miglierina AM, Sanchez R (1999) Patterns of groundwater concentration and fate of
lindane in an irrigated semiarid area in Argentina. Environ Toxicol Chem 18:1354-1361.

Arreghini S, de Cabo L, Iorio AF de, Rendina A, Bargiela M, Godoy di Pace G, Corujeira
A, Vella R, Bonetto C (1997) Evaluacién de la calidad de aguas del rio Reconquista a
través de indices. Restim Congr Internac sobre Aguas. Facultad de Derecho y Ciencias
Sociales, Universidad de Buenos Aires, III. 24.

Belfroid AC, van Drunen M, Beek MA, van Gestel, CM, van Hattum B (1998) Relative
risks of transformation products of pesticides for aquatic ecosystems. Sci Total Environ
222:167-183.

Berén L (1984) Evaluacion de la calidad de las aguas de los rios de la Plata y Matanza-
Riachuelo mediante la utilizacién de indices de calidad de agua. Secretaria de Vivienda
y Ordenamiento Ambiental. Ministerio de Salud y Accién Social, Argentina.

Bilos C, Colombo JC, Presa MJR (1998) Trace metals in suspended particles, sediments and
asiatic clams (Corbicula fluminea) of the Rio de la Plata estuary. Environ Pollut 99:1-11.

Borthagaray JM, Fernandez Prini R, Igarzébal de Nistal M, San Romén E, Tudino M (eds)
(2001) Diagnéstico Ambiental del Area Metropolitana de Buenos Aires. FADU-UBA,
Buenos Aires.

Brailovsky AE, Foguelman D (1992) Memoria verde. Sudamericana, Buenos Aires.

Castafi¢ PM, Topalidan ML, Rovedatti MG, Salibidn A (1998a) Impact of human activities
on the water quality of the Reconquista River (Buenos Aires, Argentina). Verh Int
Verein Limnol 26:1206—-1208.

Castaii¢ PM, Loez CR, Olguin HF, Puig A, Rovedatti MG, Topalidn ML, Salibidan A
(1998b) Caracterizacion y variacion espacial de pardmetros fisicoquimicos y del planc-
ton en un rio urbano contaminado (Rio Reconquista, Argentina) Rev Int Contam Am-
bient 14:69-77.

Catoggio JA (1990) Contaminacién del agua. Causas de la contaminacion de aguas su-
perficiales y subterrdneas. Precipitaciones acidas. Eutroficacion; polucién costera. In:
Instituto de Estudios e Investigaciones sobre el Medio Ambiente (ed), Latinoamérica.
Medio Ambiente y Desarrollo, pp 137-155.

Colombo JC, Pelletier E, Brochu C, Khalil MF (1989) Determination of hydrocarbon
sources using n-alkane and polyaromatic hydrocarbon distribution indexes. Case study:
Rio de la Plata estuary, Argentina. Environ Sci Technol 23:888-894.

Colombo JC, Khalil MF, Arnac M, Horth AC (1990) Distribution of chlorinated pesticides
and individual polychlorinated biphenyls in biotic and abiotic compartments of the Rio
de La Plata, Argentina. Environ Sci Technol 24:498-505.

Colombo JC, Brochu C, Bilos C, Landoni P, Moore S (1997) Long-term accumulation of
individual PCBs, dioxins, furans, and trace metals in Asiatic clams from the Rio de la
Plata estuary, Argentina. Environ Sci Technol 31:3551-3557.



Reconquista River 61

Comisién Administradora del Rio de la Plata (1989) Estudio para la evaluacién de la
contaminacion en el rio de la Plata. Informe de avance, vols I and II. Buenos Aires.

Conforti V, Alberghina J, Gonzdlez Urda E (1995) Structural changes and dynamics of the
phytoplankton along a highly polluted lowland river of Argentina. J Aquat Ecosyst
Health 4:59-75.

de Cabo L, Arreghini S, Iorio AF de, Rendina A, Bargiela M, Vella R, Bonetto C (2000)
Impact of the Morén stream on water quality of the Reconquista River (Buenos Aires,
Argentina). Rev Mus Argentino Cs Nat n s 2:123-130.

de la Torre FR (2001) Estudio integrado de la contaminacién acudtica mediante bioen-
sayos y parametros fisiolégicos y bioquimicos indicadores de estrés ambiental. Doc-
toral dissertation, Faculty of Exact and Natural Sciences, University of Buenos Aires.

de la Torre FR, Salibidn A, Ferrari L (1999) Enzyme activities as biomarkers of fresh-
water pollution: responses of fish branchial (Na + K)-ATPase and liver transaminases.
Environ Toxicol 14:313-319.

de la Torre FR, Demichelis SO, Ferrari L, Salibidan A (1997) Toxicity of Reconquista river
water: bioassays with juvenile Cnesterodon decemmaculatus. Bull Environ Contam
Toxicol 58:558-565.

de la Torre FR, Ferrari L, Salibidn A (2000a) Long-term in situ water toxicity bioassays in
the Reconquista river (Argentina) with Cyprinus carpio as sentinel organism. Water
Air Soil Pollut 121:205-215.

de la Torre FR, Salibidn A, Ferrari L (2000b) Biomarkers assessment in juvenile Cyprinus
carpio exposed to waterborne cadmium. Environ Pollut 109:277-282.

de la Torre FR, Ferrari L, Salibian A (2002) Freshwater pollution biomarker: response of
brain acetylcholinesterase activity in two fish species. Comp Biochem Physiol 131C:
271-280.

del Giorgio PA, Vinocur AL, Lombardo R, Tell HG (1991) Progressive changes in the
structure and dynamics of the phytoplankton community along a pollution gradient in a
lowland river. A multivariate approach. Hydrobiologia 224:129-154.

Demichelis SO, de la Torre FR, Ferrari L, Garcia ME, Salibidan A (2001) The tadpole
assay: its application to water toxicity assessment of a polluted urban river. Environ
Monit Assess 68:63—73.

Escalona L, Winchester JW (1994) La tendencia de la urbanizacion en Sur América: inferencias
a partir de una base de datos del “World Resources Institute.” Interciencia 19:64—71.
Faggi AM, Arriaga MO, Aliscioni SS (1999) Composicién floristica de las riberas del rio
Reconquista y sus alteraciones antrépicas. Rev Mus Argentino Cs Nat ns 1(1):1-6.
Farias SS, Casa VA, Véazquez C, Ferpozzi L, Pucci GN, Cohen IM (2003) Natural con-
tamination with arsenic and other trace elements in ground waters of Argentina

Pampean Plain. Sci Total Environ 309:187-199.

Fernandez Cirelli A (Comp) (1998). Agua. Problemadtica regional. Enfoques y perspectivas
en el aprovechamiento de recursos hidricos. EUDEBA, Buenos Aires.

Ferrari L, Demichelis SO, Garcia ME, de la Torre FR, Salibidn A (1997) Premetamorphic
anuran tadpoles as test organism for an acute aquatic toxicity test. Environ Toxicol
Water Qual 12:118-121.

Ferrari L, Garcia ME, de la Torre FR, Demichelis SO (1998) Evaluacién ecotoxicoldgica
del agua en un rio urbano mediante bioensayos con especies nativas. Rev Mus Ar-
gentino Cs Nat, Volumen Extra (Ecotoxicologia). Nueva Serie 148:1-16.

Finkelman J (1996) Chemical safety and health in Latin America: an overview. Sci Total
Environ 188(suppl 1):S3-S29.



62 A. Salibidn

Foguelman D, Gonzilez Urda E (1994) El agua en Argentina. Prociencia CONICET,
Buenos Aires.

Garcia ME, Demichelis SO, de la Torre FR, Ferrari L (1998) Freshwater toxicity to
Cnesterodon sp.; bioassays with water from the Reconquista river. Verh Verein Limnol
26:1216-1218.

Garcia Fernandez JC, Marzi A, Casabella A, Roses O, Guatelli M, Villaamil E (1979)
Pesticidas organoclorados en el agua de los rios Parand y Uruguay. Ecotoxicologia
1:51-78.

Hair JF, Anderson RE, Tatham RL, Black WC (1995) Multivariate data analysis. Prentice
Hall, Englewood Cliffs, NJ.

Hajek ER (Comp) (1995) Pobreza y medio ambiente en América Latina. K Adenauer-
Stiftung-CIEDLA, Buenos Aires.

INDEC (Republica Argentina, Instituto Nacional de Estadistica y Censos) (2002) Censo
Nacional de Poblacién y Viviendas 2001. Volumen I. Resultados provisionales. Total
del Pais, Buenos Aires.

Iorio AF de, Barros MJ, Rendina A, Di Risio C, Garcia A, Bargiela M, de Cabo L,
Arreghini S, De Siervi M, Vella R (1997) Distribucién de metales pesados en 4cidos
hiimicos y fulvicos de sedimentos del rio Reconquista (Buenos Aires, Republica Ar-
gentina). Restim Congr Internac sobre Aguas. Facultad de Derecho y Ciencias Sociales,
Universidad de Buenos Aires, III. 38.

Joyce S (1997) Growing pains in South America. Environ Health Perspect 105:794-799.

Kreimer ED, Palacios DE, Ronco AE (1996) A proposal for dredging contaminated
sediments at the Dock Sud Port, Argentina. Int Symp Coastal Ocean Space Utiliz
COSU’96:435-444.

Kuczynski D (1984) Zooplancton (especialmente rotiferos) del rio Reconquista Provincia
de Buenos Aires). Physis 42B:1-7.

Kuczynski D (1991a) Atlas ecoldgico del arroyo Morén. Universidad de Morén, Buenos
Aires.

Kuczynski D (1991b) Rotiferos del rio Reconquista (Provincia de Buenos Aires, Argen-
tina): Familia Brachionidae. An Soc Cient Argent 221:65-80.

Kuczynski D (1993) El Reconquista. Cronologia de un rio cercano. Letra Buena, Buenos Aires.

Kuczynski D (1994) Estudio ambiental de un curso de agua urbano altamente deteriorado
por accién antropdgena (arroyo Mordn, provincia de Buenos Aires, Argentina). Rev
Ecol Méd Salud Ambiental I:1-14.

Lacoste C, Collasius D (1995) Instrumentos de diagndstico ambiental: indice de calidad de
agua. Gerencia Ambiental 24:286-293.

Legendre L, Legendre P (1979) Ecologie numérique, vols I and II. Masson, Paris.

Loez CR (1995) Estudios limnolégicos en el rio Reconquista (Pcia. de Buenos Aires):
relacién entre pardmetros bioldgicos y quimicos, especialmente el impacto del Zn sobre
la estructura del fitoplancton. Doctoral dissertation, Faculty of Exact and Natural
Sciences, University of Buenos Aires.

Loez CR, Salibidn A (1990) Premicres données sur le phytoplancton et les charactéris-
tiques physico-chimiques du rio Reconquista (Buenos Aires, Argentine). Une riviere
urbaine polluée. Rev Hydrobiol Trop 23:283-296.

Loez CR, Topalidn ML (1999) Use of algae for monitoring rivers in Argentina with special
emphasis for the Reconquista river (region of Buenos Aires). In: Prygiel J, Whitton BA,
Bukowska J (eds) Use of Algae for Monitoring Rivers, vol III. Agence de I’Eau Artois-
Pircardie, pp 72-83.



Reconquista River 63

Loez CR, Topalidn ML, Salibidn A (1995) Effects of zinc on the structure and growth of a
natural freshwater phytoplankton assemblage reared in the laboratory. Environ Pollut
88:275-281.

Loez CR, Salibidn A, Topalian ML (1998) Associations phytoplanctoniques indicatrices
de la pollution par le zinc. Rev Sci Eau 3:315-332.

Loewy M, Kirs V, Carvajal G, Venturino A, Pechen de D’Angelo AM (1999) Ground-
water contamination by azinphos methyl in the Northern Patagonic Region (Argentina).
Sci Total Environ 225:211-218.

Marbén L, Lopez-Camelo LG de, Ratto S, Agostini A (1999) Contaminacién con metales
pesados en un suelo de la cuenca del rio Reconquista. Ecologia Aust 9:15-19.

Marteau SA, Alberino JC, Ripoli JL, Rosato ME (1998) Quality of water wells in an
agricultural area in the city of La Plata, Argentina. Water Air Soil Pollut 106:
447-462.

Martinez JE, Salibidn A (1995a) Spatial and temporal distribution of coliform group in
the Reconquista river. Congr Int Assoc Theor Appl Limnology 1995:295 (abstr
XXVI).

Martinez JE, Salibidn A (1995b) Fecal pollution of surface water in an urban river. Proc
7th Int Symp Toxicity Assessment (ISTA 7) 1995:75.

Mateucci SD, Morello J, Rodriguez A, Buzai GD, Baxendale, C (1999) El crecimiento
de la metrépoli y los cambios de biodiversidad: el caso de Buenos Aires. In:
Mateucci SD, Solbrig OT, Morello J, Halffter G (eds) Biodiversidad y Uso de la Tierra.
Conceptos y Ejemplos de Latinoamérica. EUDEBA-UNESCO, Buenos Aires, pp
549-580.

Momo F, Cuevas W, Giorgi A, Banchero M, Rivelli S, Taretto C, Gémez Vazquez A,
Feijoo C (1999) Water quality of the Puelchense subaquifer in Lujan (Argentina). In:
Anagnostopoulos P, and Brebbia CA (eds) Water Pollution, vol V. Modelling, Mea-
suring and Prediction. WIT Press, pp 493-501.

O’Farrell I, Lombardo R, Tezanos Pinto P de, Loez C (2002) The assessment of water
quality in the lower Lujidn River (Buenos Aires, Argentina): phytoplankton and algal
bioassays. Environ Pollut 120:207-218.

Olguin HF, Salibidn A, Puig A (2000) Comparative sensitivity of Scenedesmus acutus and
Chlorella pyrenoidosa as sentinel organisms for aquatic ecotoxicity assessment: studies
on a highly polluted urban river. Environ Toxicol 15:14-22.

Olguin HF, Puig A, Loez CR, Salibian A, Topalidan ML, Castaii¢ PM, Rovedatti MG
(2004) An integration of water physicochemistry, algal bioassays, phytoplankton, and
zooplankton for ecotoxicological assessment in a highly polluted lowland river. Water
Air Soil Pollut 155:355-381.

Olguin Salinas H, Puig A, Loez C, Salibian A, Topalidn M, Castaié PM, Rovedatti M
(1999) Evaluacién ecotoxicoldgica integral de la calidad del agua del Rio Reconquista:
bioensayos, fisicoquimica, fito y zooplancton. Resim 2a. Reunién SETAC-América
Latina (Seccién Argentina), TA-17.

Pereyra FX, Tchilinguirian P (2003) Problemas ambientales en el area metropoli-
tana Bonaerense (AMBA): aspectos geoldgicos. In: Alsina G (Organizadora) Las
aguas bajan turbias en la regién metropolitana del Gran Buenos Aires. Ed Uni-
versidad Nacional de General Sarmiento—Ediciones Al Margen, Buenos Aires, pp
43-67.

Piazza A, Pérez-Lissarrague J, Barbado JL (2000) Guia practica para el profesional fito-
terapista. Ed Dunken, Buenos Aires.



64 A. Salibidn

Pla LE (1986) Andlisis multivariado: método de componentes principales. Organizacién
de los Estados Americanos. Programa Regional de Desarrollo Cientifico y Tecnold-
gico. Monograffa 27, Washington, DC.

Porta A (1996) Contaminacion ambiental: uso de indicadores bioquimicos en evaluaciones
de riesgo ecotoxicolégico. Acta Bioquim Clin Latinoam 30:67-79.

Puig A (1997a) Crusticeos planctonicos y calidad del agua: caso del rio Reconquista.
Restim II Congr Argent Limnologia 1997:134.

Puig A (1997b) Gradiente espacial de calidad del agua y sus posibles bioindicadores: caso
del Rio Reconquista. Restim Congr Internac sobre Aguas. Facultad de Derecho y
Ciencias Sociales, Universidad de Buenos Aires III. 58.

Puig A, Salibidan A (1999) Variaciones espaciotemporales del zooplancton en un rio
urbano contaminado (Rio Reconquista, Buenos Aires). Resim XIX Reunién Argent
Ecologia 1999:52.

Rand GM, Wells PG, McCarty, LS (1995) Introduction to aquatic toxicology. In: Rand
GM (ed) Fundamentals of Aquatic Toxicology. Effects, Environmental fate, and Risk
assessment. Taylor & Francis, Washington, DC, pp 3-67.

Ronco AE, Alzuet PR, Sobrero MC, Bulus Rossini G (1996) Ecotoxicological effects
assessment of pollutants in the coastal region of the Gran La Plata, Province of Buenos
Aires. Proc Int Conf Pollut Process Coastal Environ 1996:116-119.

Rovedatti MG, Loez CR, Topalidn ML, Castafi¢ PM, Salibidn A, Olguin HF (2000)
Monitoring of a polluted river (Reconquista, Argentina) based on physicochemical
parameters and phytoplankton. Verh Int Verein Limnol 27:2743-2748.

Rovedatti MG, Castafi¢ PM, Topalidn ML, Salibidn A (2001) Monitoring of organo-
chlorine and organophosphorous pesticides in the water of the Reconquista River
(Buenos Aires, Argentina). Water Res 35:3457-3461.

Salibidn A (1992) Effect of deltamethrin on South American toad Bufo arenarum tadpoles.
Bull Environ Contam Toxicol 48:616-621.

Salibidn A (1999) Catélogo de las contribuciones de la Unlu referidas a la calidad del agua
del Rio Reconquista. Restim Jorn Ciencia Tecnol Univ Nac Lujian CB 73:51.

Saltiel GC (1997a) Situacién ambiental de la cuenca hidrica del Rio Reconquista. Tercera
parte: el proyecto de saneamiento. Ing Sanit Amb 34:46-54.

Saltiel GC (1997b) Situacién ambiental en la cuenca hidrica del Rio Reconquista. Prob-
lemas y soluciones (primera parte). Ing Sanit Amb 31:45-55.

Saltiel GC, Romano L (1997) Situaciéon ambiental en la cuenca hidrica del Rio Re-
conquista (2 parte). Ing Sanit Amb 32:29-36.

Topalian ML, Castaié PM (2003) Aplicacién de indices quimicos para la evaluacién
de la calidad del agua del rio Reconquista. In: Alsina G (Organizadora) Las Aguas
Bajan Turbias en la Regiéon Metropolitana del Gran Buenos Aires. Ed Univer-
sidad Nacional de General Sarmiento—Ediciones Al Margen, Buenos Aires, pp
69-83.

Topalidan ML, Loez CR (1995) Efecto del Zn sobre microalgas dulceacuicolas del Rio
Reconquista (Buenos Aires): bioensayo multiespecifico de invierno. Acta Toxicol Ar-
gent 2:6-9.

Topalidn ML, Loez CR, Salibian A (1990) Metales pesados en el Rio Reconquista
(Buenos Aires): resultados preliminares. Acta Bioquim Clin Latinoam 24:171-176.
Topalian ML, Rovedatti MG, Castafi¢ PM, Salibidan A (1999a) Pollution in a lowland river
system. A case study: the Reconquista River (Buenos Aires, Argentina). Water Air Soil

Pollut 114:287-302.



Reconquista River 65

Topalian ML, Castafi¢ PM, Rovedatti MG, Salibidn A (1999b) Principal component
analysis of dissolved heavy metals in water of the Reconquista River (Buenos Aires,
Argentina). Bull Environ Contamin Toxicol 63:484—490.

Topalian ML, Castafié PM, Salibidn A, Romano LA, Rodriguez Capitulo A, Puig A (2001)
Diversos enfoques sobre la situacion del Rio Reconquista. Agua Tecnologia Trata-
miento 136:38—42.

Tudino M (Coord) (2001) La contaminacién del agua. In: Borthagaray JM, Fernandez
Prini R, Igarzdbal de Nistal, San Roman E (eds) Diagndstico Ambiental del Area
Metropolitana de Buenos Aires. FADU-UBA, Buenos Aires, pp 109-148.

UNDP, UNEP, WB, WRI (2000) World Resources 2000-2001. People and Ecosystems:
The Fraying Web of Life. Elsevier, Washington DC.

Verrengia-Guerrero NR, Kesten EM (1998) Monitoreo ambiental y biolégico en zonas
costeras del Rio de la Plata: relevancia de los contaminantes Cadmio y Plomo. Rev
Mus Argentino Cs Nat, Volumen Extra (Ecotoxicologia). Nueva Serie 147:1-12.

Vidal CM, Vitale AA, Viale AA (1993) Microorganismos degradadores de 4cido naftalen-
2-sulfénico. Rev Arg Microbiol 25:221-226.

Vigna MS, Alberghina J, del Mdnaco SM, Galvagno MA (2002) Prototheca zopfii
(Chlorophyta) capaz de utilizar “gas oil,” registrada por primera vez en aguas con-
taminadas de Argentina. Darwiniana 40:45-50.

Villar C, Tudino M, Bonetto C, de Cabo L, Stripeiskis J, d’Huicque L, Troccoli O (1998)
Heavy metal concentrations in the lower Paran4 river and right margin of the Rio de la
Plata estuary. Verh Int Veren Limnol 26:963-966.

Wachs B (1998) A qualitative classification for the evaluation of the heavy metal con-
tamination in river ecosystems. Verh Int Veren Limnol 26:1289-1294.

WHO (1993) Biomarkers and risk assessment: concepts and principles. [IPCS Environ-
mental Health Criteria Monographs 155. WHO, Geneva.

Zalazar RH (ed)(1996) Cuencas Hidricas. Contaminacién. Evaluacién de riesgo y sanea-
miento. Instituto Provincial del Medio Ambiente. Gobernacién de la Provincia de
Buenos Aires, Argentina.

Manuscript received October 9, 2003; accepted December 14, 2004.



Rev Environ Contam Toxicol 185:67-92 © Springer 2006

Paper Manufacture and Its Impact on the
Aquatic Environment

J.P. Stanko, and R.A. Angus

Contents

L INFOQUCTION  <.evtiiiiiiiiiiietctetetetetetetet ettt ettt b bbb bbb bbb b nes 67
II. Paper Production PrOCESS .......cccocieviiiieriinieniieieniesieeieete sttt st saees 70
A. W00d PrOCESSING  ..coveeuiiieiieiieiieiietetete ettt ettt sttt 70

B. PUIPING oottt 70

C. Pulp Processing and Bleaching .........cccccoveevieniiniininiienieneeieeeseeeeee e 71

III. Environmental IMPAaCES ......ccceiiiiiriiitiiiiieietetetetetert ettt see e s see e 72
A. Chemical OQULPULS ...cc.eeviruiruirieiieieiteietete ettt ettt see st bbb sne s snesnes 72

B. Biological Oxygen Demand and Chemical Oxygen Demand ........................ 73

C. Total Suspended SOLAS .......ccceceeiririiriieiiieieeetee et 74

D. Adsorbable Organic Halides and Organic Pollutants ...........cccccovceeverveneennen. 74

IV. AQUAtiC TOXICOIOZY .evteiiiiiriiriienieeieete ettt ettt ettt ettt st e s nae e 75
A. Morphological Effects ........cccevieiriiiieiieiiieieieee et 75

B. Hepatic Dysfunction 78

C. Reproductive Effects .... 80

D. Endocrine Disruption ... 80

V. DISCUSSION ettt ettt ettt et et et ettt et et e st e sb e st st e stesbesbesbesaesaene 82
SUIMIMATY oottt ettt et et b e sb e sb b sbe s b sbesbesbesbesaesbesne 84
RETEICIICES ...ttt ettt ettt et et sbe bbb e 85

I. Introduction

The history of paper can be traced back as early as 4000 B.c. when ancient Egyptians
first utilized papyrus, from which the word paper was derived, as material on which
to record information. Paper as we know it today first appeared in China around 105
AD. and the first paper mill opened in Spain around 1009 AD. The first North
American paper mill was founded in 1690 in Philadelphia, Pennsylvania, where old
cloth rags were recycled into paper products. By the late 1800s, paper was being
produced from wood pulp, and by the early 1900s paper manufacturing had devel-
oped into a trade of significant economic importance. Pulp and paper manufacturing is
now one of the largest industries in the world with annual sales of billions of dollars
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(USEPA 2002). The industry is the largest process water user in the United States,
and only primary metal and chemical industries use more water throughout the rest
of the world (USEPA 2002). An important consideration with respect to wastewater
discharge is the process of pulping and the chemical input and output associated with
pulp manufacturing. The average pulp mill uses between 16,000 and 46,000L
water/metric ton (t) of pulp processed (USEPA 2002), producing as much as 60 m*
of wastewater/t of paper produced, and discharging nearly 16 million m’> water/d
(USEPA 2002). With such large amounts of wastewater being generated each day, it
is not difficult to appreciate the potentially harmful impact that this industry presents
to the environment. Although water is often recycled and chemical recovery systems
reuse many process chemicals, the pulping process on the whole is chemical in-
tensive and is the focus of much past and ongoing research and rulemaking.

The pulp and paper industry manufactures a vast array of products including
newsprint, tissue, printing and writing paper, packaging and corrugated materials,
and specialty papers. The manufacturing of pulp and paper is generally divided
into two main processes: the production of pulp and the production of paper.
Roughly half the pulp and paper making facilities are composed of mills involved
exclusively in one of these two primary production processes. There are also
facilities composed of integrated mills, which produce both pulp and paper, and
converting facilities, which convert primary paper products to finished paper
products such as envelopes and packaging material. According to a recent U.S.
Census Bureau economic census, there are nearly 6000 paper-making establish-
ments operating within the U.S., 514 of which are pulp and paper manufacturing
facilities (USEPA 2002). Of these, 239 produce only paper, 39 produce only pulp,
and the remainder are integrated facilities that produce both pulp and paper. The
pulping process is the foremost environmental concern for the industry, and the
production of pulp is the primary source of environmental pollutants and envi-
ronmental impacts associated with pulp and paper manufacturing.

North America produces more than half the world’s pulp. Pulp mills are geo-
graphically distributed throughout the southeast, northwest, northeast, and north
central regions, where pulp trees are harvested from natural forests or tree farms.
Mills in the northwest and southeast have been the focus of most effluent re-
search in the U.S. because of the high concentration of mills and the subsequent
high volume of effluent generated. However, pulp mills throughout Canada have
also been the subject of much environmental scrutiny, and the bulk of data re-
garding the effects of exposure to pulp mill effluent stem from research con-
ducted by Canadian investigators.

The effects of pulp and paper mill effluent (PME) have been a subject of ex-
tensive worldwide investigation over many decades (Larsson et al. 1988; Neuman
and Karas 1988; Adams et al. 1992; Hodson et al. 1992; Galloway et al. 2003).
Exposure to PME can elicit a variety of responses by affecting a wide range of
biochemical and physiological processes. PME can induce morphological effects
(Howell et al. 1980; Bortone et al. 1989; Cody and Bortone 1997), immunotoxic
effects (Aaltonen et al. 1997; Fatima et al. 2001), reproductive dysfunction (Tana
and Mikunen 1986; Leblanc et al. 1997; Van den Heuval et al. 2002), and
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disrupt liver function, leading to altered hepatic enzyme activity and sex steroid
production (McMaster et al. 1992; Munkittrick et al. 1994; Gibbons et al. 1998;
Alsop et al. 2003).

PME research has involved both terrestrial and aquatic species, including blue
heron (Henshel et al. 1995), osprey (Elliot et al. 1998), eel (Pacheco and Santos
1999), and crayfish (King et al. 1999), but fish have been by far the most popular
model species utilized in PME exposure studies. A variety of biomarkers have
been utilized to assess the impact of PME on fish health, and changes have been
observed at many different levels of biological organization. Table 1 lists various
fish species utilized in effluent exposure studies and the effects of exposure.

Table 1. Various fish species utilized in pulp mill effluent exposure and effects.

Dose Exposure
Species (mg/L, mg/kg) time Effect
Catastomus Effluent Life Reduced plasma sex steroid,
commersoni decreased egg size and GSI,
lowered response to GtH
and GnRH, decreased steroid
production, increased LSI
and MFO activity
Coregonus Effluent Life Decreased plasma cortisol
clupeaformis
Cottus gobio Effluent Life Changes in hepatic morphology
Danio rerio 0.03-0.09 7-28d Decreased hatchability and
larvae survival
Esox lucius Sediment Life Decreased stress response,
degenerative pituitary
corticotrophs
Gambusia affinis Downstream of Life Masculinization of females,
effluent precocious development
of males
Heterandria formosa  Effluent Life Masculinization of females
Perca fluviatilis 3% effluent Life Reduced GSI
Perca flavescens Sediment Life Decreased stress response,
degenerative pituitary
corticotrophs
Rutilius rutilius 3% effluent Life Reduced GSI
Salmo trutta 0.2%—-0.5% 90d Decreased egg numbers,
effluent reduced egg fertilization,

fry mortality

GSI: gonadosomatic index; GtH: gonadotrophs; GnRH: gonadotropic-releasing hormone; LSI: liver
somatic index; MFO: mixed-function oxidase.
Source: Kime (2001).
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Fig. 1. Wood composition and relative amounts.

II. Paper Production Process
A. Wood Processing

Wood is comprised of cellulose, lignin, and extractives (Fig. 1). Cellulose consists of
long-chain carbohydrates and is the primary component used in making paper. The
remainder of the tree is made up of lignin, a phenolic polymer that acts as an adhe-
sive to bind cellulose fibers, and extractives, which are plant hormones, resins, fatty
acids, and other substances necessary for tree growth. The initial source of cellu-
lose is known as furnish, and although it can consist of recycled or other post-
consumer paper products, it is most commonly wood. Cellulose can also be obtained
from nonwood sources, such as textiles, flax, hemp, and tobacco, but this type of
furnish is generally used for specialty papers in only a small percentage of mills.

Trees are prepared for pulping by cutting, debarking, and chipping. The wood
chips are then broken down to separate the cellulose from the noncellulose sub-
stances, and this raw material is transformed into pulp, a watery suspension of
cellulose fibers. Depending on the pulping process utilized and the projected end
product, the pulp can then be bleached to remove additional lignin and also to
brighten the pulp for use in higher-quality paper products. Once bleached, the
pulp suspension is applied to a screen where the water is drained off and the
fibrous particles are left behind in a sheet to be finished into the final product.
The overall sequence of processing events is wood preparation — pulping — pulp
processing — bleaching — finishing. Although other “subprocesses” may be con-
ducted, this is the general scheme. Most of the pollutants associated with pa-
permaking are produced in the pulping and bleaching stages, during which the
most chemical input and output occurs.

B. Pulping

The production of pulp is a major source of environmental impacts in paper
making. Pulp production is achieved by one of three main processes: chemical,
mechanical, or semichemical pulping. Each results in a different pulp end product
varying in quality, which affects the overall quality of the finished product.
Chemical pulping, the prevalent method, produces pulp that can be bleached to
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a greater extent due to its initially low lignin content, allowing for the production
of the highest quality end product. Chemical pulps are produced by digesting
(cooking) raw materials using kraft and sulfite processes. This method utilizes
large amounts of chemicals to break down the wood in the presence of heat and
pressure, yielding long fibers that are strong and stable. Furnish that is chemically
pulped is frequently subjected to a bleaching stage because the pulp produced is
brown in color.

Mechanical pulping, also called thermomechanical pulping (TMP), employs
physical power to strip cellulose fibers off the wood with a grindstone. The power
is commonly generated by hydroelectric or steam-driven systems that utilize re-
cycled wastewater and burn wood scraps as a heat source. This method is used
considerably less because the fibers are generally broken down and are thus of
low strength and high in impurities. Wood that is mechanically pulped also retains
most of the original lignin and usually undergoes further processing.

Semichemical pulping, or chemithermomechanical pulping (CMTP), uses a
combination of chemical and mechanical processes. The wood is first softened by
chemicals and then stripped mechanically, resulting in cellulose fibers that are
generally stiff and of low quality. This process is used typically in the production
of corrugated paper and paperboard products.

Kraft pulping and sulfite pulping are the two main types of chemical pulping
in the U.S. The difference between the two methods is the chemicals used to
digest the wood. Kraft processes produce a variety of pulps used mainly for pack-
aging, high-strength papers and boards, and writing papers, because kraft pulps
are much stronger than those produced by other processes. The characteristic
strength of kraft fibers results from the use of digestive chemicals that are highly
selective for wood constituents. Lignin removal is also high, allowing for bleach-
ing without added pulp degradation. In the kraft process, wood is digested in an
aqueous solution of sodium hydroxide and sodium sulfide in the presence of heat
and pressure. This mixture, known as white liquor, dissolves the lignin and makes
it soluble in the mixture. Sulfite pulping uses sulfurous acid and bisulfite ion to
degrade the lignin of nonresinous softwoods as the predominant furnish. The end
products can be bleached more easily than kraft pulps because they have less
color, but are not as strong. Use of the sulfite pulping process has declined over
time due to dependence on a particular type of wood and the absence of bark to
achieve effective and efficient pulping. In 2000, less than 2% of the chemical
market pulp capacity was sulfite produced (USDA 2001).

C. Pulp Processing and Bleaching

Pulp produced by chemical digestion, known as brownstock, contains separated
wood fibers and black liquor, a solution of dissolved lignin solids and depleted
pulping chemicals including organic extracts. Brownstock is subjected to washing
to remove impurities and recycle the black liquor. Efficient washing is imperative
to ensure thorough chemical recovery and to minimize organic waste from the
large amounts of bleaching chemicals used. Excess dissolved organic compounds
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(lignins and extracts) left behind by inefficient washing can bind to bleaching
chemicals, where they act as precursors to chlorinated organic compounds such
as dioxins and furans. Common washing devices include rotary vacuum washers,
diffusion washers, rotary pressure washers, and dilution/extraction washers. Once
washed, the residual wastewater is passed through an evaporator and then into
arecovery boiler while the “clean” brownstock is sent to the bleaching plant. The
recovery boiler rids the wastewater of undigested wood chips, sand, and dirt,
while concentrating the black liquor, and utilizes energy from combustion to
convert the black liquor impurities into molten form, called smelt. The smelt is
recausticized to convert sodium carbonate into active sodium hydroxide and so-
dium sulfide, and this “green liquor” is further chemically processed to regen-
erate the white liquor used in the digestion process.

The bleaching stage of paper manufacturing is the source of most organic
environmental contaminants. During this stage, the pulp is subjected to alternative
treatments with chlorine or chlorine derivatives and sodium hydroxide. The
chlorine acts as an oxidizing agent to degrade the lignin and as a chlorinating agent
to brighten the pulp, while sodium hydroxide treatment solubilizes the degraded
lignin for extraction. During the chlorine and alkaline treatments, about 95% of the
elemental chlorine is converted to chloride ions and the remainder is solubilized as
chlorinated organic material. Effluent is then released into holding ponds where
organic waste is stabilized by aeration and where microorganisms can metabolize
additional excess organic waste before discharge into rivers or streams.

Elemental chlorine was utilized as the primary chlorine agent until the early
1990s, when the presence of chlorinated organic material in pulp mill effluent
became a public concern. In 1990, the USEPA developed the National Pollutant
Discharge Elimination System to ensure effluent discharges from pulp mills using
chlorine bleaching met applicable requirements of the Clean Water Act. Since then,
many mills have switched to chlorine dioxide bleaching as well as bleaching with
oxygen derivatives such as hypochlorite, ozone, and hydrogen peroxide. The use of
chlorine dioxide in bleaching, known as elemental chlorine free (ECF) bleaching,
produces 20%—90% less chlorinated organic substances (Solomon et al. 1993).

III. Environmental Impacts
A. Chemical Outputs

Chemical pulping generates a significant amount of chemical output due to the
amount of chemical input required to digest the furnish. If chemical pulp is not
efficiently washed, it leaves behind excess organic compounds that can increase the
probability of toxic compound formation and the amount of toxic compounds
produced during bleaching. Bleaching stages that use elemental chlorine produce
the most chlorinated organic compounds whereas those that utilize chlorine dioxide
or oxygen derivative chemicals produce the least. In most processes, chlorinated
and organic compounds, nutrients, and metals are discharged as wastewaters in pulp
mill effluent. Table 2 lists the compounds produced during the respective stages and
their intended end fates. The potential impact that wastewater discharge has on the
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Table 2. Stages of paper production and general by-products.

Stage Effluent characteristics End fate
Pulping Black liquor Recycle
Natural and synthetic chemicals Washing
originating from wood
Washing Wash wastewater Recycle
Brownstock Bleaching
Bleaching Wood products (BOD, COD, TSS) Treatment in holding ponds
Bleaching effluent containing or discharge

delignification products and
chlorinated organic compounds
(AOX, EOX, VOC)

BOD: biological oxygen demand; COD: chemical oxygen demand; TSS: total suspended solids, AOX:
adsorbable organic halides; EOX: extractable organic halides; VOC: volatile organic compounds.

environment can be assessed by measuring various water quality parameters.
Biochemical oxygen demand (BOD), chemical oxygen demand (COD), total
suspended solids (TSS), and adsorbable and extractable organic halides (AOX and
EOX, respectively), which include chlorinated organic compounds, are parameters
commonly measured to determine the cleanliness of a body of water. These
methods are effective in providing a general picture of water quality but do not
identify specific contaminants. Pulping and wastewater treatment also produce a
number of volatile organic compounds (VOC), such as chloroform, aldehydes,
alcohols, phenols, ketones, terpenes, nutrients such as phosphorus and nitrogen,
and heavy metals, which are used as complexing agents to remove other transition
metals present within the wood. Because VOC:s are released predominantly through
air emissions and metal agents are not released at levels considered to be of sig-
nificant environmental concern, neither is discussed further.

B. Biological Oxygen Demand and Chemical Oxygen Demand

Biological (or biochemical) oxygen demand is defined as the rate at which mo-
lecular oxygen is consumed by microorganisms during the oxidation of organic
matter (Cairns et al. 1995). It is typically referred to as BOD, and the standard test
measures the dissolved oxygen consumed over a 5-d period (BODs). Values are
reported as kg/t pulp product or as mg/L. effluent. Chemical oxygen demand
(COD) measures the oxygen consumed during oxidation by strong chemical
oxidants when organic materials are not easily degraded by microorganisms.
High BOD accelerates bacterial growth in the water, which consumes the oxygen
and reduces available dissolved oxygen (dO,) levels. Decreased dO, can impact
living organisms by reducing metabolic activity or by increasing stress associated
with an increase in energy expenditure to cope with physiological challenges
caused by lack of oxygen and the presence of contaminants; this ultimately
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results in a reduction in biomass or total elimination of the biota. COD presents a
potential hazard to the aquatic environment through the presence of oxidizing
agents and heavy metals. BOD is a major pollutant output of furnish preparation,
kraft pulping, and wastewater treatment whereas COD is a major output of kraft
pulping, bleaching, papermaking, and wastewater treatment. The pollutants are
introduced into rivers and streams primarily through pulp and treated effluents,
and these effluents are generally high in BOD/COD, although levels have de-
creased significantly since the early 1980s. Reported values for BODs range from
2 to 350 kg/t or 4 to 400 mg/L whereas COD levels can be as high as 200 kg/t or
1100 mg/L (Gaete et al. 2000; Thompson et al. 2001; QFIA 2001). Wastewaters
with BOD levels of 100 mg/L or greater are considered exceedingly polluted with
organic waste. Nitrates and phosphates present in effluent are bacterial nutrients
that accelerate their growth and metabolism and contribute to elevated BOD and
COD levels. Although BOD and COD do not indicate whether the substances
present are potentially toxic, they imply a potential stress to the aquatic envi-
ronment, as suggested by population changes resulting from sublethal exposure
to bleached kraft mill effluent (BKME) (Stoner and Livingston 1978; McLeay
and Brown 1979; Oikari et al. 1985).

C. Total Suspended Solids

Total suspended solids (TSS) are generally produced during furnish preparation
and wastewater treatment. TSS can also be produced during the papermaking
process when pulp is applied to screens and residual solids are released in the
flowthrough. In a 1993 survey of 33 mills, the USEPA reported a TSS range from
0.24 to 9.79kg/t in bleached kraft effluent (USEPA 2002), and the National
Council for Air and Stream Improvement (NCASI) reported a mean of 5.5 kg/t in
asurvey of 41 mills in 1989 (Force 1995). While TSS are normally not directly toxic
to organisms inhabiting the waterway, they do have an effect on water turbidity.
High turbidity levels can impact feeding and growth of fish and other inhabitants, as
well as respiration through impairment of gill function.

D. Adsorbable Organic Halides and Organic Pollutants

Pulp and paper mill effluent is composed of many different synthetic and naturally
occurring substances. The presence of chlorinated compounds and other organic
material produced during the pulping and bleaching stages of paper manufacture is
of considerable importance. The amount of chlorinated organic material can be
measured as adsorbable organic halides (AOX) or extractable organic halides
(EOX). AOX is determined by measuring the approximate amount of organically
bound chlorine that adsorbs to activated charcoal whereas EOX measures or-
ganic compounds extracted with a nonpolar solvent. Examples include, but are not
limited to, phenols, guaicacols, polyaromatic hydrocarbons, dioxins, and furans.
Amounts of AOX produced during these stages of paper production range from
1.2kg/t to 3.6kg/t (Kallqvist et al. 1989; Lancaster et al. 1996; Barraoca et al.
2001). Concentrations of AOX in effluents range from as low as 10 ug/L to as high
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as 100 mg/L (Hodson et al. 1992; Tyler et al. 1998; Gaete et al. 2000). Although
studies have shown that no correlations exist between AOX/EOX concentrations
and biological responses (O’Connor and Nelson 1993; Robinson et al. 1994),
these values provide an estimate of the chlorinated organic constituents of pulp
mill effluent.

Of particular environmental importance is the production of dioxins and furans
generated when elemental chlorine used in the bleaching processes reacts with
aromatic organic precursors that are present in the wood. Studies of humans ex-
posed to high levels of dioxins and furans have documented temporary adverse
effects on the liver, immune system, reproduction, and development, as well as
cardiovascular disorders and carcinogenic effects (Arehart et al. 2004; Valic et al.
2004; Steenland et al. 2004).

Harbor seals in British Columbia, taken immediately after a reduction in pulp
mill discharge, contained detectable levels of polychlorinated dibenzo-p-dioxins
(PCDD) and furans (PCDF) and polychlorinated biphenyls (PCB) in their blubber
(Addison et al. 2004). Harbor seals are good indicators of contaminant levels in
coastal food chains because they are territorial predators at the top of the food chain.
The highest levels were observed in seals inhabiting the Strait of Georgia, which
receives effluent from six coastal pulp mills. This research group conducted no
toxicity studies but other studies indicate that high levels of PCDD/F and PCB in
seals may result in a reduction of immunocompetence (Ross et al. 1995). The
authors state that decreased immunocompetence was not observed or was masked
by other factors. Regardless, the detection of PCDD/F and PCB in these seals raises
the concern for accumulation in other organisms exposed to pulp mill effluent.

Dioxin contamination associated with paper and pulp mill effluent has been
reported in both North American and European countries (Abbott and Hinton
1996; Kostamo et al. 2000; Shelby and Mendonca 2001; Harris et al. 2003; Ross
et al. 2004). The ability of dioxins to impart such a broad range of toxic effects
prompted government agencies in Canada and the U.S. to establish guidelines in
an effort to reduce and ultimately eliminate dioxin release in effluents.

IV. Aquatic Toxicology
A. Morphological Effects

The first reports of morphological alterations related to pulp and paper mill
effluent exposure came in 1980 when Dr. Mike Howell observed a population of
masculinized female mosquitofish (Gambusia holbrooki) inhabiting Eleven Mile
Creek, a stream below the effluent discharge of a paper mill in Escambia County,
Florida (Howell et al. 1980). Mosquitofish belong to the family Poeciliidae, in
which males possess a modified anal fin called a gonopodium that is used to transfer
sperm to the female during copulation. The authors observed that the entire female
population inhabiting this stream exhibited this normally male characteristic.
Shortly thereafter, masculinized females of two other poeciliids, the least killifish
(Heterandria formosa) and the sailfin molly (Poecilia latipinna), were observed in
the Fenholloway River in Taylor County, Florida (Drysdale and Bortone 1989).
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Many years later, masculinized females of these same species were observed
in Rice Creek, a tributary of the St. Johns River in Putnam County, Florida, which
receives paper mill effluent (Bortone and Cody 1999). Drysdale and Bortone
(1989) were able to reproduce this masculinization in the laboratory, although to
a lesser extent, using effluent collected from Eleven Mile Creek. In addition to
anal fin elongation, they reported several other morphologically masculine al-
terations including preanal length, dorsal and pelvic fin height, interorbital width,
and eye diameter. Kovacs et al. (1995) showed that fathead minnows (Pime-
phales promelas) chronically exposed (275 d) to 5%, 10%, and 20% concen-
trations of effluent collected from a kraft mill in western Canada exhibited male
skewed sex ratios on the basis of secondary sex characteristics, and Larsson et al.
(1988) found significantly male-biased embryos in eelpout (Zoarces viviparous)
inhabiting the Baltic Coast near a kraft pulp mill. Variations in the expression of
sexual characteristics in fish are not uncommon (Bortone and Davis 1994), but
altered sex ratios indicate the presence of chemicals in the effluent that can
elicit disturbances during sexual development and affect the survival of inhabitant
species.

Because PME is a complex mixture of synthetic and naturally occurring com-
pounds, the exact cause of these alterations is unknown and identification of a
single compound responsible for masculinization is highly improbable. The mas-
culinizing capacity of PME suggests that the constituents responsible for these
effects are androgenic or antiestrogenic in nature. It has long been known that ex-
posure to androgenic hormones can induce masculinization in female poeciliids
(Eversole 1941; Turner 1941 & 1942). Howell et al. (1980) suggested the hypoth-
esis “that some chemical or combination of chemicals in the papermill effluent
is exerting a strong androgenic effect on the Eleven Mile Creek population of
G. holbrooki.” This hypothesis was supported by Rosa-Molinar and Williams
(1984), who demonstrated that the plant sterol f-sitosterol was implicated in the
masculinization observed through aerobic and/or anaerobic transformation into an
androgenic hormone.

This point of view was strengthened further when Denton et al. (1985) were
able to masculinize female mosquitofish via exposure to f3-sitosterol and stig-
mastanol in the presence of the common soil bacterium Mycobacterium smeg-
matis. Exposure to f3-sitosterol has also been shown to alter the reproductive status
of goldfish by decreasing levels of plasma reproductive steroids in both males and
females (MacLatchy et al. 1997). These researchers identified a correlation be-
tween decreased steroid levels and a decrease of pregnenolone, suggesting the
possibility that f-sitosterol could reduce the capacity of gonadal steroid bio-
synthesis by interfering with cholesterol availability or by disruption of side chain
cleavage by P-450.. These observations suggest that although compounds
produced as a direct result of pulping and bleaching may have an impact on
the well-being of aquatic wildlife, the possibility of bacterial transformation of
plant sterols must also be considered.

Although the production of androgenic substances through bacterial trans-
formation is a reasonable hypothesis, it was not until recently that any specific
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androgens had been identified in paper mill effluent. Jenkins et al. (2001) detected
the presence of androstenedione in Fenholloway River water containing PME.
The investigators confirmed the likelihood of modification of phytosterols into
androgenic compounds, but also suggest that androgens may be supplied directly
as plant products in tall oils. Parks et al. (2001) also detected the presence of
substances in Fenholloway River water associated with androgenic activity as
measured by androgen receptor (AR)-dependent transcriptional activation. In a
study by Durhan et al. (2002), androstenedione was detected in Fenholloway
River water but not in the fractions that exhibited androgenic activity in cell-based
assays. They proposed that androstenedione is not associated with the observed
androgenic activity. Orlando et al. (1999) hypothesized that female mosquitofish
inhabiting the Fenholloway River are masculinized by accumulation of testos-
terone resulting from inhibition of aromatase, the enzyme that converts testos-
terone into estradiol. However, they found that ovarian and brain aromatase
activity was actually elevated in these fish, possibly in response to increased
circulating androgens, which supports the hypothesis of masculinization by one or
more androgenic constituent of the river water (Orlando et al. 2002).

The bacterial transformation hypothesis was strengthened by the identification of
androstenedione and, more importantly, progesterone (2.4 and 155nM, respec-
tively) in the sediment of the Fenholloway River at concentrations considerably
higher than in the water column (Jenkins et al. 2003). Sediment microbes could
transform the progesterone, an androgen precursor, into androstenedione and other
bioactive steroids. The source of progesterone is believed to be pine pulp-derived
phytosterols present in the mill effluent. This idea is justified in the same study by the
identification of low levels of progesterone (0.3 nM) in the sediment of a comparison
stream, which is attributed to the natural breakdown of plant material. Mycobac-
terium smegmatis incubated in the presence of progesterone produced 17«-hydro-
xyprogesterone, androstenedione, and also androstadienedione (Jenkins et al. 2004).
Reanalysis of Fenholloway sediment revealed androstadienedione (4.0 nM), which
exhibited activity similar to androstenedione in AR-mediated transcriptional assays.

Figure 2 illustrates the proposed in vitro production of androgens from pro-
gesterone by M. smegmatis. The discovery of androstadienedione may be sig-
nificant in that androstadienedione has been shown to have an inhibitory effect
on aromatase and may irreversibly inactivate the enzyme (Covey and Hood
1982). Reducing or eliminating aromatase activity would prevent females from
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converting androgens into estrogens and could have a masculinizing, or defemi-
nizing, effect. Androstenedione is more rapidly aromatized than androstadiene-
dione and the results of the study by Orlando et al. (see above) suggest that the
inhibitory effect of androstadiendione on aromatase in Fenholloway River female
mosquitofish is minimal. This is supported by studies conducted in our laboratory
where no change in VTG expression was observed in female mosquitofish ex-
posed to androstadienedione concentrations as high as 500 nM by short-term static
renewal method (Stanko 2005). If exposure to androstadienedione resulted in the
inhibition of aromatase, an expected effect would have been a decrease in VTG
expression. Thus, it is possible that high levels of androstenedione, by providing
excess substrate, could account for the elevated aromatase activity.

Our laboratory has been unable to induce gonopodial development in female
mosquitofish through short-term static exposure to androstenedione at concen-
trations measured in Fenholloway River water, but morphological masculiniza-
tion has been observed within 2-3 weeks at concentrations 3 log doses higher
(Stanko 2005). Although androstadienedione levels in the Fenholloway River
water column have not been determined, our laboratory has also been able to
induce morphological masculinization in female mosquitofish through short-term
static renewal exposure to 50 and 500 nM androstadienedione (Stanko 2005).
While these concentrations are likely much higher than in Fenholloway River
water, these data suggest that androstadienedione almost certainly contributes to
the morphological masculinization observed in Fenholloway River female mos-
quitofish. Steroids are very hydrophobic in nature, and therefore organisms in-
habiting steroid-containing waters are susceptible to bioaccumulation of these
compounds (Lai et al. 2002). Exposure to high levels of androstenedione, and also
androstadienedione, may provide insight into the possible effects following long-
term exposure.

B. Hepatic Dysfunction

The liver is the primary detoxification organ in all vertebrates and is therefore
often used as an indicator of the sensitivity of an organism to environmental pol-
lutants. Because of the lipophilic nature of many environmental organic pollut-
ants, the potential for bioaccumulation in the liver and subsequent morphological
damage and disruption of enzyme activity is evident. The liver is responsible for
the production of the cytochrome P-450 superfamily of enzymes and their con-
jugates, as well as a number of other metabolically active enzymes. These en-
zymes play a major role in the synthesis and deactivation of many endogenous
chemicals, including steroid hormones, as well as the detoxification of xenobi-
otics. The complexity of the mechanisms occurring within the liver presents an
opportunity for the alteration of several biochemical pathways, and the wide va-
riety of responses that result from such alterations has made the liver a focus of
numerous toxicological studies. Therefore, the liver is frequently used as a bio-
indicator of the presence of pollutants in PME, primarily through effects on
enzyme function, steroidogenesis, and vitellogenesis.
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Mixed-function oxidases (MFO) are a versatile class of P-450-dependent he-
patic enzymes involved in the oxidative conversion of endogenous lipophilic
substrates into more hydrophilic compounds. Because of the normally endoge-
nous nature of MFO substrates, these enzymes are usually present at relatively
low activity. In the presence of environmental pollutants, activity of MFO en-
zymes is increased to rapidly deactivate these chemicals for excretion. MFO
activity, typically measured through induction of ethoxyresorufin O-deethylase
(EROD), is a sensitive biomarker of contaminant exposure, and induced MFO
activity in fish is often measured as an indicator of exposure to PME (Lehtinen
et al. 1990; Parrott et al. 2000; Kovacs et al. 2002; Galloway et al. 2003). Al-
though increases in MFO activity are associated with effluent exposure, no direct
link between mechanisms of effluent-induced activity and adverse effects has
been demonstrated (Hodson et al. 1996). The inability to describe a direct link
may likely be the result of the sensitivity of these enzymes, such that the in-
duction detected precedes more serious aberrations.

Although a direct relationship between exposure and effects has not been es-
tablished, significant induction of MFO indicates exposure to a toxicant and
suggests the potential for adverse effects through other hepatic processes. The
liver is also a primary site of steroidogenesis and steroid deactivation. Because
many of the substrates of MFO enzymes have the same planar ring structure as
hormones, it is not surprising to observe endocrine effects associated with elevated
MFO activity. Dioxins and furans were detected in white sucker inhabiting the
receiving areas of multiple Canadian pulp mills. In addition to elevated MFO
activity and increased liver size, distinct alterations to reproductive fitness were
also observed, including delayed sexual maturity and reduced GSI (Munkittrick
et al. 1994). White sucker that inhabited the St. Maurice River, Canada, where the
source of the only major industry discharge is a pulp mill, had elevated EROD
activity and were found to be contaminated with chlorinated dioxins, furans, phe-
nols, guaicacols, and veratrols (Gagnon et al. 1995). These fish also exhibited
changes in various reproductive parameters, including decreased GSI in females
(Table 3). The differences in age and size at maturity were attributed to a nutrient
gradient resulting from an increased load of organic material and therefore a greater
transfer of nutrients to the fish. Although growth appeared to be enhanced, the in-
vestigators reported marked differences in reproductive response. Soimasuo et al.
(1998) reported an accumulation of chlorophenolics and resin acids in the bile of
whitefish exposed in situ to treated bleached kraft mill effluent (BKME) concen-
trations greater than 3.5%. Whitefish utilized in the study also exhibited reductions
in plasma testosterone and estradiol following exposure to 3.5% treated effluent.

Chemical contaminants identified in previous studies are not the only com-
pounds present in pulp and paper mill effluent that have the ability to induce
reproductive effects and modify endocrine processes. There are a number of both
natural and anthropogenic constituents of PME associated with MFO activity that
can alter reproductive homeostasis. Many chemicals that induce these hepatic en-
zymes may also be estrogenic or antiestrogenic, including a range of natural plant
steroids with the potential for both estrogenic and androgenic activity. Changes
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Table 3. Trends in biochemical and reproductive character-
istics of white sucker in the Gastineau (reference site) and
St. Maurice Rivers.

Characteristics Gastineau River St. Maurice River
MFO induction No change Increase
Age at maturity Decrease No change
Size at maturity Decrease Increase
Gonad size
Male Increase Increase
Female Increase Decrease
Fecundity Increase No change

Source: Gagnon et al. (1995).

in circulating hormones may impart an effect on steroid production by the
hypothalamic—pituitary system. Each of these responses leads to the consideration
of the role of PME components in the reproduction and development of aquatic
species.

C. Reproductive Effects

In addition to morphological effects, many reproductive effects have been de-
scribed following exposure to PME. Its effects on reproductive impairment in
fish include decreased gonadal size (Sandstrom et al. 1988; Gagnon et al. 1995),
alterations of secondary sex characteristics (Howell et al. 1980; Bortone et al.
1989; Bortone and Cody 1999), and delayed sexual maturity (Munkittrick et al.
1992). Mummichog (Fundulus heteroclitus) living downstream from a bleached
kraft pulp mill displayed delayed gonadal maturation and had smaller eggs and
increased GSI (Leblanc et al. 1997). Observations near a Swedish pulp mill at the
Bothnian Sea revealed lower relative gonad size and an increase in rate of growth
in perch (Perca fluviatalis) (Sandstrom and Neuman 2003). Although there was
an increase in rate of growth, the authors indicated this should not be interpreted
as a positive response, as maturation of fish from the experimental site was de-
layed compared to those of the reference site. Our laboratory has observed a
decrease in growth coupled with reductions in reproductive indicators such as
gonadosomatic index (GSI) and circulating vitellogenin (VTG) in G. affinis fol-
lowing exposure to androstenedione as well as a significant negative association
in overall growth and in the number of developing embryos per female following
exposure to androstadienedione (Stanko 2005). This characteristic has been ob-
served in female mosquitofish inhabiting the Fenholloway River. McNatt
(McNatt 2002) indicated that Fenholloway females were significantly smaller
than those inhabiting a reference site that did not receive effluent from a pulp mill
and that pregnant Fenholloway females carried fewer developing embryos than
their reference site counterparts, which could be attributed to their smaller size.
Additionally, there was a positive association between fish size and number of
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developing embryos in females from the reference site. White suckers (Catos-
tomus commersoni) exposed to BKME displayed increased ovarian follicular
apoptosis and elevated heat shock protein 70 (HSP-70), indicating altered re-
productive homeostasis and hormone signaling (Janz et al. 1997). In a later study,
Janz et al. (2001) observed follicular apoptosis, decreased GSI, and elevated
HSP-70 in white sucker exposed to BKME, and also determined that these pa-
rameters recovered following improvements made to the mill to reduce or
eliminate process chemicals. Although a correlation between ovarian follicular
apoptosis and elevated expression of HSP-70 has not been established, HSP-70
expression has been utilized as an indicator of environmental stress in aquatic
species (Iwama et al. 1998; Feder and Hofmann 1999).

D. Endocrine Disruption

The issue of endocrine disruption and the existence of chemicals within the envi-
ronment with the potential to disrupt endocrine function have rapidly been gaining
attention. Endocrine disruptors (EDCs) are exogenous agents that mimic hormones
in humans and animals with the potential to disrupt the normal function of an
animal’s endocrine system. EDCs can interfere with the critical timing events in
growth and development through interactions with various steroid receptors,
functioning as either agonists or antagonists (Kelce et al. 1995; Vonier et al. 1996;
Crain and Guillette 1997). Regulation of reproduction in fish is generally controlled
by the hypothalamic—pituitary—gonadal system. This system acts on external
cues that signal a release of hormones from the hypothalamus (gonadotropic-,
corticotropic-, and thyrotropic-releasing hormones; GnRH, CRH, and TRH, respec-
tively) that then cause the release of hormones from the pituitary, primarily gona-
dotrophs (GtH). GtH largely regulate steroidogenic activity in the gonads, which can
be affected by both gonadal and nongonadal factors. Steroidogenic activity in the
gonads initiates secondary sexual characteristics and reproductive function and
development. This activity is under both positive and negative feedback control
based on stages of development and external signals and can be affected by ex-
ogenous contaminants. One particularly important process that can be hindered by
endocrine disruptors is vitellogenesis. Vitellogenin (VTG) is a precursor yolk
protein produced in the liver in response to circulating estrogen (Lazier and MacKay
1991). Oocyte growth is dependent upon circulating VTG, which is regulated by
estradiol, which in turn is regulated by GtH (Wallace and Selman 1981). VTG
expression has become a useful biomarker in assessing the impact of environmental
contaminants on wildlife because of the number of mechanisms by which it can be
modulated, particularly by circulating steroid hormone levels.

Studies investigating the properties of sex steroid-binding protein (SBP)
in PME-exposed white sucker (Catastomus commersoni) and longnose sucker
(C. catostomus) reported increased relative binding affinity for testosterone and es-
trogen (Pryce-Hobby et al. 2002). Testosterone-binding capacity was increased in
prespawning female white sucker, and both estrogen- and testosterone-binding
capacity were increased in late vitellogenic female longnose sucker. The authors
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state that SBP ligands are rapidly accumulated in the liver, particularly in exposed
fish, but not in the bile, suggesting that these ligands are not excreted or are
modified before biliary excretion so that they no longer have the ability to bind
SBP. They also suggest that the accumulation of other compounds present in the
effluent that do not bind SBP may be excreted in such high concentrations that
they prevent the excretion of endogenous steroids.

Effects on binding capacity of SBP as a result of PME exposure may impart an
effect on circulating steroid levels, resulting in the disturbance of natural steroid
processes. Sepulveda et al. (2001) reported that largemouth bass (Micropterus
salmoides) inhabiting effluent-dominated streams exhibited lower circulating lev-
els of VTG, decreased plasma 11-ketotestosterone and 17f-estradiol concentra-
tions, and elevated MFO activity. In various effluent concentration studies, these
investigators determined that bass exposed to as low as 20% effluent exhibited
declines in circulating sex steroids coupled with declines in GSI and ovarian
development in females. These researchers suggest that the reproductive effects
observed are a result of inhibition of overall reproductive function, rather than
receptor-mediated activity, because of the nature of the effects observed. The
reduction of circulating VTG in this study implies that PME has an antiestrogenic
or androgenic effect, which is supported by the absence of VTG induction in
male bass. This hypothesis is also supported by the observation in our laboratory
of decreased circulating VTG in female mosquitofish exposed to androstenedione
(Stanko 2005). However, Tremblay and Van der Kraak (1999) found elevated
levels of VTG in immature rainbow trout exposed to BKME. They proposed the
possibility of f-sitosterol binding to the trout estrogen receptor to induce VTG
expression, as similar results have been shown in goldfish exposed to f-sitosterol.
This finding would imply an estrogenic effect of f-sitosterol, which contrasts with
Howell’s observations (see earlier). The authors address this inconsistency and
suggest these responses are caused by other compounds present in BKME.

Juvenile whitefish exhibited VTG gene expression following exposure to PMEs
in Finland (Mellanen et al. 1999). VTG expression was demonstrated by measuring
increased mRNA levels using Northern blot analysis, which further supports the
argument that PME contaminants exhibit an estrogenic capacity. However, male
rainbow trout exposed to a New Zealand PME showed no induction of VTG (Van
den Heuval et al. 2002). This observation supports the hypothesis that PME is
androgenic, but the authors suggest other possible reasons for lack of VTG in-
duction, including species sensitivity and timing of exposure. It is likely that
these varying responses are a result of multiple contaminants or impacts on dif-
ferent biochemical pathways. Alterations have been demonstrated as early in the
reproductive process as the hypothalamic—pituitary axis. Van der Kraak et al.
(1992) demonstrated that plasma GtH-II levels were considerably lower in male
and female prespawning white sucker exposed to BKME than those from the
reference site. Female fish at the BKME site failed to ovulate following injection of
synthetic gonadotropin-releasing hormone (GnRH) whereas 100% of those at the
reference site ovulated within 6 hr. Reduced testosterone levels in both sexes of fish
at the BKME site were increased following treatment with GnRH analogue. These



Paper Manufacture 83

observations indicate that there are many sites in the hypothalamus—pituitary—gonad
axis at which constituents of PME can induce an effect and suggest that additional
effects can be produced at other locations in the reproductive development pathway.
It is evident from these examples that the mechanisms by which VTG expression can
be modulated are unclear and that more research is necessary to determine the nature
of the effects observed. It is also clear that these processes are likely altered by
multiple compounds with the ability to act on multiple pathways.

V. Discussion

The effluent produced as a result of chemical processing during pulp and paper
manufacture contains both toxic and endocrine disrupting constituents. The ef-
fects of PME on aquatic organisms and identification of the constituents of PME
responsible for these effects have been the topics of multiple investigations for
many years. The accumulation of chlorinated and polychlorinated compounds,
such as dioxins and furans, in the environment and in humans and wildlife is of
significant environmental concern. These compounds are products of pulp and
paper mills as well as a number of other industrial processes, and they have been
the focus of a considerable amount of research examining their carcinogenicity,
neurological and behavioral effects, and effect on reproductive dysfunction in
both humans and animals (for general reviews, see Fletcher and McKay 1993;
Kogevinas 2001; Mendola et al. 2002; Nilsson and Hakansson 2002).

The detection of chlorinated compounds in pulp and paper mill effluent
prompted the U.S. Environmental Protection Agency (USEPA) to regulate dioxins
in the paper industry and to develop effluent limitation guidelines and standards to
reduce dioxin contamination in 1990. These guidelines led to the establishment
of the USEPA Cluster Rule regulating both air and water emissions from pulp
and paper mills (USEPA 1997) (The Cluster Rule can also be viewed at http://
www.epa.gov/waterscience/pulppaper/cluster.html). Effluent discharge limits were
placed on dioxins, furans, AOX, BODs, COD, TSS, and many chemicals com-
monly found in effluent. The USEPA states that the Cluster Rule will achieve 96%
reduction in dioxins and furans and 99% reduction of chloroform in wastewaters. In
conjunction with the Cluster Rule, the EPA released the Permit Guidance Docu-
ment (USEPA 2000), that provides guidance to permit writers in developing Na-
tional Pollutant Elimination Discharge System (NPEDS) permit requirements.
In the document, the EPA provides effluent limitation guidelines describing the
maximum discharge amounts for respective pollutants. Table 4 indicates effluent
discharge limits for some of the pollutants addressed within this text. Canada also
became aware of hazards presented by PME and developed the Pulp and Paper
Effluent Regulations and Fisheries Act (Environment Canada 1992), that placed
strict limitations on effluent discharge. Amendments were made in 2004 (Canada
Gazette 2004) to update regulations and further ensure compliance.

In response to these guidelines, public awareness groups became active sup-
porters of totally chlorine free (TCF) and elemental chlorine free (ECF) pulp
bleaching processes, and many mills undertook measures to change their bleaching
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Table 4. U.S. Environmental Protection Agency (EPA) Effluent Limitations
Guidelines: New Source Performance Standards (NSPS).

Pollutant 1-d maximum discharge Point of compliance
TCDD Below minimum specified limits Bleached plant effluent
TCDF 31.9pg/L Bleached plant effluent
AOX 0.476 kg/kkg Final effluent

BOD 4.52kg/kkg Final effluent

TSS 8.47 kg/kkg Final effluent

pH 5.0-9.0 at all times Final effluent

TCDD: 2 3 7 8 Tetrachlorodibenzo-p-dioxin; TCDF: 2 3 7 8 Tetrachlorodibenzofuran. NSPS is
defined as conventional, toxic, and nonconventional pollutants at a new source, direct discharger.
Source: USEPA 2000.

methods. TCF processes use oxygen and oxygen derivatives for delignification
and bleaching and ECF processes utilize nonelemental chlorine derivatives, such
as chlorine dioxide. These types of pulp and paper processing have been shown
to reduce the number of chlorinated organic compounds in PME (Bankey et al.
1995; Martel et al. 1996). In a 2000 progress report, the American Forestry and
Paper Association reported decreases since 1988 in BOD, TSS, and AOX
associated with changes in pulping and bleaching practices (American Forestry
and Paper Assoc. 2000). McMaster et al. (1996) were able to demonstrate partial
recovery of hormone levels following experimental effluent exposure, but white
sucker exposed in situ still retained detectable effects. Reproduction in fish also
returned to normal when exposed to effluent from the same plant following mill
changes (Kovacs and Megraw 1996).

However, many of the constituents of PME are environmentally persistent and
continue to impart toxicity even after modifications are made. One example can
be observed in European eels (Anguilla anguilla L.) exposed in situ to three
polluted areas of the Vouga River, Cacia, Aveiro, Portugal, 2 yr following the
closing and cleanup process of a BKME facility. The eels exhibited elevated
plasma cortisol, glucose, and lactate levels at one or more locations within 8 hr
of exposure, indicating that the waters remain contaminated (Teles et al. 2004).
Environmental persistence suggests that it may be some time before we can ac-
curately measure the effects of these cleanup efforts.

Other improvements in effluent processing include modified or extended cook-
ing, oxygen delignification, and activated sludge treatment (AST), a secondary
treatment used in conjunction with TCF or ECF bleaching. AST involves the use
of bacterial degradation or transformation of effluent components into nontoxic
and/or nonbioactive by-products. Several microorganisms with the ability to me-
tabolize various industrial pollutants, including chlorinated organic compounds,
have been identified; these include Bacillus (Andretta et al. 2004), Rubrivivax
(Yu and Mohn 1999), and Zoogloea (Yu and Mohn 2002), among others. Al-
though AST has been shown to reduce BOD in effluents by 86%—95% and COD
by 40%—80% (Kostamo and Kukkonen 2003), it can also lead to excessive
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growth of filamentous microorganisms and problems associated with their
growth, such as sludge bulking and foaming (Smith et al. 2003).

Disruptions to bacterial communities can also lead to inactivation or elimi-
nation of other compound-removing populations, particularly those involved in
the removal of resin acids. Resin acids are diterpenoid carboxylic acids present
in softwood trees commonly used in papermaking. They can accumulate in
sediments, presenting potential acute and chronic toxicity, and some of their
biotransformation compounds that are resistant to further degradation can bio-
accumulate (Liss et al. 1997). The bacterial communities utilized in AST facilities
must be closely monitored and maintained for maximum efficiency and to reduce
the potential for toxicity resulting from population disturbances. An alternative to
AST is anaerobic treatment. While not as widely used as AST, anaerobic treat-
ment has many potential advantages including lower sludge production, lower
chemical consumption, and smaller land requirements because of smaller reactors
and energy production (Thompson et al. 2001).

Summary

The pulp and paper manufacturing industry generates large quantities of waste-
water and has been described as a significant pollutant of the aquatic environ-
ment for many decades. The majority of pulp mills are located in the U.S. and
Canada, and these countries are therefore subject to the greatest environmental
impact. Some form of toxicity following exposure to mill effluent has been
documented in numerous species, both aquatic and terrestrial, and the compounds
present in effluents can affect multiple physiological processes, including he-
patic mechanisms, reproduction and development, and endocrine function. Al-
though the effects of PME on wildlife have been known for some time, the
detection of chlorinated organic compounds generated substantial concern to
humans because of the potential risk of exposure to these highly toxic compounds
through environmental persistence and bioaccumulation. Government regulations
were imposed on the pulping industry in an effort to prevent further contamination
and reduce the toxic potential of pulp mill effluent to both humans and wildlife.

Included among these regulations was the elimination of bleaching processes
that utilized organic chlorine in favor of elemental chlorine free (ECF) and totally
chlorine free (TCF) bleaching processes. There is little in the peer-reviewed
literature describing the advantages of TCF over ECF, and many Internet sources
claim that the differences between the two are small, although ECF is better
economically. The USEPA has listed ECF as one of the best available technologies
(BAT) within the Cluster Rule. However, because the mechanisms of MFO activity
are unclear and reproductive effects have been observed following effluent ex-
posure, and because some of these same effects have been reported in areas
minimally compromised by PME, it is difficult to assess the true improvements that
these processes are attaining. Other methods of bleaching continue to be tested and
each has its own beneficial aspects. However, negative elements still seem to arise,
either through chemical persistence, the formation of previously undetected
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compounds, or the conversion from one toxicant to another. Certainly, the elimi-
nation of elemental chlorine in pulping and bleaching processes will improve the
quality of effluents with respect to chlorinated organics, but further research is
necessary to determine the actual benefits of all processes and to determine how the
toxicity that remains can be eliminated.
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I. Introduction

Lead has been used in human civilizations for about 5000 years and currently has
many uses in modern technology. Its uses and toxic properties at high doses have
been recognized since antiquity (Waldron 1973). Since the beginnings of lead
use, evidence of lead poisoning has been found by medical historians, with
dramatic effects on the destiny of ancient civilizations. The fall of the Roman
Empire was related to the wide use of lead in paints, water distribution pipes, and
wine storage vessels. It was suggested that the declining birthrate, the epidemics
of stillbirths and miscarriages, and apparently the increased incidence of psy-
chosis in Rome’s ruling class, which may have been at the root of the Empire’s
dissolution, were a result of exposure to lead in food and wine (Gilfillan 1965). It
has been recently proposed that similar or additional effects of human population
exposure to lead may contribute to the decline of current societies through lead
induced impairment of intelligence (Needleman et al. 1979; Banks et al. 1997),
increased tendency to addictions to drug abuse (Tchernitchin and Tchernitchin
1992; Tchernitchin et al. 1999), increase in delinquent behavior (Needleman et al.
1996), or psychological changes such as behavioral difficulties at school (Byers
and Lord 1943; Banks et al. 1997).

Acute exposure to high levels of lead causes serious diseases such as lead
encephalopathy, which includes brain swelling and can evolve to coma and
death. This is not a frequent situation, but may occur in children accidentally
exposed to high lead levels, as well as in occupational accidents and attempted
suicides.

Chronic exposure to lower levels of lead, which usually does not cause acute
symptoms or signs, is a frequent situation affecting urban populations, occupa-
tionally exposed workers, and people living in the vicinity of polluting sources.
In adults, chronic exposure to lead causes progressive damage to the central and
peripheral nervous systems (Needleman et al. 1979; Banks et al. 1997), a mod-
erate increase in blood pressure (Staessen et al. 1994), and effects on both male
and female reproductive systems in humans (Winder 1993) as well as in ex-
perimental animals (Ronis et al. 1996; Tchernitchin et al. 1998, 2003), causing
mainly infertility and an increased abortion rate. It also affects the hematopoietic
system (Grandjean et al. 1989; Pagliuca et al. 1990; Graziano et al. 1991); for
review of lead interference with the biosynthesis of heme, see NAS-NRC (1972).
It depresses thyroid function (Tuppurainen et al. 1988) and causes nephropathy
(Weeden et al. 1975, 1979; Ong et al. 1987; Cooper 1988; Cardenas et al. 1993),
intestinal colic, gastrointestinal symptoms (Baker et al. 1971; Pagliuca et al. 1990),
and damage to the immune system, as shown in humans and experimental animals
(Ewers et al. 1982; Jaremin 1983; Cohen et al. 1989; Koller 1990; Lang et al. 1993;
Tchernitchin et al. 1997; Villagra et al. 1997). It may also cause effects on chro-
mosomes (Schmid et al. 1972; Deknudt et al. 1973; Al-Hakkak et al. 1986), in-
crease mortality rate (Cooper 1988), and decrease life expectancy.

Children, compared to adults, are more vulnerable to lead in several respects.
They typically engage in hand-to-mouth activities (sucking fingers, placing various
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objects in the mouth), which results in greater ingestion of lead than adults; they
present a greater absorption and retention of lead; the exposures occur during sen-
sitive periods of development; and children are generally more sensitive than
adults to the toxicological effects of lead at a given blood level (Davis and Grant
1992).

In children, chronic exposure to lead causes a slowing of growth (Schwartz et al.
1986), hearing impairment (Schwartz and Otto 1991; Dietrich et al. 1992), neuro-
behavioral alterations (Byers and Lord 1943; Needleman et al. 1996; Banks et al.
1997), decrease in the intelligence coefficient (Needleman et al. 1979; Banks et al.
1997), anemia (Schwartz et al. 1990), decreased 1,25-dihydroxyvitamin D5 plasma
levels (Mahaffey et al. 1982) and action (Long and Rosen 1994), slowing of my-
elin fiber nerve impulses (Davis and Svendsgaard 1990), intestinal colic and as-
sociated gastrointestinal symptoms (USEPA 1986), and encephalopathy (USEPA
1986, 1990).

The effects of chronic exposure to lead in adolescents or adults may be re-
versed, at least in part, after a decrease in blood levels. However, in children,
especially at earlier ages, the effects are irreversible and may persist through life,
and some effects may be induced by the mechanism of imprinting (vide infra).

Lead exposure during pregnancy may lead to congenital anomalies, as re-
ported by Needleman et al. (1984). Lead was found to be associated, in a dose-
related fashion, with an increased risk of minor anomalies, mainly hemangiomas
and lymphangiomas, hydrocele, minor skin anomalies, and undescended testicles.
Lead exposure of pregnant mothers is also associated with low infant body
weight at birth (Ward et al. 1987; Bornschein et al. 1989).

Lead exposure during the last months of pregnancy or during early postnatal life
causes irreversible changes that persist through life through the mechanism of
imprinting. The hypothesis for this mechanism was first proposed by Gyorgy
Csaba, who showed in experimental animals that exposure of fetuses to some
hormonally active agents during critical periods of their development induces
permanent changes in the action of related hormones (Csaba 1980). These changes
can be detected later in adulthood as a modification in the activity of receptors and
in the intensity of responses mediated by them (Dobozy et al. 1985; Csaba et al.
1986). This effect of hormones during fetal or neonatal life, permanently modi-
fying the ability of the cells to react to hormone stimulation during adulthood, was
named by Csaba “imprinting” (Csaba 1980; Csaba et al. 1986). Work performed
in our laboratory demonstrated that, besides hormones, several other agents such as
pollutants, including lead, pharmaceuticals, food additives, and normal constitu-
ents of food when ingested at abnormal amounts, may activate the mechanism of
imprinting and induce persistent biochemical and functional changes that cause
the development of diseases later in life (Tchernitchin and Tchernitchin 1992;
Tchernitchin et al. 1999).

Exposure to lead during the perinatal period may occur in mothers previously
exposed to the metal, presenting increased concentration of lead in bones. Such
mothers, during pregnancy or breastfeeding, require additional calcium that is ob-
tained from bone reserves with lead stored together with calcium and is transferred
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through placenta or breast milk to the fetus or child during the period of life when
it is most sensitive to lead. Among the delayed effects induced by this mechanism
and evident during childhood, adolescence, or adult life, are neurobehavioral
alterations such as decrease in the intelligence coefficient (IQ), aggressive be-
havior, and a tendency to drug abuse and to delinquent behavior (see Tcher-
nitchin et al. 1999 for the mechanisms involved).

In Chile, besides the classical sources of exposure to lead existing throughout
the world (the use of leaded gasoline, lead paints, clusters originated from point
sources, food contamination with lead, occupational exposure), there are special
cases that deserve additional analysis. Lead exposure has caused considerable
damage to Chilean population health. A description of the main sources of ex-
posure, especially those nonfrequent sources affecting large numbers of people,
the evolution of Chilean legislation and the role of different organizations and
institutions in changing policies, and regulations to prevent exposure to lead, may
constitute a useful experience for other countries that are less advanced in pre-
vention and mitigation of lead contamination.

The purpose of this review is to describe available information on the main
sources of lead pollution in Chile and report the most conspicuous episodes of
lead contamination, describe the most relevant clinical and laboratory findings in
exposed population, summarize the evolution of legislation in the country, and
analyze proposed actions for remediation and human protection.

II. Primary Sources

Formerly the greater source of lead contamination in Chile was the use of leaded
gasoline, mainly in densely populated cities. The progressive decrease in lead
content in leaded gasoline, which was banned in April 2001 (SESMA Chile 2002),
was the main cause of a decrease in urban lead pollution; however, large amounts
of fine lead particles still persist in highly populated cities as city soil and home
soil, and as ground contamination near highways, which can be detected in several
vegetables such as lettuce grown near highways or within highly populated cities
(see following). The Government of Chile issued new regulations for lead in air
(DS 136/2000 Chile 2000), allowing 0.5 ug/m® as maximal annual mean.

Another important source of lead contamination was the use of paints with high
lead content for painting houses, children’s furniture and toys, and other objects.
From 1997 on, new legislation regulated lead content in paints (D 374/97 Ministry
of Health, Chile 1997); houses, furniture, children’s toys, and other objects painted
before 1997 are still an important source of exposure to lead, mainly in children.
Children’s toys, pencils, and other school tools and implements, which children
frequently take into their mouth, constitute sources of exposure to lead.

Various degrees of food lead contamination may increase exposure to the metal.
Vegetables grown in or near highly populated areas, lead pipes in old dwellings or
copper pipes welded with lead, and formerly lead from canned food, especially
those cans that had been accidentally deformed, or food stored in opened cans may
contribute.
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Fig. 1. Map of Chile showing location of cities mentioned in text.

Clusters of different magnitude originated from point sources, of which the
most relevant in magnitude was that occurring in Nuble with the use of wheat
flour contaminated with lead, caused by the use of a mill whose stone had been
repaired by lead welding. Several other clusters of smaller magnitude are fre-
quently caused by the practice of battery repair and recovery by small enterprises
or as family projects, affecting all family members and occasionally those living
in the vicinity. Occupational exposure frequently occurs in painters, welders, and
mining or smelting workers, among others.

In addition to the traditional sources of exposure to lead common in other
countries, in Chile a few special cases of very important environmental contami-
nation occurred, affecting the population of two important cities. The most dra-
matic case was the storage of powdered lead mineral concentrates at the ports or
railroad terminals within the cities of Arica and Antofagasta (Fig. 1), where it
would remain until it could be shipped by sea. Lead from this source is the most
relevant source of exposure in the cities of Arica and Antofagasta. The second case
of lead pollution originated from toxic wastes imported by Promel from the
Swedish company Boliden Metal as “toxic raw material for industrial purposes.”
Local health authorities (1983—-1985), although they knew the exact composition of
the toxic wastes, informed that “the material is not toxic, anybody can manage it, it
cannot be ingested.” This material turned out to be hazardous toxic wastes sent to
Chile by Boliden Metal and stored without any protection in Arica suburbs be-
tween 1983 and 1985, where, a few years later, new dwellings were constructed
and residents were exposed for more than 10 years.

III. Lead in Household Paints

Before 1996 there was no regulation on lead content in household paints. Con-
sidering that it is an important cause of increased blood levels in children, caused
by pica ingestion (mainly leaded paint chips and powder), many other countries
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have strict regulations. Following several recommendations to the Government
by the Colegio Médico de Chile (Chilean Medical Association) that were not
taken into consideration, the Colegio Médico measured lead levels in several
commercially available paints. Measurements were made by atomic absorption
spectroscopy at the Institute of Public Health of the Chilean Ministry of Health.
Table 1 shows the lead content (w/w) in household paints (as dry wt of paint) in
most commonly sold brands and types in Chile in 1996 (Tchernitchin and Castro
2002).

As soon as the finding of high lead content in household paints sold in Chile
was communicated in a press conference, the Ministry of Health organized a
commission with the participation of the Colegio Médico to study and propose
new standards for lead content in paints. These new standards were approved in
1997 as Regulation 374 from the Ministry of Health, allowing a maximum of
0.06% (dry wt) lead content in paint (D 374/97 Ministry of Health Chile 1997).

The highest lead content in paints corresponded to the brandname of Sherwin
Williams (an American corporation that licensed the formula to a Chilean com-
pany) that contained nearly 20% lead in the Sherwin Williams yellow brilliant
oil enamel. A similar Sherwin Williams paint purchased in Miami, FL, U.S.A.

Table 1. Lead content (w/w) in household paints (as dry wt of paint) in most commonly
sold brand names and types in Chile (1996).

Lead %, w/w
Paint trademark Type of paint Color dry wt
Sherwin Williams Enamel oil Yellow 19.814
Tricolor Enamel oil Red 9.518
Sherwin Williams Enamel oil Vermilion 4.935
Tricolor Enamel oil Cream 3.537
Soquina Enamel oil Black 1.035
Sherwin Williams Enamel oil Blue 0.921
Sherwin Williams Enamel oil White 0.591
Iris Enamel oil Green 0.563
Tricolor Enamel oil Brown 0.425
Tricolor Enamel oil Blue 0.420
Soquina Anticorrosive Black 0.388
Soquina Enamel oil Calypso 0.338
Iris Cover oxide Red 0.329
Soquina Anticorrosive Red 0.150
Sipa Oil opaque Grey 0.066
Iris Latex Green 0.011
Iris Latex Black 0.006
Sherwin Williams Latex ‘White 0.003
Sherwin Williams Latex Blue 0.002
Sipa Latex Blue 0.002
Sipa Latex Apricot 0.002

Source: Tchernitchin and Castro (2002).
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contained nonmeasurable levels of lead (Tchernitchin 2001; Tchernitchin and
Castro 2002). This finding was the root of the proposition of the Colegio Médico
de Chile (Chilean Medical Association) through the Sustainable Development
Council of Chile at the Johannesburg Summit 2002, according to which countries
should agree on treaties forbidding exportation of products banned in the countries
of their origin because of their health risk, to importing countries without regu-
lations, based on ethical considerations (Tchernitchin and Villarroel 2002, 2003).

Although paints with high lead content supposedly were not sold in Chile after
1997, in many houses walls are painted with lead paint. When a house, especially
indoors, is to be painted again, the old paint must be removed; the paint removal
procedure widely used in Chile is done with sandpaper or by scraping, leading to
the accumulation of high amounts of fine lead-containing dust that remains for a
long time inside recently painted buildings and is a source of exposure mainly for
children that bring to their mouth toys or other objects from the floor, thus
ingesting lead-containing dust adhered to these objects.

IV. Lead in Gasoline

The Metropolitan Area of Santiago (Figs. 1, 2) presents high levels of atmo-
spheric pollution, which are favored by geographic and climatic adverse condi-
tions for the dispersion of pollutants during fall and winter months, and by an
increase in economic activity and growth of the city in population and especially
in its area. Santiago concentrates 39% of the total Chilean population; its area is
15,554.5km?, about 2.1% of the total surface of the country (excluding the
Antarctic Territory). Its urbanized surface is about 520 km?, with 1,710 km? used
for agriculture; the remaining surface is mountainous.

The city of Santiago is topographically located in a depression, about 500 to
650 m above sea level, and is surrounded by mountains: the highest range, east
from Santiago, is the Andean mountains, those closest to the city bordering
3000 m above sea level and higher mountains toward the border with Argentina;
the Coastal Range, west from Santiago, with mountains bordering 2000 m above
sea level with a narrow strip connecting the Santiago depression with lower
altitudes bordering the Pacific Ocean; north from Santiago, mountains about
1200 m above sea level join the Coastal Range with the Andean mountains, and
south from the city there exists a very narrow valley that connects the Santiago
lowlands with the central valley that becomes wider to the south.

In addition to topographical conditions increasing pollution in the Santiago
depression, adverse meteorological conditions exist that worsen during the fall and
winter. These include stable atmospheric conditions, mild winds whose direction
reverses during night hours, and the atmospheric inversion layer that lowers in
altitude and intensifies during certain meteorological episodes during fall and
winter, which increase the concentration of various pollutants in air, including lead
in breathable particles (<2.5 um dia).

Winds in the city area are very weak during fall and winter seasons, except
the occasional frontal systems that cross the area during the rainy season (May—July,
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Fig. 2. Santiago Metropolitan Area, indicating the communities or parts of the city
mentioned in text. Shaded area corresponds to the densely populated area of Santiago.

2-4 times/mon) during that season. Between the frontal episodes there are very stable
atmospheric conditions, and winds are very weak and change their direction from SW
during daylight hours to NE during the night. Therefore, the same air may remain for
several days or even longer than a week over the city during the fall and winter.
The atmospheric inversion is a layer of warm air that covers a cooler layer
beneath and constitutes an obstacle for mixing the layer of polluted city air with
the higher clean layers. This inversion layer is thin during the spring and summer
and is situated at much higher altitude; therefore, the thickness of this lower layer
increases, diluting pollutants with a greater air volume. During the warm season,
this inversion frequently breaks up, allowing pollutant dispersion by convection.
During fall and winter seasons, this inversion is at low altitude (50-300m),
decreasing the volume of air to dilute city pollutants, and intensifying the in-
version (i.e., increasing the difference in temperature between the upper warm
layer and the lower cool layer). Most mountains surrounding Santiago are higher
than the inversion layer so that the pollutants remain in the depression. The
inversion further intensifies under certain meteorological conditions characterized
by low wind speeds related to the movement of low atmospheric pressures along
the coast, so-called A-type episodes, that intensify the subsidence inversion; i.e.,
lower air temperature at ground level covered by a higher temperature air layer
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resulting from heating of air currents descending from the Andean mountains
(Gallardo et al. 2000). This situation affects most of Central Chile and in Santiago
and other cities gives rise to extreme pollution episodes. These characteristic
patterns affecting air pollution in Santiago were described in detail by Ruthllant
and Garreaud (1995).

Taking into consideration the above conditions increasing pollution in San-
tiago metropolitan area, and that one of the components of this pollution is lead,
whose main source was the wide use of leaded gasoline, it was necessary to
determine blood lead levels in residents of Santiago and their change through the
different seasons. This situation was the justification of investigations of blood
lead levels and of biological indicators of exposure to lead in Santiago under
different climatic conditions, comparing them to those in other less-populated
cities. In this context, the amount of lead released from primary sources was also
important information that was needed.

The early studies on lead exposure, done in 1979 (Cisternas and Saez 1980),
measured the concentration of the delta aminolevulinic acid in the urine of
children 2-5 yr old in childcare centers in central Santiago (downtown), in the
suburban Santiago (Conchali, Las Condes, La Cisterna, Las Rejas, and San
Bernardo; see Fig. 2), and Rengo (south of Santiago; see Fig. 1). Figure 3 shows
that the urine concentration of delta aminolevulinic acid, an indicator of increased

18 ™ Conchali
™~ Conchali
16
~ Conchali
Q 14 AL Condes
3 “L Condes
c 12
o L Condes
£ 10 & Downtown
: .
§ 8 & Downtown
8 @ Downtown
6 .
é = Cisterna
) ::: = Cisterna
- JLas Rejas
2 - | [Ilas Rejas
0 | CILas Rejas

Child Care Center W S Bernardo

iRengo

Fig. 3. Urine delta aminolevulinic acid in 2- to 5-yr-old children in 1979, from child care
centers in central Santiago, in suburban Santiago, and in Rengo. One to 3 child care centers
were investigated in each area. (Modified from Cisternas and Sdez 1980.)
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levels of lead in the blood, was much higher in the central part of Santiago than in
suburban Santiago and that the lowest levels are in Rengo. Figure 3 calls attention
to high levels in San Bernardo, in spite of being suburban, which can be ex-
plained by the fact that it is surrounded by industrial areas and is located in the
area of influence of Caletones (Gallardo et al. 2000), a copper smelter in the moun-
tains southeast of San Bernardo.

A study performed during 1992 (Ministry of Health, Chile 1993) compared
blood lead levels (measured by atomic absorption spectroscopy) from newborn
children (umbilical cord blood) and at 6, 12, and 18 mon of age, from Santiago
and from the city of San Felipe (see Fig. 1). Figure 4 shows that blood levels were

71 ¥ San Felipe
@ Santiago

Blood lead levels (pug/dL)

Umb Cord

Children's age (months)

Fig. 4. Lead levels in umbilical cord blood of newborn children and 6-, 12-, and 18-mon-
old children from Santiago and San Felipe, 1992 cohorts. (From Ministry of Health, Chile
1993.)



Lead in Chile 103

L 7. San Felipe

& Santiago

14 |

10 +

% children with blood lead levels
>=10 pg/dL
[+-]

2 +

" 7m

Umb cord 6

/7

Children's age (mon)

Fig. 5. Percentage of children with blood lead levels >10 ug/dL, from Santiago and in San
Felipe, 1992 cohorts. (From Ministry of Health, Chile 1993.)

higher in children from Santiago than those from San Felipe and that blood levels
increased from birth up to 18 mon of age. Figure 5 shows that the percentage of
children with blood levels >10 ug/dL, considered at risk, are higher in children
from Santiago than in San Felipe.

Comparison of data from Fig. 6 shows the seasonal variation of blood lead levels
in children from Santiago and San Felipe (1992-1993). Data from Fig. 7 show the
monthly averages of lead in the air of these locations. About a 1-mon delay can be
observed between the increase in lead in the air and the increase in blood levels. Both
figures also show that lead levels are lower in the city of San Felipe than in Santiago.

Further, a 1992—1995 comparison of children from downtown Santiago, Maipt
(a suburb west of downtown Santiago) and the city of San Felipe (Frenz et al.
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Fig. 6. Blood lead levels in children from birth to the age of 24 mon from Santiago and San
Felipe, 1992-1993. (Modified from Frenz et al. 1997.)

1997) (see Figs. 1, 2) showed that blood levels in Santiago were slightly higher
than in the remaining locations with San Felipe displaying the lowest levels.
Children from all three locations displayed an increase in blood levels from birth to
the age of 1 yr; thereafter, lead levels tended to stabilize or slightly decrease
(Fig. 8). Figure 9 shows the important difference between Santiago and the re-
maining locations when comparing percentage of children with blood levels
>10 ug/dL.

Four important actions taken by the Chilean government decreased lead con-
centration in air and lead blood levels in the population: (1) the introduction of
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Fig. 7. Lead concentrations in air (monthly averages) in Santiago and San Felipe, 1992—
1993. (Modified from Frenz et al. 1997.)
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Fig. 8. Effect of age on lead blood levels in O- to 24-mon-old children from downtown
Santiago, Maipd, and San Felipe, 1992-1995. In newborns, blood taken from umbilical
cord. (From Frenz et al. 1997.)

unleaded gasoline in addition to leaded gasoline in 1990, which according to the
2003 Prevention and Descontamination Plan for the Metropolitan Area of Santiago
approved by Regulation (DS 058/03 Chile 2003) is allowed to have a maximal lead
content of 0.013 g/L; (2) the compulsory use of cars with catalytic converters from
1992 models on (which does not allow the use of leaded gasoline because its lead
damages the converter); (3) the progressive decrease in lead content in leaded
gasoline, which was not available after April 2001 (SESMA Chile 2002); and
(4) the approval of the new standard for lead in air (0.5 ug/m® as annual mean
level), legally valid from February 2001 (DS 136/00 Chile 2000). Additionally,
new regulations on lead content in household paints (see below) and more strict
measures for industry emissions of particulate matter contributed to the decrease in
lead levels in air and its effects on the population of Santiago.
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Fig. 9. Effect of age on the proportion of subjects with lead blood levels > 10 ug/dL in 0- to
24-mon-old children from downtown Santiago, Maipd, and San Felipe, 1992-1995 (From
Frenz et al. 1997.)

According to information provided by the Enviromental Health Service of the
Metropolitan Area of Santiago (SESMA Chile 2001), the annual use of leaded
and unleaded gasoline in the metropolitan area of Santiago since 1992 is shown
in Fig. 10, the concentrations of lead in gasoline in 1997-1999 are shown in
Table 2, and the contribution of leaded gasoline to the total amount of lead
released into the air of the metropolitan area of Santiago in 1997-1999 is shown
in Table 3.

It was assumed that the progressive decrease in lead released into the air
originating from leaded gasoline in the Santiago metropolitan area should result
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Fig. 10. Annual use of leaded and unleaded gasoline in Metropolitan Area of Santiago,
1991-2000. *, Estimation for 2000. (From SESMA Chile 2001.)

in a progressive decrease in the concentrations of lead in the air of Santiago and,
consequently, in the levels of lead in the blood of the general population. A study
performed in three locations of the city (La Pintana, Avenida Ossa, and Cerrillos
by SESMA Chile (2001) demonstrated the progressive decrease in lead in the air
at these locations (Fig. 11). The figure shows the differences between the dif-
ferent locations in Santiago, which can be attributed to the amount of cars using
leaded gasoline at these locations and the wind directions at hours of heaviest
traffic. Also shown are the seasonal variations in lead concentrations in the
air due to climatic conditions, mainly the decrease in the altitude of subsidence
inversion and extremely stable atmospheric conditions in fall and winter (vide
supra).

Table 2. Lead content in leaded gasoline in
metropolitan Santiago in 1997-1999.%

Year Pb (g/L)
1997 0.32
1998 0.25
1999 0.19

#According to new 2003 regulations, unleaded gasoline
maximum allowed lead is 0.013 g/L (DS 058/03 Chile
2003).

Source: SESMA Chile (2001).
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Table 3. Lead released through use of leaded gasoline in
metropolitan Santiago in 1997-1999.

Lead reduction

Year Lead t/yr from 1997 (%)
1997 197.1 —

1998 116 41.10
1999 73.25 62.80

Source: SESMA Chile (2001).
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Fig. 11. Annual averages of air lead concentration in La Pintana, Avenida Ossa, and
Cerrillos, (1997-2000). (From SESMA Chile 2001.)

V. Lead Exposure Clusters

Clusters of various magnitude originated from point sources, of which the most
relevant occurred in Nuble as a result wheat flour contaminated with lead, caused
by the use of a millstone repaired by lead welding. Several other clusters of smaller
magnitude are frequently caused by the common practice of battery repair and
recovery by small enterprises or as family projects, affecting all the family and
occasionally those living in the vicinity.

A. The Nuble Case: Lead in Wheat Flour

This case of a massive intoxication with lead was reported in extenso by Alonso
et al. (1997). The massive exposure was discovered with the case of two children
that were attended by the Nuble health service on January 26, 1996, with signs of
malnutrition and abdominal and leg pain (Alonso et al. 1997). Both children were
interned at the hospital with a diagnosis of malnutrition and serious anemia and
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a suspicion of maltreatment and family violence. The latter suspicion was dis-
regarded because the parents had gone to different health centers several times
during the past 3 mon because of the children’s symptoms. It appeared that the
head of the family had also been hospitalized recently with a diagnosis of pos-
sible gastric ulcer, presenting also with anemia and muscular pain. An hypothesis
was drawn that an environmental condition was causing the family’s disease. A site
visit was coordinated for the next day. Following the suspicion of lead intoxi-
cation, a hemogram was taken and revealed punctuate basophilia of erythrocytes
in both children, a characteristic sign of lead exposure. The diagnosis of lead
toxicity was finally confirmed by atomic absorption spectrometry of blood. The
6-yr-old girl had 104 ug/dL and her 9-yr-old brother 91 ug/dL. The girl died shortly
thereafter, despite the initiation of chelation treatment, and the boy developed
serious neurological complications.

A professional group from the Regional Public Health Service of Nuble made the
first site visit to the home of the affected children. Sample analyses obtained from the
site visit are shown in Table 4. Following the girl’s death, several site visits were
performed at the family residence, homes in the neighborhood, and the residence of
patients frequently attending health centers in the region; these were aimed to de-
termine the causes and source of poisoning and the number of affected individuals.
Samples of drinking water, children’s toys, house wall paint, food (flour and wheat),
soil, and blood were investigated for their lead content at the Institute of Public
Health of Chile. Results from this study are shown in Tables 5 and 6.

This study identified the source of lead contamination, which was wheat flour
produced in a mill that had a grindstone repaired with lead welding in October 1995.
Thereafter, the study included homes in the neighborhood and the residences of
patients frequently attending health centers in the region. All these sampled families
displayed lead blood levels between 17 and 99 ug/dL. All except the case family
worked for the same employer, who gave them wheat flour as part of their salaries,
at the San Luis Estate. At this location 60 family heads were employed, and

Table 4. Lead concentrations in samples collected in homes of affected

children.

Sample Lead (ug/g)
Doll dress 0.74
Doll hear 0.01
Plastic spoon 0.01
Paint scraping 7.32
Leaves from a garden plant 23.46
Soil of room for food storage 12.50
Soil surrounding home 37.50
Soil from behind residence 15.00
Well water Within legal limits (<0.05)

Source: Alonso et al. (1997).
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Table 5. Blood lead levels of affected children, their family, and animals living with them.

Family of lead-intoxicated Lead, Animals living Lead,
children ug/dL with the family ug/dL
6-yr-old girl (deceased as result 104 Pig 25
of lead poisoning)
9-yr-old brother 91 Horse (nd)
Younger sister 114
Father 148
Mother 87
Grandfather (living elsewhere, 28
frequently visiting the
family)

(nd), not detected.
Source: Alonso et al. (1997).

their blood levels were determined. The wheat flour from this estate was milled
in three mills; only one of them produced lead-contaminated flour (see Table 6).
Wheat samples did not display lead content. At that moment it was found that
one of the two millstones had been fractured in several fragments that were welded
with lead welding and partially covered by melted lead to join them to a metal arm.
As a consequence, 8700 kg of contaminated flour was destroyed.

The exposed population was considered to be 95 families living in the neigh-
borhood and all relatives of people that were noted in a register of clients that gave
wheat to be milled in the repaired mill after the repair date, October 23 and 24, 1995,
3 mon before the detection of the first case. A questionnaire was designed for the
population to determine consumption of products from the repaired flour mill; it
contained questions related to symptoms and signs of lead exposure and about the

Table 6. Lead levels in wheat and wheat flour from various sources.

Wheat and wheat flour from

different sources Lead mg/kg
Wheat flour used by the case family 110
Wheat flour used in Estate San Luis 174.9
Wheat flour used in Estate Serrano 207.2
Wheat flour used by family “2” (the 627.8

first family identified with symptoms,
without any relation to case family)

Wheat flour from Mill “Quiriquina A” <l
Wheat flour from Mill “Quiriquina B” <1
Wheat flour from Mill “Quiriquina C” 112.4
Wheat from other sources (nd)

(nd), not detected.
Source: Alonso et al. (1997).



Lead in Chile 111

Table 7. Subjects presenting symptoms within the total exposed population,
according to age.

n (lead-exposed Percent with Percent without
Age (yr) population) symptoms symptoms
<6 231 10.9 89.1
6-15 488 10.7 89.3
>15 1359 224 71.6

Source: Alonso et al. (1997).

origin of their flour and the ingested amounts. The Chilean Ministry of Health sent
to Chill4n, the main city of the Nuble province, professionals from the Department
of Epidemiology of the Ministry, from the Pan-American Health Organization
(PAHO), and from the local health services, who applied the following procedure:
measurement of zinc proto porphyrine (ZPP) concentrations in blood obtained from
digital puncture and a request that the same subjects complete a questionnaire. Four
hundred ninety-eight families, totaling 2056 subjects, were studied. Blood col-
lected by venipuncture was obtained for lead content evaluation by atomic spec-
troscopy from children under 15 years old displaying ZPP values of 3.5 or higher,
and from subjects older than 15 years displaying ZPP values of 8 or higher. At
the same time, all flour these families had stored at their homes was destroyed
(3400kg). The treatment consisted of blood lead chelation with calcium EDTA
(ethylenediaminetetraacetic acid, calcium disodium edetate) at 1000 mg/mz/d in
two daily doses, for 5d, in hospitalized patients.

The age distribution of those 2056 investigated subjects was 11.24% of chil-
dren under 6 years of age, 22.68% between 6 and 15 years, and 66.08% older than
15 years. Of them, 18.9% (388 subjects) presented symptoms; these were classified
as mainly presenting abdominal symptoms (33.6%), musculoskeletal pain and leg
fatigue (28.7%), and other symptoms such as headache, weight decrease, and
paleness (37.7%). The proportion of subjects presenting symptoms from the total
exposed population, at the different age groups, is shown in Table 7. The lead line
in the gums was found in 8 subjects only, all adults.

The results of the 766 persons screened for blood ZPP, and their distribu-
tion according to age, are shown in Table 8. According to screening results, 188

Table 8. Positive lead results from screening of zinc protoporphyrine (ZPP) concentrations
in blood, according to age.

n (total screenings n subjects
in lead-exposed displaying positive Percent
Age (yr) population) screening (see text) positive (see text)
<6 77 49 63.6
6-15 193 135 69.9
>15 496 246 49.6

Source: Alonso et al. (1997).
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Table 9. Subject distribution according to blood lead levels in two age groups.

Age <15 yr Age >15 yr
Blood lead levels (ug/dL) n % n %
<20 4 2.13 0 0
20-40 64 34.04 4 11.76
40-60 102 54.26 18 52.94
> 60 18 9.57 12 35.29
Total 188 100 34 100

Source: Alonso et al. (1997).

determinations of blood lead were performed in the group <15 years of age and
134 determinations in adults. Table 9 shows the distribution of the subjects ac-
cording to their age group and lead blood levels. In the children, 137 displayed
levels >40 ug/dL. and were treated. Their age distribution is shown in Table 10.

Children were most affected because of the risk of sequelae in this age group.
According to the Nuble study (Alonso et al. 1997), 604 children made up the
affected population, which corresponds to 39.9% of the population at risk. Of them,
590 were of school age; therefore, several neurological and behavioral sequelae
probably affected this exposed population.

B. Other Clusters

Several other clusters of smaller magnitude are frequently caused by the wide-
spread practice of battery repair and recovery by small enterprises or as a familial
productive activity, affecting all family members and occasionally those living in
the vicinity.

One typical case occurred in 1995 in Freire, 700 km south of Santiago. There
was a court sentence to relocate a lead processing plant due to contamination of
soils used for agriculture and that affected the health of residents in the vicinity of
the plant for almost 20 years. This sentence was not obeyed, and the activity that
was to be finished more than 1 mon ago continued. This motivated the police to
close the buildings and seal the furnace where old lead batteries were melted. The

Table 10. Age distribution of children treated with blood lead chelation.

Age (yr) n children treated Percent children treated
<1 1 0.7
1-5 20 14.6
6-14 113 82.5
15 3 2.2
Total 137 100

Source: Alonso et al. (1997).
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Araucania Regional Health Service detected, in December 1994, “very high lead
levels in the blood” in six children and eight adults in relation to this cluster.

VI. Special Cases

Two special cases of important lead exposures in Chile are analyzed separately: the
Antofagasta case of lead contamination that originated from powdered lead min-
eral concentrate transport and storage, and the Arica case of lead contamination,
which originated from both powdered lead mineral concentrate transport and
storage and from lead- and arsenic-containing toxic wastes brought from Europe.

A. The Antofagasta Case: Powdered Lead Mineral
Concentrates from Bolivia

Antofagasta is a coastal city and port in the north of Chile. The main source of lead
pollution was powdered lead mineral concentrates, mainly lead sulfide containing
about 26.5% lead according to measurements made at the Institute of Public Health
of Chile, Chilean Ministry of Public Health. This mineral, transported through the
city and openly stored near densely populated parts of the city, comes by railroad
from Bolivia. According to an old international treaty between both countries, Chile
is obliged to transport and keep the mineral in its ports until exported by sea to other
countries. Until 2002-2003 it was stored in open sites at the Antofagasta port until it
could be transported overseas, or at the railroad terminal in Antofagasta, where it
usually was stored for years and then transported by trucks to the port, spilling the
mineral on its way through the city. The mineral storage areas were not protected
against wind; therefore, a significant amount of lead-containing particles was swept
by wind to the vicinity, where there were numerous dwellings, the residences of
numerous Antofagasta habitants.

The Colegio Médico Regional Antofagasta (Antofagasta Regional Medical
Association) drew the conclusion that there was massive exposure to lead in An-
tofagasta in 1996—-1997, based on signs and symptoms suggesting lead toxicity in
patients living in the vicinity of lead mineral storage sites. This was the root of the
Antofagasta Study by the Colegio Médico de Chile (National Chilean Medical
Association) and associated researchers (Andrei N. Tchernitchin, Nina Lapin and
Carlos Acevedo) reported below.

The Antofagasta Colegio Médico study included a group of 84 residents living
closer than 200 m from the mineral storage place in the Chilean-Bolivian railroad
terminal station, who voluntarily agreed to undergo the study. The age distribution
of the sample is shown in Table 11.

Blood samples were taken from these residents, who were informed of the
purpose of the study and accepted the procedure. Lead levels were measured and
an anamnesis and physical examination was performed by one of us (C.A.),
searching for neurological signs and symptoms including learning deficit and
behavioral alterations. Figure 12 shows mean blood levels for each age group; the
ages most affected with the highest levels are 1-4 and 7-10 yr. In the distribution
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Table 11. Age distribution in 1997 Antofagasta
lead study subjects comprised of residents living
less than 200m from mineral storage site in the
Chilean—Bolivian railroad terminal station.

Age (yr)

n
1-2 1
34 5
5-6 7
7-8 10
9-10 10

11-12 15

13-88 30

of children (1-10 yr old), according to blood levels, only 8% of children 1-10 yr
old displayed levels below 10 pg/dL and 8% had levels between 40 and 49 ug/dL.
Figure 13 shows the distribution of all ages according to blood levels.

Neurological evaluation of the study group of these 84 residents (all ages)
revealed that the percentage of subjects displaying neurological manifestations
increased in groups with higher blood lead levels (Fig. 14). A similar situation
was observed for the children 1-10 yr old (Fig. 15).

Neurological manifestations were evaluated as the sums of scores of the dif-
ferent neurological signs and symptoms from anamnesis and physical examination
by the neurologist from our research team (C.A.), which included learning deficit
and behavioral alterations. For each symptom or sign, value 1 was assigned to
moderate intensity and 2 for severe. Results are shown for all age groups (Fig. 16)

Lead level in the blood (pg/dL)

i

11-12 13-88

A\

1-2

5-6
Age (years)

Fig. 12. Blood lead levels in subjects living less than 200 m from lead mineral storage site
in Antofagasta railroad station (1997).
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Fig. 13. Blood lead levels (ug/dL) distribution in the group of residents (all ages)
living less than 200m from lead mineral storage site in Antofagasta railroad station
(1997).

and for the children 1-10 yr in age (Fig. 17), where the intensity of neurological
manifestations is correlated with blood lead levels in both the children and all age
groups.

Other studies continued with the investigation of blood levels in Antofagasta
residents, classifying them into three groups according to the place of their res-
idence: (1) in the vicinity of the lead mineral storage place at the railroad station,
(2) in the vicinity of the port, where the concentrated mineral also was stored,
and (3) a control group situated far away from contamination sources and the
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a0 4
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Q_

% of population with neurological
manifestations

1?}‘: V/A

39 10-19 20-29 3049
Blood lead level (ng/dL)

Fig. 14. Percentage of subjects displaying neurological manifestations, according to blood
lead level, in the group of residents (all ages) living less than 200 m from lead mineral
storage site in Antofagasta railroad station.
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4

39 10-19 20-29 30-49
Blood lead level (ug/dL)

Fig. 15. Percentage of subjects displaying neurological manifestations, according to blood
lead levels, in the group of yr 1- to 10-yr-old children living less than 200 m from lead
mineral storage site in Antofagasta railroad station.

predominant wind direction from any of the contaminated places in Antofagasta.
These sites and their residents were evaluated for lead concentrations in air, soil,
and drinking water and lead concentrations in the blood during 1998 (Sepulveda
et al. 2000). Table 12 shows that the geometric means of lead levels in blood
were more than doubled in the population living near the railroad station than in
the control location: levels of residents near the port had lower levels than in
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Fig. 16. Intensity of neurological manifestations in the group of residents (all ages) living

less than 200 m from lead mineral storage site in Antofagasta railroad station, and their
blood lead levels.
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Fig. 17. Intensity of neurological manifestations in the group of residents (1-10 yr old)
living less than 200 m from lead mineral storage site in Antofagasta railroad station and
their blood lead levels.

those near the railroad station but considerably higher than in the control location.
Samples of lead levels in the soil around residences near the railroad, or in the
dust over the dwellings or inside homes, had much higher levels than in control
locations, some of them reaching >3 g lead/kg; the highest level in the control
location was 321 mg/kg. The study did not investigate the location near the port.
Levels of lead in respirable particulate matter (< 10-um-diameter particles) in air
were two fold higher in the port than near the railroad station. Lead in air seemed
to be lower in the control location, but this information cannot be taken into
consideration because it comes from measurements made over 2 mon, in contrast
to the other measurements that averaged 6 months, and the station-dependent cli-
matic conditions may alter lead concentration in air.

Table 12. Lead concentrations in blood and environmental lead in three areas of
Antofagasta, 1998.

Lead (ug/m®) in

respirable Lead in blood
particulate matter Lead content in (ng/dL),
(< 10 um diameter)* soil (mg/kg) geometric means
Port area 0.28 (6 mon) 6.890
Railroad station area 0.14 (6 mon) 81-3159 8.671
Noncontaminated 0.10 (2 mon) 51-321 4221

control area

“Time in parentheses is sampling period over which data were averaged.
Source: Modified from Septilveda et al. (2000).
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Table 13. Percentage of subjects with more than 10 and 20 ug/dL lead in their blood in
three areas of Antofagasta 1998.

Blood lead > 10 ug/dL. Blood lead > 20 pug/dL

Sample size
n n % of sample n % of sample
Port area 54 17 31.5% 5 9.3%
Railroad Station area 432 205 47.5% 43 10%
Noncontaminated 75 0 0% 0 0%
control area
Total 561 222 39.6% 48 8.6%

Source: Modified from Sepulveda et al. (2000).

Table 13 shows that all 75 subjects living in the noncontaminated area dis-
played lower lead levels in blood than in those in both contaminated areas, which
had blood lead levels >10 or 20 ug/dL, the highest being in residents near the
railroad station. Table 14 shows the age distribution of subjects with >10 and
20 ug/dL lead in blood in the above three areas of Antofagasta. Table 15 illus-
trates the association of geographic location of residence and blood levels in
exposed locations. Further, the Sepitilveda et al. (2000) study demonstrated that
the distance of dwellings from lead storage sites, their geographic location, and
their antiquity were significantly associated with high blood levels, and that mul-
tivariate models disclosed that people living in contaminated sites (near storage
places of the railroad or near the port) have odds ratios of 24.85 and 22.56,
respectively, for blood lead levels >7 ug/dL.

Carboncillo Beach, City of Antofagasta 1In 1991, a heavy rain event occurred
in the city of Antofagasta and its surroundings, which is unusual because of an

Table 14. Age distribution of subjects with more than 10 and 20 pg/dL lead in blood, in
three areas of Antofagasta, 1998.

Blood lead > 10 pg/dL Blood lead > 20 ug/dL
Sample size

Age (years) n n % of sample n % of sample

<1 55 18 327 3 5.5
1 60 26 433 6 10

2 60 31 51.7 11 18.3
3 63 37 58.7 8 12.7
4 72 34 472 10 13.9
5 73 34 46.6 4 5.5
6 68 29 42.6 4 59
7 33 11 333 1 3.0
Total 484 220 45.5 47 9.7

Source: Modified from Sepulveda et al. (2000).
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Table 15. Geographic location of residence and blood lead levels in exposed locations,
1998.

Lead levels in blood Degree of exposure to lead Percent of population
Lead > 20 ug/dL High 21.5
Intermediate 10.1
Low 3.8
Lead >10 ug/dL High 63.6
Intermediate 45.0
Low 37.5

Source: Modified from Sepulveda et al. (2000).

extremely dry climate with an average rainfall of 1.7 mm/yr, 30-yr average. An
alluvial flood of water crossed part of the city, carrying a large amount of soil,
and swept off stored mineral concentrates from the storage site at the railroad
station. This material was carried to the ocean, and presumably is the main source
of lead contamination at Carboncillo Beach, one of the city’s beaches. The Regional
Public Health Service of Antofagasta (2000) reported very high levels of lead in
this location. In the beach intertidal sand it reached 2710 mg lead/kg; on the
seafloor near the beach, at 2—5 m beneath the surface, it reached 1930 mg lead/kg
in sediments, and at 10-m depth it reached 1080 mg/kg in sediments, compared to
reference sites in Antofagasta (23—61 mg/kg lead).

We investigated a case of a family who moved to a house located 50 m from the
Carboncillo Beach and had been living there for about 2 yr (1999-2001). All three
members of the family presented severe neurological problems and irreversible
brain damage assessed by single photon emission computed tomography (SPECT)
for cerebral perfusion with Tc-99m HMPAO (hexamethyl propyleneamine oxime).
The family moved to Santiago, and 6 mon after moving from Antofagasta received
the diagnosis of lead exposure sequelae. Blood levels of lead 6 and 12 mon after
leaving Antofagasta are shown in Table 16.

In all three family members, SPECT for cerebral perfusion with Tc-99m HMPAO
at 6 mon after leaving Antofagasta revealed multifocal hypoperfusion of uneven
distribution and several broad areas with hypoperfusion in the brain, and additionally

Table 16. Changes in blood lead levels in family after moving from lead exposure source
in Carboncillo Beach, Antofagasta.

Family member Father Mother Son
Age when leaving Antofagasta 38yr 28 yr 2yr
Blood lead levels 6 mon later 34.6 ug/dL 36.9 ug/dL 32.2 ug/dL

Blood lead levels 12 mon later 1.2 ug/dL 2.2 ug/dL 6.0 ug/dL
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bilateral anterior frontal increased perfusion hyperfrontality. One year after leaving
Antofagasta, the hypoperfusion areas worsend as well as the hyperperfusion in the
anterior frontal brain, which increased further in the father. The alterations pro-
gressed only slightly in the child and showed a moderate regression in the mother. In
the father, neurocognitive testing revealed damage as an incomplete Wisconsin test
at the 14th percentile. Electromyograms and nerve impulse conduction velocity mea-
surements in the father revealed a distal polyneuropathy, predominantly sensitive,
and a psychological examination revealed depression, psychoorganic damage mainly
in short-term auditory and visual memory, and possible alteration of personality. In
the child, the psychological analysis showed a diagnosis of aggressive behavior at
3 yr of age. These findings reveal that although lead blood levels decreased to low
levels after 1 yr of living away from the exposure source, the neurological sequelae
persisted and even worsened in two of the three family members.

B. The Arica Case: Toxic Wastes from Sweden and
Mineral Concentrates from Bolivia

Arica is the most northern Chilean city and port, situated a few kilometers south
of the Chilean border with Peru. There were two main sources of lead pollution:
transport and storage of lead mineral concentrates from Bolivia and the “import™
of toxic wastes from Europe.

The first source of lead exposure in Arica was from powdered lead mineral
concentrates, mainly lead sulfide containing about 26.5% lead. Until recently, this
mineral was transported through the city and openly stored near densely popu-
lated parts of the city, in open places near the railroad until 1993, and from then
on at the port itself. The mineral comes by railroad from Bolivia. According to an
old international treaty signed between both countries in 1904, Chile is obliged to
allow free transit of Bolivian merchandise through Chilean territory to its ports
until it can be exported by ship to other countries. According to available in-
formation, 340,000 t of concentrates are shipped every year through Chilean ports
in Arica and Antofagasta. The storage areas were not protected against wind;
therefore, an important amount of lead-containing particles was blown through-
out the vicinity, where there are many homes, whose inhabitants are exposed to
high levels of lead in air and soil.

The second source of exposure was to “toxic raw material for industrial
purposes” imported by Promel from the Swedish company Boliden Metal. This
material turned out to be hazardous toxic wastes sent to Chile by Boliden Metal
and deposited without any protection in the suburbs of Arica between 1983 and
1985 where, a few years later, new low-income dwellings were constructed and
residents were exposed for more than 10 yr. Although the local health authorities
(1983-1985), knew the exact composition of the toxic wastes, they allowed the
entry of these wastes to Chile and informed that “the material is not toxic, any-
body can manage it, it cannot be ingested.”

To the lead pollution just described there is an added adverse situation: Arica
has an extremely arid climatic condition. Annual rainfall is about 0.5 mm/yr (30-yr
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avg) which prevents lead movement from the surface to lower soil layers or its
removal by rain as occurs under different climatic conditions.

The Colegio Médico Regional Arica (Arica Regional Medical Association)
concluded that there was massive exposure to lead around 1997, based on signs and
symptoms suggesting lead and arsenic toxicity in patients living in the vicinity of
these toxic wastes. This was the origin of the Arica Study (1998 and 1999) per-
formed by the Colegio Médico de Chile (National Chilean Medical Association) and
associated researchers (A.N.T., N.L., and N.A.T.) reported below. This study also
discovered a very important lead exposure source, the old lead mineral concentrate
storage area that was not suspected previously, and it was included in the study.

Lead Measurements in Blood, 1998 and 1999 We investigated blood levels in
exposed and control children from Arica in two stages. The first was in 1998 in
Poblacion Los Industriales and Cerro Chuiio and in Villa Santa Maria. The second,
which included a larger number of subjects, was in 1999 and included the same two
areas from Arica and a third additional area, Pampa Nueva, which was used as a
control area supposedly with low environmental lead levels. In both studies, blood
samples were taken from these residents who accepted the procedure. Levels were
measured by the electrochemical method (Leadcare). Additionally, in the second
study a computational test to detect a delay in hand-motor response to three
sensorial stimuli was applied, and samples of head hair were taken to measure lead
content. Most children in the 1998 study were also included in the 1999 studies.

Table 17 describes the general population investigated in two areas of Arica
1998 whose lead levels and other parameters were again investigated in 1999. One
of the areas, Poblacion Los Industriales and Cerro Chufio had new low-income
dwellings constructed near the disposal area where toxic wastes were stored by
Boliden Metal and were still there during the study. Those investigated lived within
200 m of the waste location. The general population from the other area, Villa
Santa Maria, was initially intended to be the control subjects, but displayed very
high blood levels. It was found later that the Villa was composed of new houses
built for a middle- or higher-income population near an old storage site for lead
mineral concentrates from Bolivia. Possibly some of the houses were constructed

Table 17. Age distribution in the Arica 1998 lead study group,
comprising residents living at two locations, whose blood lead
levels were measured again in the 1999 study.

Age Santa Los Industriales
(years) Maria and Cerro Chufio
5 2 6
6 1 9
7 4 12
8 2 5

Total 9 32
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Table 18. Changes in blood lead levels in the same children from 1998 to January
1999 Arica study groups in Santa Maria (S M) and Los Industriales and Cerro Chufio
LI&CCO).

Mean Pb, Percent Percent Percent
Location Date n ng/dL >10 ug/dL >20 ug/dL >30 ug/dL
SM 1998 9 21.8 100 67 11
S M Jan. 99 9 20.1 89 44 11
LI&CC 1998 32 8.3 38 0 0
LI&CC Jan. 99 32 8.4 31 1 1

on the old storage site that never was cleaned up. Table 18 shows blood lead levels
in children 5 to less than 9 yr old living in both areas and compares the change of
blood levels between the first and second measurements.

The 1999 study comprised a larger number of exposed children than in the
1998 study, mainly from Poblacion Los Industriales and Cerro Chuiio, and ad-
ditionally a new area of Arica, Pampa Nueva, located far from lead sources, was
incorporated into the study as a control area. Subjects from Poblacion Los In-
dustriales and Cerro Chufio and those from Pampa Nueva belong to a low-income
socioeconomic class whereas residents from Villa Santa Maria are in the higher-
income group with higher educational status. Figure 18 shows blood levels in
children from these areas, distributed according to age. Blood levels in chil-
dren from Villa Santa Maria were very high and displayed the highest values in
younger ages, but tended to decrease rapidly with age, which does not occur in
children from Los Industriales and Cerro Chuiio. Levels in children from Pampa
Nueva were the lowest, except in one cluster of three subjects of 9 to <10 yr age,
who lived on the same street <100 m of each other. In the homes of two, there
were some labor activities with lead.
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Fig. 18. Blood lead levels according to age in the Arica 1999 lead study universe for
children living at three locations whose hair lead levels were measured.
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Table 19. Blood lead levels in the group 5- to 8-yr-old children living
in three areas of Arica, 1999.

Santa Los Industriales & Pampa

Maria Cerro Chuiio Nueva
n 12 116 13
Mean Pb, pg/dL 18.1 8.5 5.8
SD 8.5 5.7 2.5

SD: standard deviation.

Considering this cluster of subjects with high blood levels, Tables 19 and 20
show blood levels in children 5 to <9 yr old distributed according to their
residence area and the children’s distribution according to their blood levels.
Tables 21 and 22 show the same results in all children in the study 5 to 11 yr old.
In Tables 19 and 20, a clear difference is observed between levels from Villa
Santa Maria, the highest levels, and Los Industriales and Cerro Chufio, and the
controls residing in Pampa Nueva.

Measurements of Head Hair Lead At the same time blood was taken from
children in the three areas of Arica (1999), a sample of head hair was taken for
lead measurement. Table 23 shows lead content in children 5 to <9 yr old, and
Table 24 shows values in 5 to 11 yr old. The same differences described for lead in
blood were observed in hair.

Evaluation of Effects Associated with Lead Taking into consideration the effect
of lead on central and peripheral nervous system, specially on easily measurable
parameters, such as the decrease in the nerve impulse transport by myelin nerves,
which was supposed to cause a delay in stimuli motor response, we designed a
computer program (Silva et al. 1999) that allows the quantification of the delay
between sensitive stimuli and a motor response to that stimuli. Three different
kinds of stimuli were applied: (a) a simple visual stimulus such as a simple object
suddenly visible on a computer screen, (b) a more-complex visual stimulus that
requires brain processing to discriminate among several visual images appearing

Table 20. Distribution of children 5 to 8 yr old, according to blood
lead levels in the groups from three areas of Arica, 1999.

Level Santa Los Industriales & Pampa
(ug/dL) Maria Cerro Chufio Nueva
0-9.9 2 81 12
10-19.9 6 31 1
20-29.9 3 1 0
30-39.9 1 3 0
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Table 21. Blood lead levels in the group of 5- to 11-yr-old children living
in three areas of Arica, 1999.

Santa Los Industriales & Pampa

Maria Cerro Chufio Nueva
n 21 170 21
Mean Pb, pg/dL 16.1 8.7 7.2
SD 8.1 6.3 52

on the computer screen, and (c) an auditory stimulus (acute sound) produced by
the computer. Each kind of stimulus was applied several times each, to allow
learning.

Table 25 shows the delay in response to auditory stimulus in children of the
same age with blood levels >10 ug/dL compared to children with <10 ug/dL.
Results show that there is a delay in response to sensory stimulus starting at
<10 ug/dL, at much lower levels than those causing a decrease in the velocity
of nerve conductance through motor myelinated nerve. It is possible to speculate
that in addition to a delay in motor nerve impulse transmission, lead additionally
causes some delay in another site, at the central nervous system or at the
synapse level. These possibilities deserve future studies to better understand the
mechanisms of lead interaction with nerve cells at blood lead levels > 10 ug/dL.

Actions Taken The Colegio Médico de Chile informed the local and national
health authorities about these results and further informed the local population
through the press and through a health campaign. These activities of the Colegio
Médico motivated implementation of several measures by the government to
prevent or mitigate damage, summarized as follows:

a. Removal of toxic wastes from the Los Industriales and Cerro Chuiio area of
Arica 2 km away to Quebrada Encantada in 1998-1999, an uninhabited creek,
and covered these wastes with 50 cm soil protected by surrounding the site
with a 2.20-m-high wall.

Table 22. Distribution of 5- to 11-yr-old children according to their
blood lead levels, in the groups from three areas of Arica, 1999.

Level Santa Los Industriales & Pampa
(ug/dL) Maria Cerro Chuiio Nueva
0-9.9 5 121 17
10-19.9 10 41 3
20-29.9 5 3 1

30-39.9 1 5 0
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Table 23. Lead concentration in hair from 5- to 8-yr-old children living in
three areas of Arica, 1999.

Santa Los Industriales & Pampa

Maria Cerro Chufio Nueva
n 11 96 8
Mean Pb, ug/g hair 52.5 18.3 16.1
SD 35.6 104 8.1

b. After waste was removed from the original site, it was covered with about
60 cm soil, partially paved, and surrounded with walls while waiting to pave
that area completely.

c. Soil samples from streets and squares for lead measurements.

d. Cleaning of houses and roofs in Los Industriales and Cerro Chufio.

e. Decontamination of the railroad lead mineral storage area Chinchorro near
Villa Santa Maria.

f. Soil samples from the railroad storage site, surrounding area, and streets in the
Villa Santa Maria.

g. Cleaning of houses and roofs in Villa Santa Marfa.

h. Cleaning of the Arica Port lead mineral storage area, and construction of new
storage areas to decrease lead contamination of surrounding area.

i. Measurement of blood lead levels in exposed population.

J- A protocol of actions and/or treatment of children according to blood lead
levels, which consisted of family education, Fe supplementation in diet, cal-
cium supplementation in diet, hemogram evaluations, new lead level controls
in blood, investigation of home conditions that favored lead exposure, and
therapeutic procedures, according to blood levels.

Measurements of Blood Lead Levels by the Local Health Service of Arica The
local Health Service reported the evaluation of 155 individuals among children and
adults living in Villa Santa Maria within the last semester of 1998 and 1999 (Servicio
de Salud de Arica 2000). Blood was collected by digital puncture for lead
measurement by the electrochemical method (Leadcare) or by venupuncture for
measurement by atomic absorption spectroscopy at the Institute of Public Health

Table 24. Lead concentration in hair from 5- to 11-yr-old children living in
three areas of Arica, 1999.

Santa Los Industriales & Pampa

Maria Cerro Chuiio Nueva
n 25 169 23
Mean Pb, pg/g hair 55.7 18.7 20

SD 32.6 11.2 24.9
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Table 25. Delay in response to auditory stimulus in children with lead blood levels

> 10 pg/dL.
Response (sec) in Response (sec) in
8-yr-old 9-yr-old
Blood lead w Statistical & Statistical

level (ug/dL) < 10 >10 difference® <10 >10 difference®

n 22 12 35 12

Mean 0.469 0.522 2P < 0.001  0.422 0.476 1P < 0.05
SD 0.075 0.088 0.029 0.070

SEM 0.016 0.025 0.005 0.020

SEM: standard error of the mean
Least significant difference (LSD) a posteriori test.

(ISP) of the Ministry of Health. Results of blood levels >10 ug/dL are shown in
Table 26.

The Local Health Service of Arica reported (Servicio Municipal de Salud
Arica 2001; Servicio de Salud de Arica 2001) that it took 4990 blood samples
from subjects from Los Industriales and Cerro Chufio, composed of 3240 chil-
dren (65%) and 1750 adults (35%), for lead measurement. Results showed 4411
samples were <10 pg/dL and 579 > 10 ug/dL. Of the “positive” 579 subjects,
blood was collected from 538 (92%) and measured at the Public Health Institute
(ISP) of the Ministry of Health of Chile. Results showed 131 subjects had
> 10 pg/dL and 407 < 10 ug/dL, of 120 children (<15 yr old) and 11 adults. Data
from the 120 children showing age distribution and blood levels are given in
Table 27.

Table 26. Subjects from sample population of Villa Santa Marfa displaying high blood
lead levels according to evaluation by the Health Service of Arica in 1998-1999.

Electrochemical Atomic Atomic
method absorption absorption
Level (ug/dL) (Leadcare) spectroscopy, 1998 spectroscopy, 1999
Total subjects
10-19.9 32 51 15
20-29.9 3 16 4
30-39.9 0 2 1
Children under 9 yr
of age
10-19.9 11 28 9
20-29.9 1 9 3
30-39.9 0 1 1

Source: Servicio de Salud de Arica (2000).
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Table 27. Age and blood lead level distribution of children from Poblacién Los
Industriales and Cerro Chuiio displaying blood lead levels >10 ug/dL, from a
study of the local Health Service during 2000.

Age 10-14 pg/dL 15-19 pg/dL 20-34 ug/dL Total
<2yr 16 7 1 22
2-5yr 43 12 3 63
6-9 yr 19 2 2 23
10-14 yr 7 3 2 12
Total 90 22 8 120

Source: Servicio Municipal de Salud Arica (2001); Servicio de Salud de Arica (2001).

VII. Other Sources

The most relevant sources of lead, affecting mainly the urban population, were
leaded gasoline and high lead content in household paints. New regulations on
these sources contributed to an overall decrease in exposure to lead in Chile. Lead
originating from gasoline is still present at high levels in soil of large cities and
from the vicinity of high-traffic highways. Dwellings painted before 1998 also
constitute an important source of lead contamination.

Other sources of lead in Chile are children’s toys and school implements,
occupational exposure to lead, and lead contamination of food. Several industrial
activities occur, mainly in cities. Many of them recover lead from car batteries
(some are licensed, others are clandestine), and there are industries melting metals
painted with leaded paints. There are many families working at these activities in
their homes, such as recovering lead from batteries and making different objects
with lead, and some working in stained glass, and welders, etc.

Children’s Toys and School Implements Lead exposure may occur from
children’s toys, pencils, and other school tools and implements, which children
frequently take into their mouth. These items may be imported from countries
without lead regulations.

Occupational Exposure Occupational exposure frequently occurs in painters,
welders, glass handicraft workers, and miners and smelting workers. Atmospheric
lead may be originated from industries melting metals painted with leaded paints,
affecting their workers and the population living in the vicinity.

Food Contamination Food may be a source of various degrees of exposure to
lead. The use of ceramics covered with low-quality leaded paint is not frequent in
Chile; however, these ceramics can be imported from countries without regulations.
Vegetables growing in or near highly populated areas and specially the metropolitan
area of Santiago or near heavy traffic highways concentrate lead from soil, adding to
the lead burden in humans. Lead may come from water flowing through lead pipes in
old dwellings or copper pipes welded with lead. Food cans are not welded with lead
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Table 28. Lead content in food products purchased in Santiago
metropolitan area, 1995.

Lettuce 0.3-56 ug/g wet wt (average,
12 pig/g)

Carrots 4 pg/g dry wt

Beans 4 nglg dry wt

Potatoes 1.6 ug/g dry wt

Wheat products < 1pg/g dry wt

Canned evaporated milk 202 mg/L

Fruits juice, packed > 100 mg/L

Source: Diaz and Garcia (2003).

welding anymore, but before 2000 most canned food was packed in lead-welded
cans. Due to population ignorance, once opened, food sometimes was kept in these
cans, leading to increasing concentrations of lead in food. The frequent marketing of
bruised or accidentally deformed cans, in which the welded layer was affected,
constituted an important source of lead in food. In packaged food, lead can also
originate from the packing material, especially for various beverages such as milk or
fruit juice.

Few studies were performed in Chile on lead content in food. Table 28 shows
data on lead in several food products, investigated at the University of Chile in
1995, and Table 29 shows lead levels in fish products measured at the University
of Santiago (Diaz and Garcia 2003).

A study directed by one of us (A.N.T.) confirmed high lead levels in lettuce
cultivated near a high-traffic highway (50 m) in the coastal zone of Central Chile
(Briones and Vera 2002). Samples of lettuce were taken in that site 1 yr after the ban
of leaded gasoline. These displayed a high concentration of lead (50-55 ug/g),
suggesting that the pollutant from leaded gasoline accumulated in the soil and was
absorbed by the plants through their roots.

Recently, a study measured lead content in breakfasts and lunches given at a
primary school in the VII Region (300km south of Santiago) within a gov-
ernmental program of food assistance to economically deprived children (Bas-
tias et al. 2004). Each breakfast ration contained 1.3 ug/g lead and each lunch
portion contained 0.6 ug/g lead, which totaled 714.1 ug lead/d. This contami-
nation clearly exceeded the recommendation of the Mixed Expert Committee

Table 29. Lead content in fish species or food products
purchased in Santiago metropolitan area.

Merluccius gayi 0.72-0.94 ug/g wet wt
Truchurus murpyi 1.16-1.41 ug/g wet wt
Fish flour 0.46 pg/g dry wt
Fish oil 0.13 pug/g dry wt
Canned fish 0.57 pg/g dry wt

Source: Diaz and Garcia (2003).
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from the FAO/WHO experts on food additives (Comité Mixto FAO/OMS de
Expertos en Aditivos Alimentarios 1999) of a maximum of 25 ug lead/kg body
wt/wk.

In Chile, regulations on lead in food (D 977/96 Ministry of Health, Chile 1996;
D 475/99 Ministry of Health, Chile 1999; D 238/2000 Ministry of Health, Chile
2000) are not precise and are also insufficient, revealing a disparity in legislative
criteria (Bastfas et al. 2004). There is no regulation forbidding the use of lead in
food can welding; although it is assumed is no longer done, there is no regulation
to that effect. According to food sanitary regulations (D 977/96 Ministry of Health,
Chile 1996; D 475/99 Ministry of Health, Chile 1999; D 238/2000 Ministry of
Health, Chile 2000), metals in contact with food should contain less than 1% of the
sum of the following elements (among others); lead, copper, chromium, antimony,
tin, and/or iron. Metal cans with canned food contain higher amounts of at least
one of these elements (Fe), and there are no controls to check whether dangerous
elements are in higher amounts than those allowed by regulation.

VIII. Lead in Soil

Few studies were done to analyze lead content in soils of different Chilean
regions. Most of these were done locally to ascertain soil levels within the areas
influenced by different sources of pollution, mainly before actions intended to
clean up these sites, or in places such as Arica or Antofagasta, where the effects
of lead contamination on humans is evident.

A study investigated lead concentration in soil in the vicinity of several rivers.
In some, lead was considered to originate from natural sources, while in others
it is anthropogenic. Figure 19 shows lead content in these soils (CONAMA
Chile 1994; Gonzalez 1994). The profile shows that variation of values for each
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Fig. 19. Lead content in soils in vicinity of various Chilean rivers. (From CONAMA Chile
1994; Gonzilez 1994.)
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Table 30. Lead concentration in soils located near® or far® from industrial pollution sources
(copper smelters) in the V Region (north and northwest of Santiago).

Agroecological Cu Pb Zn
unit Sector (mg/kg) (mg/kg) (mg/kg)
Aconcagua Catemu® 319 29 59
Aconcagua Nogales™® 135 8 28
Aconcagua The rest” 63 8 89
Puchuncavi Less than 3 km 281 115 144
from smelter”
Puchuncavi More than 3 km 38 40 110

b
from smelter

“Nogales is located far from polluting source but was contaminated by a collapse of a reservoir
containing mineral wastes.
Source: Gonzélez (1994).

ecosystem is low. Within the agroecological unit of the Aconcagua Valley
(100km north of Santiago), it was found that variation of lead levels in soil,
especially the mean levels and the absolute maximal values of lead, coincided
with those of copper (results not shown), suggesting anthropogenic contamina-
tion with both metals. In the sectors of Puchuncavi (Puchumo) and Nos (Maipo
valley), high lead concentrations were from anthropogenic sources, associated
with industrial processes. Puchuncavi is in the area of copper smelter emission of
large amounts of sulfur dioxide and arsenic, together with other heavy metals. A
decrease in concentration of lead at lower valley locations may result from di-
lution of the valley river water by cleaner river affluent.

Table 30 shows mean values of various heavy metals in soils (0—20cm) at
sites located near and far from contamination sources. Copper smelters are lo-
cated in Catemu and Puchuncavi. Nogales suffered from a collapse of a reservoir
dam containing mineral wastes. In some places, lead content in soil increases,
presumably due to combination with other molecules present in soil and its pre-
cipitation as nonsoluble compounds.

These studies concluded that in many places the total lead content results from
natural origin but in others it may be anthropogenic. There was no relation, how-
ever, between increased lead content in soil and the existence of lead mineral
zones such as the Maipo Valley and the XI Region, suggesting that these minerals
do not naturally dissolve in water.

IX. Recommendations

Exposure to lead is known to affect various organs and systems in humans and
in experimental animals. In adults, exposure to moderate lead levels can cause
damage that can be reversed, at least in part, after decreasing lead levels in the
blood and an additional recovery time. Exposure of children, and especially dur-
ing the neonatal period of life and during fetal stages of intrauterine development,
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even at much lower lead concentrations, causes irreversible changes that persist
through life. This is the basis for recommending extreme caution to avoid lead
exposure of children, of babies during the early stages of their development, and
of fetuses during the last months of intrauterine life.

This is also the reason why norms and regulations for labor lead exposure
levels or for maximal allowed lead concentrations in blood should be much lower
for females than for males. Taking into consideration that the organism does not
distinguish between lead and calcium, in a lead-exposed population lead will
accumulate in bones together with calcium. In contrast to males, females become
pregnant and obtain calcium for fetal needs from their own bone reserves, so that
if lead content in her bones is elevated, the mother will withdraw calcium to-
gether with lead, which will affect the fetal tissues. Further, during breastfeeding,
mothers draw additional calcium needed for the child’s growth, and if lead is
accumulated in maternal bones, it will result in newborn exposure to this toxic
element.

Based on these considerations, we recommend: (a) further changes in lead
regulations, (b) formal educational programs, (c) informal educational campaigns
through mass communication media, (d) high-level educational campaigns for
the political sector, public administration, and the enterprise management sector,
(e) administrative actions to decontaminate polluted areas, and (f) medical actions
aimed mainly at detection and therapeutics, with special consideration of nutritional
intervention and special care for pregnancy, early postnatal life, and childhood. In
addition, we recommend international agreements regulating commerce of prod-
ucts dangerous to health, including lead.

New Chilean regulations on lead content in air and paints are described above.
Both are significant advances and are similar to those recommended by the World
Health Organization (WHO) (lead in air) or in force in Europe (lead in air) or the
U.S. (lead in paints). The limits of biological tolerance to lead were established in
Chile in 1992 by Decree 745/92, art. 101, as 50 ug/dL lead in blood (D 745/92,
Ministry of Health, Chile 1992). In 1999, stricter limits of biological tolerance
were established by Decree 594, art. 113 (D 594/99, Ministry of Health, Chile
1999), decreasing tolerance for males to 40 ug/dL. and for females to 30 ug/dL.
These changes generated polemics at the political level and pressure from eco-
nomically affected sectors to lessen regulations, and a new regulation established
by Decree 201/2001, art. 17 (D 201/2001, Ministry of Health Chile, 2001) again
changed the limits of biological tolerance, increasing it for females to 40 ug/dL
and keeping the 40 ug/dL value for males. The Colegio Médico de Chile submitted
a critical analysis with all scientific arguments to reverse that decree (Tchernitchin
and Castro 2001), but no satisfactory results were obtained. We strongly recom-
mend improving regulations on biological tolerance aimed fundamentally at the
protection of children and women. We further recommend improving norms on
lead content in drinking water and drawing regulations on lead content in food and
in several products accessible to children. All these measures will be useless if
these regulations are not accompanied with improved control measures and strict
penalties for transgressions, both of which are deficient in Chile.
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Formal education programs on health and environmental effects of lead and
other pollutants are important to change human behavior for prevention and mit-
igation. Recently programmed changes in education by the government mainly
aimed at environmental protection but were not sufficiently strong on environ-
mental toxicology and health effects. In formal educational campaigns have been
done since 1996 by the Colegio Médico de Chile and were sufficiently effective in
changing people’s attitude toward several pollutants, including lead. Recently,
several nongovernmental organizations with participation of scientists or physi-
cians also contributed to this purpose.

During recent years, the Chilean Colegio Médico implemented a course on
environmental changes and health effects for television, radio, and press reporters
who specialized on health and the environment. This course contributed to im-
proving the quality and credibility of the articles they present in the media,
helping to increase acceptance of the described environmental problems by cit-
izens and also by politicians. The Colegio Médico de Chile sent technical in-
formation to several political parties and presented several lectures to transmit
this knowledge to this sector. The Chilean Parliament, both the Lower Chamber
(Chamber of Deputies) and the Higher Chamber (Chamber of Senators), usually
requires information about lead or other pollutants from the Colegio Médico, and
several presentations in extenso were also prepared for them. Our participation in
the Commission of the Chamber of Deputies to investigate the effects of lead in
Arica and propose a decontamination plan was a result of this campaign. This is a
good example showing that scientists need to work together with politicians,
legislators, and the educational sector to obtain results in lead decontamination as
well as in other areas of environmental toxicology.

Many administrative actions were undertaken by local or central Chilean
authorities under the pressure of population awareness of the damage caused by
lead, following the campaign designed by the Chilean Colegio Médico. Cleaning
up of contaminated areas in Arica and Antofagasta, relocation of toxic wastes to a
desert area near Arica, plans to transfer the port from which the lead mineral
concentrates are shipped from Antofagasta to Mejillones and to declare the zone
of Antofagasta as a National Catastrophe Zone to obtain funds to make these
changes, all were these actions taken under the social and political pressure of
the population who for the first time felt damaged by lead exposure. From this it
can be concluded that changes favoring health of the population are done most
efficiently and rapidly if there is pressure from the population, and that arguments
are difficult to refute when based on scientific knowledge. Therefore, the best
way to solve environmental or health problems is to communicate them to the
entire population, providing valid and solid scientific arguments, and await pop-
ulation pressure on the responsible authorities.

Medical actions need to focus mainly on the detection of lead exposure and to
therapeutic procedures to treat or to prevent sequelae. It is necessary to take special
consideration for those groups that are more vulnerable to lead effects or develop
irreversible changes which persist through life: newborns or babies during their
early postnatal life, children, and pregnant mothers, to avoid damage of their
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fetuses. Therefore, it is necessary to develop methods for screening and detecting
affected subjects with inexpensive methods, to avoid further exposure, to decrease
blood lead levels, or to treat the effects. Prevention methods may involve changes in
diet, especially calcium and iron supplementation and decrease in lipid ingestion.

It is necessary to take into consideration the most conspicuous effects of lead
exposure: decrease in intelligence coefficient and in attention and memory capacity,
hyperactive behavior, aggressive behavior, and delinquent behavior in adolescence.
Therefore, all schoolchildren with these characteristics in the contaminated areas
(Arica, Antofagasta) should be investigated for blood lead content. It is highly
recommended that mothers planning to get pregnant have their blood lead levels
screened so that they may be treated with pharmaceutical therapy (including che-
lation therapy) before the initiation of pregnancy. All pregnant women should
measure their blood lead levels to decide a therapy with less risk for the child such as
calcium or vitamin supplementation, besides the need to identify the lead source to
avoid further exposure. After delivery, blood should be analyzed for lead level
measurement in both mothers and newbomns to decide on the convenience of
breastfeeding or artificial feeding. All children from families with history of lead
exposure should be screened periodically to prevent irreversible damage by lead.

The hyperactive or aggressive behavior induced by early exposure to lead may
be irreversible. This behavior risks the development of antisocial or delinquent
behavior later in adolescence. We propose that this aggressive behavior can be
sublimated, under psychological treatment, to other aggression-like activities,
such as sports, dance, hobbies, or many other activities. Therefore, we recom-
mend hiring psychologists at schools so that they can help children to sublimate
this aggressive behavior and to channel it to socially positive behavior and avoid
children transforming into a delinquent population.

Finally, we recommend the implementation of international agreements regu-
lating commerce of products containing components dangerous for health. Gov-
ernments of different countries should agree to prohibit export of such products,
those containing lead for instance,when their constituents are prohibited or regu-
lated in the countries of their origin, because of ethical reasons even when there is
no such regulation in the importing country.

Summary

Lead is a very toxic environmental pollutant that affects people living or working
in contaminated areas or ingesting this element. Since the beginning of lead use,
it has left evidence of lead poisoning with dramatic effects on the destiny of
ancient civilizations. It was recently proposed that this toxicity can also con-
tribute to the decline of current societies through lead-induced impairment of
intelligence, increased tendency to abuse of drugs, psychological and behavioral
changes, and increase in delinquent behavior.

The effects of chronic exposure to lead in adolescents or adults may be reversed, at
least in part, after a decrease in the blood lead levels. In contrast, in children, espe-
cially at earlier ages, the effects are irreversible, may persist through life, and some of
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them may be induced by the mechanism of imprinting. Exposure to lead during the
perinatal period of life may occur in mothers previously exposed to the metal,
presenting increased concentration of lead in bones; fetuses and newborns are most
vulnerable to the toxic effects of lead because the damage persists throughout life.

The various sources of lead exposure in Chile as well as the evolution of reg-
ulations and mitigation measures are reviewed. An important source of contami-
nation with lead was the existence of paints with high lead content, used to paint
house walls, children’s furniture, and toys, among other objects. The highest con-
tent of lead in paints was not in those bearing Chilean trademark names, but from a
foreign trademark with formulas licensed to produce in Chile, although the same
products in the country of origin (U.S.) did not present measurable lead levels.
From 1997 on, new legislation regulated lead content in paints. Many houses,
furniture, children’s toys, and other objects painted before 1997 are still an im-
portant source of exposure to lead, mainly for children.

Formerly, the widest source of lead contamination in Chile was the use of
leaded gasoline, mainly in greatly populated cities. There has been a progressive
decrease in lead content in leaded gasoline, which was banned in April 2001.
Lead pollution still persists in highly populated cities as city soil, home soil, and
as soil contamination near highways.

Clusters of different magnitude originated from point sources, of which the
most relevant in magnitude was that which occurred in Nuble with the use of
wheat flour contaminated with lead, caused by the use of a mill whose stone was
repaired by lead welding. Several other clusters of smaller magnitude are fre-
quently caused by the widespread practice of battery repair and recovery by small
enterprises or as a familial productive activity, affecting all the family group and
occasionally persons living in the vicinity.

Two special cases of very important environmental contamination occurred,
affecting the population of two major cities. The most dramatic case was the
storage of powdered lead mineral concentrates at the ports or the railroad terminals
within the cities of Arica and Antofagasta, where it usually remained until shipped
to other countries. Lead from this source is the most relevant source of exposure in
the cities of Arica and Antofagasta. Another source of lead, which affected the
population of Arica, originated from toxic wastes imported by Promel from the
Swedish company Boliden Metal, stored without protection in Arica suburbs,
where a few years later new dwellings were constructed and residents were ex-
posed for more than 10 years.

Occupational exposure frequently occurs in painters, welders, and mining or
smelting workers. Various degrees of food lead contamination may increase
exposure to the metal. Vegetables grown in or near highly populated areas, lead
pipes in old dwellings or copper pipes welded with lead, and formerly lead from
canned food, especially those that had been accidentally deformed or were
opened and the food stored in those cans.

Little information exists on lead content in soil. There are sites where lead
concentrations are increased from anthropogenic sources. In regions known to
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have abundant lead minerals, soil is not contaminated in the vicinity of rivers,
suggesting that raw lead minerals do not dissolve in water and do not affect the soil.
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I. Introduction

The concept of biological monitoring has been practiced by the medical pro-
fession for decades (Waritz 1979); however, the formal application of this tech-
nique on a broad scale to industrial hygiene is attributed to Elkins (1954). Elkins
subsequently attempted to correlate exposure level and urinary level with toxicity
of chemicals. Since then, the concept of biological monitoring for trace elements
and xenobiotics has been extended to include monitoring of the bile and feces,
exhaled air, blood, perspiration, tears, nails of fingers and toes, hair, milk, teeth,
and saliva. The order of preference for current use of such samples is blood,
urine, hair, nails, teeth, milk, saliva, tears, perspiration, exhaled air, biliary, and
fecal substances, skin scales, and other.

In comparison to other biological samples, there are many advantages in uti-
lizing nails as a biomarker of toxic element exposure and nutritional mineral
status (Chen et al. 1999). These include (1) the ease with which nails can be sam-
pled, stored, transported, and handled (Daniel et al. 2004); (2) standardized
methods are available for collection, washing, preparation, and sophisticated in-
strumental analysis with use of quality control samples for precision and accuracy
(Chaudhary et al. 1995; Rayman et al. 2003; Chandra Sekhar et al. 2003; Platz
et al. 2002; Bergomi et al. 2002); (3) storage of aliquots of sample is simple for
reanalysis and toenail measure of arsenic (As) is reproducible over a period of
several years (Garland et al. 1994); (4) once elements are incorporated into ker-
atin of nails, the levels remain isolated from other metabolic activities in the body
with no fluctuation in element levels due to changing body metabolic activities,
unlike the blood; (5) nails, which conserve the pattern of trace element compo-
sition beyond the life span of the cells and because of their resistance to decay,
are exceptionally well suited for long-distance transport; also, a large number of
specimens can be procured and stored, a requirement for population studies;
(6) toenails take several months to a year to grow out and are used for the measure
of past exposure (Longnecker et al. 1993; Karagas et al. 2000); (7) a number of
trace elements are considerably more concentrated in nails than in urine or blood
(Karpas 2001); and (8) the ability to analyze nail content of several elements
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simultaneously is a definite advantage, especially in view of the growing
knowledge of trace element interaction (Rodushkin and Axelsson 2000a).

For the past three decades, nails have been employed along with hair in
measuring elemental status for nutritional evaluation, disease diagnosis, and ex-
posure profile from place of work or the environment (Mahler et al. 1970) be-
cause they are similar in structural composition and development (Vance et al.
1988). They are the metabolic end product of skin and contain semihard, cor-
nified cells with trace elements in a similar proportion as in the cells from which
they are produced (Hopps 1977). Thus, alteration of element composition of cells
is reflected by the pattern of element distribution of the nails and hair.

Literature surveys reveal that nails are not analyzed for element content as
extensively as hair samples (Vance et al. 1988). Even then, nails are preferable to
hair for the following reasons. (1) Generally, nails are less susceptible to external
contamination than hair (Karagas et al. 2000), as the levels of elements vary along
the length of hair, and area of exposure to external contamination is greater in hair
than in nails; (2) selenium levels in toenails (Se-TN) are highly reproducible
in two sets of specimen collected about a year apart (Krogh et al. 2003); (3) nail
clipping is relatively simpler than cutting hair at the base of scalp, and thus a high
participation rate of 97% in a study has been reported by Karagas et al. (2000);
(4) the number of biological factors (length, color, types, growth rate, and cycle)
of hair influencing elemental levels (Sukumar 2002) is numerous, whereas the
biological factors of nails are at a minimum; (5) the standard method of collection,
transport, storage, washing, digestion, and instrumental analysis is more or less
similar for both kinds of samples; (6) nails become a useful substitute biomarker
of element exposure, as untreated control hair is not available; and (7) interper-
sonal variability in As levels is lower in nails than in hair (Hinwood et al. 2003).

In view of these factors, analysis of human nail samples for element content is
an increasing trend in diverse research fields (Takagi et al. 1988). Such analyses,
in spite of having characteristics unique to a particular region, subject group,
exposure status, and specific purpose, are compared among reported studies at
international levels to derive a correlation between element status and health in
the general population, workers, or patients. To validate analysis of nails as an
indicator of body burden of minerals, earlier and recent data on human nails are
reviewed, focused on analytical methods and factors influencing nail levels of
elements. Moreover, the use of nail analysis for biomonitoring of environmental
and occupational exposures and health status is discussed with a critical evalu-
ation of its use. Emphasis is given to examining nail analysis with the perspective
of significance of element interaction, speciation, supplementation in nails, and
the correlation of element levels of nails with other samples.

II. Analysis

An indispensable purpose for nail analysis is that elements measured are indic-
ative of accumulation during nail formation and thus depict the internal body
store of elements (Cheng et al. 1995; Gibson 1989). After formation, nails are
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regarded as dead material and are also exposed to outside sources of elements for
longer periods. Hence, analysis of elements must include procedures that elimi-
nate the ambiguity of external contamination and reflect exclusively internal ele-
ment uptake.

The most important procedures generally adopted during analysis are (1) sam-
pling with questionnaire, (2) washing, (3) desiccation, (4) digestion, (5) instru-
mental estimation of element concentrations, (6) uses of quality control samples,
and (7) interpretation with statistical analysis.

A. Sampling

Compared to hair, sampling of nails is easier and biological factors of nails
influencing levels of elements are fewer in number. Normally, nails are sampled
from either the thumb or great toe. The best qualities of nails as a biomarker are
rapid growth, less external contamination, adequate sample availability, and in-
corporation of elements in the tissue. Small quantities of nail sample are sufficient
for measurement with nuclear activation analysis (NAA); hence, sample of a
single nail of either thumb or great toe is preferred to samples of all the nails.
Kanabrocki et al. (1979) used thumbnails for estimating the concentrations of
zinc (Zn), chromium (Cr), Se, silver (Ag), mercury (Hg), gold (Au), and cobalt
(Co) using the thermal neutron activation technique. Similarly, Rogers et al.
(1993) employed clippings taken from nails of both great toes to determine
concentrations of iron (Fe), Zn, calcium (Ca), Cr, and Co in 661 cases and 466
controls from western Washington. If the nails are sampled from all fingers or
toes, the amount available is enough for measurement with use of atomic ab-
sorption spectrophotometry (AAS) or inductively coupled plasma spectropho-
tometry (ICP). Therefore, the amount of sample required for element estimation
determines the selection of instrumental analysis or vice versa.

In a majority of cases, nail sampling is carried out with use of stainless steel nail
clippers, whereas ceramic blade cutters are employed to collect nails of subjects
with the idea that the stainless steel cutter may contribute to the external source of
elements (Chandra Sekhar et al. 2003). McCurdy and Hindmarsh (1987) collected
nail clippings from donors using Teflon-coated stainless steel scissors. Nails that
have been polished are not usually sampled because elements added in the nail
polish may become an external element source.

B. Exposure Time and Sampling Time

Nails incorporate elements during formation and the length of nails clipped at
time of sampling is of different size, so that the levels of elements analyzed in the
samples may indicate varying periods of accumulation. Hence, Yoshizawa et al.
(2002) showed that nail clippings taken from all 10 fingers or toes at a time
reflected the incorporation of elements, particularly Hg, that had occurred over
approximately 1 yr. Hunter et al. (1990a) corroborated that nails from all 10 toes
are likely to represent exposure status occurring over a 2- to 12-mon period.
Similarly, Martin-Moreno et al. (2003) found that Zn levels in toenails showed
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the level occurred from dietary Zn intake over 3—12 mon. Morris et al. (1983)
found that analysis of nails from the large toe provided an integrated mea-
sure of iodine (I) exposure over a 2- to 4-wk period approximately 1 yr before
clippings.

Time of sampling nails among various groups or between controls and cor-
responding cases becomes an essential factor, resulting in variation in element
levels. Sampling should be carried out simultaneously or the time gap among
groups must be narrow, because nail levels of elements indicate past exposure
conditions that are further correlated to exposure period and ill health (Mannisto
et al. 2000).

C. Washing

Nail clippings are subjected to a standard washing procedure for removal of any
exogenous source of trace elements, because the ultimate goal of washing is to
completely remove loosely adhering external metals associated with fat, sweat,
and dirt without altering the endogenous content of elements of the samples
(Caroli et al. 1994). Washing involves thorough stirring of nail samples using an
ultrasonic bath with three solvents in the sequence of acetone, deionized water,
and 0.5% Triton X-100 water solution (Rodushkin and Axelsson 2000a). Ac-
cording to Chen et al. (1999), cleansing the samples once with 1% Triton X-100
for 20 min ultrasonically before analysis is satisfactory for removing surface
contamination. However, mineral acids or strong complexing agents such as
ethylenediaminetetraacetic acid (EDTA) should be employed with the greatest
care or avoided (Gulson 1996; Caroli et al. 1992; Rodushkin and Axelsson
2000a).

Ndiokwere (1985) and Bate and Dyer (1965) found that intrinsic sources of
heavy metals in hair or nails were not essentially influenced by washing owing to
their great tendency to complex with disulfide groups in the keratin protein. The
results from one wash versus multiple washes confirmed that nails cleansed once,
twice, or thrice did not vary substantially in As content (Chen et al. 1999).

Although minimizing extrinsic contamination is a fundamental aim of wash-
ing, an extensive procedure poses the risk of extraction of elements bound to the
nail matrix. Bank et al. (1981) demonstrated that treatment with organic solvents
resulted in less elemental loss than with aqueous detergents, whereas aqueous
acids caused the greatest loss. Rayman et al. (2003) used a toenail sample washing
including a sequence of washing with acetone (1 min), deionized distilled water
(3 washes of 3 min), and acetone (1 min) ultrasonically.

As the protocols of washing fall into two approaches, such as use of either
detergents or organic solvents, Harrison and Tyree (1971) compared these two
procedures and found that detergent washing appears more advantageous in that it
corresponds more closely to in situ washing and deduced that use of detergents is
preferable to organic solvents. Further, washing varies depending upon the group
of elements analyzed and the analytical instruments used. For ICP measurement
of cadmium (Cd), lead (Pb), and copper (Cu), toenails were washed using Triton
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X-100 (5% in deionized distilled water) solution for 15 min ultrasonically and
then with deionized water for the same time (Bergomi et al. 2002). For NAA
estimation of Cr, Co, Fe, Se, Zn, manganese (Mn), and aluminum (Al), toenails
were cleaned in a distillery apparatus with diethyl ether for 30 min, acetone for
40 min, and twice-distilled water for 15 min, thus presenting two washing methods
for two different element groups for ICP and NAA analyses.

Horn-Ross et al. (2001) and Chandra Sekhar et al. (2003) scrupulously
checked the completeness of washing systems. After washing in deionized water
ultrasonically and oven drying at 50°C, toenails were examined using low-power
magnification to physically verify the thoroughness of washing. If further washing
was required in one or two samples, washing continued again or the samples were
excluded altogether from analysis.

D. Desiccation

After washing, the nails are placed in a drying oven at 50 °C for 2 hr, the time
required to achieve a constant weight (Rayman et al. 2003). Bergomi et al. (2002)
reported two procedures for desiccating toenails: drying at 100 °C for 2 hr for ICP
measurement of Cd, Pb, and Cu, and drying at 50 °C for 48 hr for NAA mea-
surement of Cr, Co, Fe, Se, Zn, Mn, and Al. Samples are even desiccated at room
temperature for 24 hr because some elements (Hg) are lost at 40 °C. The dried
samples, typically 10-135 mg, are weighed into polyethylene capsules for direct
analysis with NAA or kept in polyethylene bags for later digestion.

E. Digestion

The dried nail samples are either wet acid digested or dry ashed followed by acid
digestion. Rodushkin and Axelsson (2000a) adopted the procedure of digesting
50 mg nails with addition of 0.5 mL HNO;5 and 0.5 mL H,O, in a microwave di-
gestion system. Bergomi et al. (2002) digested 100-200 mg samples with 2.5 mL
HNOj and 7.5 mL deionized water in a Perkin Elmer microwave digestion sys-
tem. It is possible to determine directly Zn levels in fingernail samples as small as
20 ug using an AAS furnace. However, where sample size is not a limitation, wet
ash digestion before furnace determination is preferred (Sohler et al. 1976). Chen
et al. (1999) demonstrated that the arsenic concentration of in-house nail refer-
ence material was not substantially different from microwave-digested and room
temperature-digested (36 hr) samples. They recommended that the digested sam-
ples could be kept in storage for a maximum of 5d for further analysis, because
the samples analyzed for concentrations of elements within this period showed
greater quality assurance.

F. Instrumental Measurement

Element levels are estimated in nails using diverse analytical instruments.
Although they have their own advantages and disadvantages, one or two in-
struments are employed for measurement of most elements because each has
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a specific sensitivity for a particular group of elements. In Table 1 are shown the
various instruments employed globally for measuring concentrations of multi-
elements in nails. AAS has been predominantly used since 1970, and the others,
such as ICP/DCP, ICP-mass spectrometry (MS), photon induced X-ray emission
spectroscopy (PIXE), instrumental NAA (INAA), and NAA, have been in use
for the past two decades with tremendous improvement in sensitivity of mea-
surement.

G. Quality Control

Monitoring metal bioaccumulation in nails requires precision and accuracy in
analysis for decision making in occupational and environmental health (Sub-
ramanian and Sukumar 1988; Iyengar and Woittiez 1988). In addition to significant
advancement in nail analysis, an improved quality assurance, which is essential,
depends on employment of proper certified reference materials (CRM) and par-
ticipation in the interlaboratory quality control programme (M’Baku and Parr
1982; Parr et al. 1988). Currently, the reference material for toenails is available
from National Institute of Standard and Technology (USA) and can be used to
ensure the validity of adopted methods. Additionally, an in-house reference ma-
terial can be prepared from nail samples of healthy volunteers following methods
described by Chen et al. (1999).

II. Influencing Factors

Levels of trace elements measured in nails are influenced by various factors that
are very specific to a particular subject and region. These factors are discussed
based on their distinct and salient characteristics.

A. Age

Age of subjects from whom nails are sampled is found to alter levels of elements in
nails. Al and V in nails decreased with age of persons from industrialized and
village areas along the bank of the Wogupmeri River in New Guinea (Masironi
etal. 1976). Concentrations of Se-TN declined with age in U.S. women (Hunter et
al. 1990a). A slight decline in As-TN with age was also observed (Karagas et al.
2000). There was no correlation between age and levels of various elements,
particularly Ni in fingernails (Ni-FN) in healthy individuals (Gammelgaard et al.
1991), Cd-, Pb-, and Zn-FN (Hayashi et al. 1993), Se-TN (Kardinaal et al. 1997),
Cd-, Cu-, Cr-, Se-, and Fe-TN (Bergomi et al. 2002), Co-, Cr-, Fe-, Na-, and Sb-TN
(Rodushkin and Axelsson 2000b), and Se-TN (Swanson et al. 1990). Ultimately,
due to age either change or no change in elemental levels is observed, but such a
result is not specific to either fingernails or toenails of subjects or to any element.

B. Sex

Concentrations of Pb, Cd, and Zn were higher in nails of males than of females
(Nowak and Chmielnicka 2000). In contrast, Pb and Zn in toenails of female
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Human Nails as a Biomarker of Element Exposure
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controls and Pb and Cd in the toenails of female patients with amyotrophic lateral
sclerosis (ALS) were greater than those found in male controls and patients
(Bergomi et al. 2002).

Many investigations reported no gender-related differences for Hg-FN and
Hg-TN (Suzuki et al. 1989), Se-TN (Swanson et al. 1990), Cd-, Pb-, and Zn-FN
(Hayashi et al. 1993), Hg-FN in healthy individuals (Gammelgaard et al. 1991),
Zn-TN and Cu-TN in Polynesian residents (McKenzie et al. 1978), and Cd-, Pb-,
and Hg-N in residents of Mansouria City, Egypt (Mortada et al. 2002).

In nails, Ag, Au, Zn, and Se were higher in females than in males from a
nonindustrial U.S. town (Lexington, Kentucky), whereas, Ca, Co, Cr, Hg, and Sc
were not different due to sex (Vance et al. 1988).

C. Fish and Alcohol Consumption

Concentration of Hg-FN was correlated with the number of fish meals of subjects
from the Province of Rome (Pallotti et al. 1979). Differences in eating habit or in
diet caused great variation in Se-FN in southeastern (higher), southwestern
(lower), and northern (in between) parts of the Hungarian population (Bogye et al.
1993). Se-TN values of four vegetarians in a preeclamptic group from Oxford did
not differ from nonvegetarians (Rayman et al. 2003). Levels of Se-TN (Kardinaal
et al. 1997; Hunter et al. 1990a) and Zn-N (Leon-Espinosa de los Monteros et al.
2000) were not affected by alcohol consumption.

D. Smoking

Cigarette smoke is a major source of certain elements (Cd, Pb, and Hg) for the
nonoccupationally exposed (Mortada et al. 2004). The concentration of Cd-N was
an average of 10 times greater in smokers than in nonsmokers (Roduschkin and
Axelsson 2000b). Tobacco smoking with use of the hookah (water pipe) was
associated with increased Cd-FN levels in males and females living adjacent to
New Delhi (Sukumar and Subramanian 1992a). Persons who currently smoked cig-
arettes had significantly lower Se-TN (0.553 ug/g) than ex-smokers (0.599 ug/g)
and those who had never smoked (0.652 ug/g) (Kardinaal et al. 1997). Simi-
larly, Se-TN was lower in smokers than in nonsmokers from Montreal (Ghadirian
et al. 2000), South Dakota, Wyoming (Swanson et al. 1990), and northern Italy
(Krogh et al. 2003). The lower level of Se was ascribed either to the nature of
tobacco, which reduced Se absorption, or to smokers’ consumption of certain
foods containing less Se (Ghadirian et al. 2000) or to low Se intake by smokers
(Swanson et al. 1990). However, no effect of smoking was found for Cd, Pb, and
Hg in residents from Mansouria City, Egypt (Mortada et al. 2002, 2004), Ni-FN
in healthy individuals (Gammelgaard et al. 1991), and Zn-N in controls and pa-
tients with chronic obstructive pulmonary disease (Leon-Espinosa de los Monte-
ros et al. 2000). Due to smoking, the levels of nonessential elements (Cd and Pb)
are higher while the level of an essential element (Se) is either lower or without
change.
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E. Regional Influence

Alexiou et al. (1980) reported that the petrographical composition of the region
influences the concentration of Cu-, Zn-, Fe-, and Mg-FN in normal children. Se-
FN and Se-TN were observed to be higher in the southwestern region than in the
northern part of the Hungarian population (Bogye et al. 1993). Variations in Se
levels due to regional difference were illustrated in the following studies: Se-FN
and Se-TN in the population from east Hungary were significantly higher than in
the northern people and lower in the southern people of Hungary (Alfthan et al.
1992). Such regional variations among different regions are due to changes in
eating habits (Bogye et al. 1993) and food, which ultimately depend on the
availability of soil Se for plants (Alfthan et al. 1992). Hunter et al. (1990a)
substantiated that the geographical variation in Se-TN was consistent with the
geographical distribution of Se in forage crops.

Among 10 centers in Europe and Israel, Se level was the lowest in Germany
(Kardinaal et al. 1997). Kasperek et al. (1982) showed that Fe-FN and Se-FN
declined from south (Aswan) to north (Alexandria) and Cd-FN was elevated in
the Aswan area of Egypt. In an international comparison, Takagi et al. (1988)
reported that among 21 elements analyzed in nails of subjects from five nations,
certain elements remained high, mainly Ca and Zn in Polish, Hg in Japanese,
P and Al in Indians, and Japanese and Cu and Pb in Americans and Canadians.

F. Time and Season

Although fingernails were sampled three times from male and female subjects
with an age range of 23-56 yr, total Hg and inorganic Hg were almost consistent
for three different formation periods of nails (Suzuki et al. 1989). However, As was
slightly greater in the toenails of U.S. control subjects collected during summer
months than in other seasons (Karagas et al. 2000). Hence, the time of nail
sampling between cases and respective controls becomes a very important factor,
stressing that the time gap between two groups for collection must be narrow
because the status is also related to the length of exposure and disease (Mannisto
et al. 2000).

G. Genetic Variation

By comparing the within-pair correlation for the level of Zn-N in Hungarian adult
twin pairs of different zygotes, a very much higher correlation in monozygotes
than in dizygotes was observed (Forrai et al. 1984), suggesting that the Zn-N
content may be genetically controlled.

H. Nail Character

Levels of Ca, Mg, Al, Cu, Zn, and Fe were not significantly different between
normal fingernails of healthy subjects and brittle nails of subjects considered
patients because of having brittle nails (Lubach and Wurzinger 1986). A sig-
nificant variation was found in Ca values between involved and uninvolved nails
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and between the dystrophic and normal nails of patients with psoriasis (Kao
1990), and levels of As were dissimilar in the various transverse 0.5-mm length
of toenail segments (Henke et al. 1982).

I. Contamination

There has been significant environmental As contamination of toenails in ex-
posed and control populations from Australia, because the values of As-TN are
more strongly associated with both drinking water and soil As concentration
(Hinwood et al. 2003). Extremely high levels of Se-TN found in eastern Finland
are usually attributed to contamination by Se-rich shampoo (Mannisto et al.
2000). Zn from an industrial exposure (galvanizing) or from the use of Zn-based
creams elevated Zn-TN in normal healthy adult students of New Zealand
(McKenzie 1979). Accumulation of cobalt or chromate in the nails has been
demonstrated during daily repeated exposure to low cobalt or chromate con-
centrations by immersing fingers for 10min (SO1)d for 2wk (Nielsen et al.
2000). The free surface of nails adsorbs a considerable quantity of Ca from the
environment, and it is reasoned that such adsorption occurs due to ion exchange;
this is evident from the fact that sulfur does not vary over nail cross sections
(Forslind et al. 1976). Similar studies are required for nail properties of adsorbing
other elements from the environment to determine the possibilities of assessing
the extent of contamination.

It is clearly seen that nails are probably contaminated through exposure to air,
water, soil, shampoo, nail polish, and creams. In view of this, it is obligatory to
consider these factors at the time of sampling and to exclude such samples that
would possibly have been contaminated.

J. Other Factors

Hg-FN is correlated with Hg amalgam dental fillings of subjects (Pallotti et al.
1979). Deficiency of nutritional Fe and Zn, which is universally prevalent, causes
changes in the characteristics of nails (Weismann and Hoyer 1982; Sato 1991). A
patient with thallium (Th) poisoning caused by repeated exposure to low doses of
Th had nails with dystrophy in the form of whitish lunular stripes (Saha et al.
2003). An unusual case of yellow nail syndrome was reported in a rare clinical
condition (Arroyo and Cohen 1993). Hence, any change in the characteristics of
nails related to element status may be viewed as a factor. Unless the factors at
maximum levels are not regarded as prerequisite during sampling, analysis and
interpretation of data objective analysis cannot be achieved.

IV. Environmental Exposure

To find the sources and possible status of exposure is of prime importance in
analyzing nail content of elements in persons exposed to elements through
general pathways such as water, food, and air (Barceloux 1999), which receive
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elemental contaminants mainly from traffic and industrial emissions (man-made)
and soil of particular regions (natural source).

A. Drinking Water

Arsenic concentration in nails of individuals who have been exposed through
drinking water with As above maximum permissible limit (MPL) of 12.58 ug/L is
higher than the value of a control group (4.88 ug/L) and is evident in the cuta-
neous sign of arsenium in As-exposed general populations from four affected
districts in West Bengal, India (Basu et al. 2002). Likewise, the levels of As-TN
in residents are explicitly correlated with As levels of drinking water of five
regions such as Alaska (Harrington et al. 1978), Mexico (Cebrian et al. 1983),
northeast coast of Taiwan (Chiou et al. 1997), New Hampshire, USA (Karagas
et al. 2000), and Australia (Hinwood et al. 2003). The value of As-N is ele-
vated (0.5-1.63 mg/kg) in villagers with skin arsenicosis from Patancheru near
Hydrabad, Andhra Pradesh (India), who are exposed to As through contaminated
water, in comparison to the value of control subjects (0.12-0.16 mg/kg) (Chandra
Sekhar et al. 2003). In addition, a 10-fold increase in As-contaminated well water
was reflected by a 2-fold increase in As-TN (Karagas et al. 1996).

Drinking water levels of Pb and fluoride (F) are found related to the levels of
Pb and F in fingernails of healthy donors from Kuwait (Bu-Olayan et al. 1996)
and in the nails of Hungarian children (Schamschula et al. 1988). High nail levels
of As, Mn, Pb, and Ni observed in victims are ascribed to As exposure through
drinking water (Samanta et al. 2004).

B. Food

Correlation is found between diet and toenail levels of As and Hg in men and
women from across the U.S. (Maclntosh et al. 1997), between fish consumption
and Hg-TN in U.S. subjects (Yoshizawa et al. 2002) and increased Hg, Al, and Fe
in the nails of male and female Japanese (Takagi et al. 1988). Similarly, high
concentrations of As-N in villagers with skin arsenicosis and Al-, Fe-, and Sn-N in
Indians are ascribed to exposure to As-contaminated milk, vegetables, and other
food items, respectively (Chandra Sekhar et al. 2003), and to extensive use of tin-
coated iron and aluminum cookware (Takagi et al. 1988). Further, high exposure
is observed through nail levels of As, Mn, Pb, and Ni, which may be from the food
(Samanta et al. 2004). In the case of iodine (I), however, both negative as well as
positive profiles have been found; the correlation between I levels of diet and nails
are minimal, suggesting that these biomarkers may not be a good reflection of
dietary I (Horn-Ross et al. 2001), whereas Morris et al. (1983) found that nail
clippings from the large toe provided an integrated measure of I exposure over a 2-
to 4-wk period approximately 1 yr before clippings.

C. Air and Soil

Pb-N in traffic policemen showed significant and positive correlation with du-
ration of exposure of Pb from automobile exhaust (Mortada et al. 2001), whereas
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concentrations of As-TN in controls and an As-exposed population from
Australia were strongly correlated with soil As concentration (Hinwood et al.
2003). Swanson et al. (1990) pointed out that Se-TN indicated elevated Se in-
take of subjects living in high-Se areas of South Dakota and Wyoming.

D. Urban and Rural Gradients

In multielement analyses, Rodushkin and Axelsson (2000b) observed that among
71 elements analyzed, particularly the fingernail levels of Hg, Cd, Pb, antimony
(Sb), and bismuth (Bi) were at elevated profiles indicating higher exposure of an
urban population living in the northeast of Sweden than in rural controls. Like-
wise, Hg-FN levels were linked between urban and rural residents from the
Province of Rome (Pallotti et al. 1979). The mean Se-FN of men and women
from Se-endemic rural areas of Nawan Shahr District, Punjab, India, was tens of
times higher than that of nonendemic rural areas and was associated with clinical
symptoms of Se toxicity in some of the endemic subjects (Hira et al. 2004). On
the other hand, when chemical symptoms of Se toxicity are not related to Se
levels in toenails or blood, there is no evidence of Se toxicity in the subjects
residing in western South Dakota and eastern Wyoming, although in these places
unusually high natural Se intakes are found (Longnecker et al. 1991). However,
high Se levels are observed in nails of subjects from China where chronic Se
poisoning through excessive environmental exposure is reported (Barceloux
1999). Natural or man-made sources of element exposure are manifested in the
form of high nail levels mainly for As, Pb, and F.

The other major pathways of As exposure of children from arsenic acid-treated
wood appear to be oral ingestion by children’s hand-to-mouth activity and dermal
absorption (Hemond and Solo-Gabriele 2004). It has been recommended that the
nail samples of children less than 5 yr of age are the best choice of biological
samples for monitoring environmental exposure to elemental sources, in that
young subjects are especially prone to increased Cd and Pb exposure, evident
from enhanced levels of elements in their nails (Wilhelm et al. 1994). Generally,
urban and rural gradients of element exposure are explicitly evident in the nail
levels of Pb, Cd, and Hg, which are higher in urbanites than in villagers.

V. Occupational Exposure

With the purpose of predicting human exposure to specific sources of elements
from the work place, a number of prospective studies have documented that the
greater the levels of trace elements found in nails, the greater the exposure to
these elements. When compared to controls, significantly increased profiles have
been reported for Sb-N in workers of an antimony refinery (Katayama and Ishida
1987), F-N in workers of a phosphate fertilizer plant (Czarnowski and Krechniak
1990), Cr-N in workers of a hydraulic production plant in Teneu, Town of
Yambol, Bulgaria (Madzhunov et al. 1993), Zn-N, Cu-N, and Cd-N in radio-
graphers (Majumdar et al. 1999), Ni-FN in two groups of occupationally exposed
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workers (Peters et al. 1991), Hg-TN in U.S. dentists (Yoshizawa et al. 2002), and
Hg-FN and Hg-TN in dentists from western Scotland (Ritchie et al. 2002). In
addition, a high correlation coefficient has been obtained in a comparison of mean
air As concentrations of high-, medium-, and low-exposure groups of workers
with corresponding As level in their fingernails (Agahian et al. 1990).

A. Low Levels with Limited Exposure

Hewitt et al. (1995) found mean levels of As-FN well within normal values and
that As exposure was not apparent among employees of arsenical pesticide-
producing industries.

B. Nail Levels vs. Exposure Period

Mortada et al. (2001) reported that the level of Pb-N in traffic policemen showed
excellent and positive correlation with duration of exposure to Pb as duration of
employment and concluded that increased levels of Pb-N were ascribed to ex-
tended period of exposure. Gerhardsson et al. (1995) found that Pb-N levels were
the same in both controls and deceased long-term exposed male lead smelter
workers.

C. Occupational Exposure and Health Risk

Tsolova et al. (1995) found that occupational groups of a copper smelter in
Pirdrop, Bulgaria, had both high and low levels of As-N and proposed that degree
of exposure corresponded to low health risk and also that some of the most
heavily exposed occupational group might be expected to reach serious levels of
intake and health risk. Feldman et al. (1979) reported that values of As-N were
lower in controls than in workers exposed to arsenic trioxide in a copper-smelting
factory with clinical and subclinical symptoms of neuropathy.

Thus, for the majority of elements (Cr, F, Zn, Cu, Cd, Hg, Sb, and As),
apparent exposure status is higher in the workers of various factories than in
controls. In the case of Pb-N, the results are inconsistent (Gerhardsson et al. 1995;
Mortada et al. 2001).

VI. Health Status Effects

Element levels measured in nails are evaluated for predicting the role of elements
in etiology, implication, or complications of disease, and hence it is proposed that
nails may be considered as a diagnostic tool for different ailments related to body
storage of elements.

A. Nutritional Elements

A majority of investigations have advocated the use of fingernails or toenails for
characterizing the relationship of health status with the concentrations of Cu in
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patients with Wilson’s syndrome (Martin 1964) and in patients with cystic fi-
brosis (CF) (Fite et al. 1972), Ca and Mg in chronic uremia patients (Lim et al.
1972; Robson and Brooks 1974), and Se in subjects with dental caries (Hadji-
makos and Sheaver 1973). In the case of Se, three patterns have been reported in
nails of patients. First, a uniformly positive status, i.e., a statistically significant
inverse association, was found between the levels of Se-TN and the risk of colon
cancer in both genders from Montreal (Ghadirian et al. 2000), lung cancer (van
den Brandt et al. 1993a), prostrate cancer (Yoshizawa et al. 1998; van den Brandt
et al. 2003), bladder cancer (Zeegers et al. 2002), and myocardial infarction
(Kardinaal et al. 1997). In a case-control study evaluating the association between
Se-TN and lung cancer risk in male smokers, a protective association for high Se
status among men and low Se-TN status may be related to increased risk for lung
cancer (Hartman et al. 2002). Levels of Se-TN were significantly lower in preg-
nant preeclamptic subjects (Rayman et al. 2003) and in patients with acute myo-
cardial infarction (AMI) (Kok et al. 1989) than their matched controls. In both
cases low Se status is associated with serious disease conditions.

Second, a negative trend, i.e., no substantial relationship between concentra-
tions of Se-TN and decreased risk of breast cancer has been depicted in cases from
regions of the U.S. (Hunter et al. 1990b), the Netherlands (van den Brandt et al.
1994), five European countries (van’t Veer et al. 1990), and Finland (Mannisto
et al. 2000). Similarly, levels of Se-TN do not indicate the risk of other diseases
such as nonfatal AMI studied in 10 centers from Europe and Israel (Kardinaal et al.
1997), cancer (uterine, colorectal, melanoma, ovarian, lung) cases from 11 states
of the U.S. (Garland et al. 1995), breast cancer from the Netherlands (van Noord
etal. 1987; van’t Veer et al. 1990), coronary heart disease (CHD) (Yoshizawa et al.
2003), and prostrate cancer risk (Allen et al. 2004).

Third, a mixed trend of association has been pointed out in the following
studies: men with oral cancer from western Washington state had lower level Se-
TN than the controls, whereas women with oral cancer did not have any such
change in Se level (Rogers et al. 1991). A statistically significant inverse rela-
tionship was found between Se-TN and the risk of colon cancer for both genders
combined and for subjects from Montreal, and also no significant connection was
discerned between Se-TN and breast or prostrate cancer (Ghadirian et al. 2000).
Further, an inverse relationship was found between Se-TN levels and stomach
cancer in men but not in women with stomach cancer and subjects with colorectal
cancer (van den Brandt et al. 1993b).

Similar to Se, other nutritional element values have been connected to ill health
of subjects in a few reports. A marginally significant positive association has been
observed between Zn-FN and CHD and hypertension (Sukumar and Subramanian
1992b), Fe-N, Ca-N, and Co-N and esophageal cancer cases (Rogers et al. 1993),
Cr-TN and breast cancer risk among postmenopausal U.S. women (Garland et al.
1996), and Zn-FN and osteoporosis in elderly Japanese women (Karita and Ta-
kano 1994). The amount of Fe in nail samples reflected the Fe status of healthy
individuals, iron-deficient subjects before and after dietary iron therapy, and four
patients at various stages of iron treatment (Sobolewski et al. 1978).
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Other studies have contradicted that fingernails and toenails do not exhibit
differences in element levels of controls and patients, particularly, levels of Cu in
children with CF (van Stekelenburg et al. 1975), N-FN in intrauterine growth-
retarded neonates (Brans and Ortega 1978), Ca-N in subjects with psoriasis (Kao
1990), Zn-N in patients with chronic obstructive pulmonary disease (Leon-
Espinosa de los Monteros et al. 2000), I-N in a high- and low-risk papillary thy-
roid cancer group residing in the San Francisco Bay area (Horn-Ross et al. 2001),
Zn-TN in pellagara patients (Vannucchi et al. 1995) and in subjects with AMI
from eight European countries and Israel (Martin-Moreno et al. 2003).

B. Toxic Elements

Generally, high levels are found when toxic or nonessential elements are mea-
sured in nails of patients. Narang et al. (1987) reported that the level of As-N
was significantly higher in Indian opium addicts than in controls. Shrestha et al.
(2003) showed that the accumulation of As in nails was higher than the acceptable
level and that it could be linked with the prevalence of dermatosis-related ar-
senicosis in the Terai region of Nepal population exposed to As contamination
through groundwater (shallow tube wells).

Similarly, Karagas et al. (2001) confirmed that the values of As-TN might
provide an index or biomarker for reliable estimates of internal As exposure that
could be used to assess cancer risk. Nickel- sensitive women had significantly
higher level of Ni-TN than control subjects, whereas there was no significant
difference in Ni-FN concentrations between the two groups (Gammelgaard and
Veien 1990).

A weak correlation was reported between the Hg-TN and CHD (Yoshizawa
et al. 2002), unlike the direct association pointed out between the Hg-TN and the
risk of MI in men from eight European countries and Israel (Guallar et al. 2002).
Dental fluorosis in Hungarian children was directly related to the level of F-N
(Schamschula et al. 1988). Further, the highest value of F-TN was associated
with intake and risk of osteoporotic fracture, specifically hip facture among
women (Feskanich et al. 1998), whereas no association was found between the
Hg-N and changes in the psychomotor response of dentists from western Scot-
land (Ritchie et al. 2002).

C. Multielements

Compared with controls, patients with CF had increased levels of sodium (Na),
potassium (K), and chlorine (Cl) (Roomans et al. 1978) and Na and K (Kapito
and Shwachman 1964; Kapito et al. 1965) in their nails. Children with CF had a
significant increase of Cu and Zn levels in nails but carriers did not (Escobar et al.
1980).

Karita et al. (2001) observed that levels of Zn-FN, but not Ca-FN and Mg-FN,
were significantly higher in patients with osteogenesis imperfecta (OI) than in
normal subjects and suggested that levels of Zn-FN may reflect abnormal Zn
metabolism in OI and osteoporosis. Bergomi et al. (2002) found an inverse
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relation with values of Se and Zn, a direct correlation with Cu level, and also no
evidence of an association between levels of Cd, Pb, Cr, Co, Fe, and Al in the
toenails of patients with risk of ALS from the Emilia Romagna region in northern
Italy.

Rogers et al. (1993) presented diverse patterns of nail levels of elements for
various cancer patients, mainly low Fe in larynx and esophageal cancer, enhanced
levels of Fe and Ca in esophageal cancer, and elevated Co in esophageal and oral
cancer patients. They concluded that there may be a difference in mineral intake
or metabolism between individuals who develop carcinomas of the upper aero-
digestive tract and those who do not.

Hepatosplenic subjects had both elevated levels of Cl and I and decreased
levels of Mg, Ca, K, Mn, Cu, and Se in fingernails compared to controls from
rural areas east of Alexandria, Egypt (el-Khatib and el-Mohandes 1992). Com-
pared with matched controls, a statistically significant decrease in the percentage
of Cu, Fe, and Zn and an increase in sulfur (S) and no difference in Al were found
in fingernails of patients with chronic renal failure treated by hemodialysis (Zevin
et al. 1991).

The concentration of Zn-N was significantly lower in female subjects with
CHD and hypertension than that of controls from New Delhi (Sukumar and
Subramanian 1992b). Similarly, the levels of Cr, Fe, and Zn in fingernails of aged
patients with hypertension and CHD were significantly lower than of aged
healthy controls (Tang et al. 2003). An increased Mn level was detected in nails
of patients with epilepsy compared to controls, whereas the concentration of Zn-
N was found to be unchanged (Ilhan et al. 2004).

When levels of bromine (Br), Hg, K, and Zn were determined by INAA in
nails of patients with Alzheimer’s disease (AD) at 6-mon intervals for up to 3 yr,
no change for Br, a decreasing trend for Hg, and an increase for K and Zn with
increasing age of patients were reported. Accordingly, element imbalance was
shown in nails of AD patients (Vance et al. 1990).

Many studies pointed out that nail levels of elements were not significantly
different between certain patients and controls, particularly with Cd-TN and Zn-
TN in prostrate cancer cases from Washington state (Platz et al. 2002), S, Cd, Fe,
Cu, and Zn in fingernails of women with iron deficiency (Djaldetti et al. 1987),
and Cu-TN and Zn-TN in Polynesian men and women in different ranks of
systolic blood pressure (McKenzie et al. 1978).

VII. Element Interaction

Exposure to multielements results in interaction in the human body, which is
noticeable in the form of additive effects of toxic elements (Hg, Cd, As, etc.) and
antagonistic effects of nutritional (Se, Cr, Cu, Zn, Mg, etc.,) elements against
toxic elements. Such interaction is also illustrated in various tissues by comparing
elemental levels between toxic or nutritional elements. Presently, there is a major
thrust to learn the extent nails reveal the interaction of toxic and nutritional
elements in human beings.
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Nowak and Chmielnicka (2000) found an increase of Pb-FN resulted in de-
creased FN levels of Zn and Cu, and also similarly in blood and hair, level of Pb-
FN significantly influenced Zn and Cu levels, which are essential for proper body
function, thus revealing the antagonistic activity of Pb against the essential nu-
trients. In contrast, Vance et al. (1990) reported a decrease of Hg and increase of
K and Zn when levels of K, Br, Zn, Cu, and Hg were determined in the nails of
patients with AD. Thus, a pattern of antagonistic effects has been shown in the
case of elevated nutritional elements (Zn and Se) causing a decrease of Hg
(Vance et al. 1990). Among 10 elements (As, Hg, Pb, Ni, Cd, Mn, Se, Zn, Cu,
and Fe) analyzed, Mn and Ni levels alone were correlated with those of essential
elements (Zn, Cu, and Fe), thereby indicating that Mn and Ni may substitute for
those elements in nails of arsenic victims from an arsenic-affected area of West
Bengal, India (Samanta et al. 2004).

No interaction was found between Se-TN and antioxidant intake from food by
breast cancer patients and controls from Finland (Mannisto et al. 2000), and
between Hg-TN and in antagonistic effect the low- and medium-Se categories
with the risk of CHD (Yoshizawa et al. 2002).

VIII. Element Speciation

The species or state of elements determines their bioavailability for body uptake
and, in turn, affects their levels in nails (Barceloux 1999). Moreover, the different
oxidation states of nail elements are of specific interest, owing to different levels
of toxicity or physiological roles exhibited. At present, a large majority of in-
vestigations have given more emphasis to analyzing nail levels of total inorganic
elements rather than to their speciation. Mandal et al (2003) observed that fin-
gernails and hair samples that were collected from the As-affected area of West
Bengal, India, contained As (III), As (V), monomethylarsenic acid, MMA (V),
and dimethylarsenic acid, DMA (V), with some containing only dimethylarso-
nous acid, DMA (III); they concluded that DMA (III) and DMA (V) content in
fingernails could serve as biomarkers to As exposure.

IX. Influence of Supplements

The validity of element levels in nails as a measure of element intake can be
assessed based on the studies carried out with element supplementation and its
subsequent measure in nails. The mean Se-TN was higher in two groups of U.S.
female consumers of Se supplement than in nonusers, and the dose-response
relationship in two groups was also significant. The concentration of Se-TN was
shown to reflect Se dietary intake (Hunter et al. 1990a). Ovaskainen et al. (1993)
also found that Se-TN concentrations of urban men aged 55-60 yr were the best
predictors of Se intake from supplements. In another study, a reasonable asso-
ciation was observed between I supplementation and levels of I-N in Malawi
children and between high I consumption and levels of I-N in Utah men
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(Spate et al. 1995). So far, the supplementation of Se and I and nail levels have
been interrelated, but for other elements further studies are required.

In a 1-yr trial studying the effect of high- selenium bread on Se concentrations
in blood and toenails, Longnecker et al. (1993) found Se-TN concentration was
unaffected by dietary intake the previous 3 mon and appeared to provide a time-
integrated measure of intake over a period of 26-52 wk. Ultimately, they found
that use of Se concentration in toenail clippings might be an alternative to blood
level when a measure of long-term average intake was desired. The absence of
short-term effect of diet on Se-TN concentration also makes nails a useful bio-
marker of intake in retrospective studies.

X. Correlation of Element Levels

Estimation of multielements at a given time in the nails is one of the best-known
advantages of regarding it as an indicator of element status. Because multiele-
ments have different biological implications, many investigations have presented
the relative levels of varied elements. Among various elements analyzed, a sig-
nificant correlation was observed between levels of Co and tungsten (W) in
toenails of subjects occupationally exposed to hard metal dust (Sabbioni et al.
1994), Cd, Cu, Pb, and Zn in toenails of children 3-7 yr of age living in an
industrialized area and in a rural area of Germany (Wilhelm et al. 1991), Al and
vanadium (V) in the toenails of a population from New Guinea (Masironi et al.
1976), and Ca and P in the fingernails of elderly Japanese women (Karita and
Takano 1994). Such studies reporting positive correlations between elements are
meager; the number of elements between which significant correlation found is
also extremely rare.

XI. Relative Element Levels in Nails and Other Samples

Comparison of nail levels of elements is made with that of other tissues such as
hair, blood, plasma, urine, and teeth collected from the same subjects. Because
elements are either nutritional or toxic, they are involved in metabolic activities
and are accumulated in various tissues at different concentrations. With this
perspective, the relative levels of elements in nails and other tissues or samples are
indicative of physiological changes, body storage of elements, the proportionate
levels of elements in nails and other tissues, the key tissue as the best indicator or
biomarker of a particular element, implication of health status, and status and
duration of exposure.

The primary consideration in employing nails for monitoring of elements is not
how easily the samples can be collected nor even how accurately trace elements
can be determined in nails, but rather what does the content indicate, i.e., to what
extent does the measured level reflect the concentration and activity of elements in
other parts of the body (Hopps 1977). Table 2 indicates the various reports of
relative levels of elements in nails and other samples, and such levels are discussed
differently.
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A. Fingernails vs. Toenails

When fingernails and toenails are compared for elemental levels, three trends are
observed. First, similar patterns have been noticed for levels of Se in Hungarians
(Alfthan et al. 1992; Bogye et al. 1993). Another study indicates that Cd is higher
in toenails than in fingernails (Zhang et al. 2001). Other reports indicate that Ni is
higher in fingernails than in toenails (Gammelgaard and Veien 1990). The higher
levels of inorganic and total Hg (IHg and THg) found in fingernails than in
toenails are ascribed to the possibility of external contamination with IHg in
fingernails (Suzuki et al. 1989). This comparison explains that there is likelihood
of contamination of nails from environmental sources of Hg and Ni, which may
be more obvious in fingernails than in toenails because chances for contact and
other means of external contamination are greater for fingernails than for toenails.
Hence, toenails are preferable to fingernails in element analysis when there is
likelihood of external incorporation of elements. In the case of nutritional ele-
ments, fingernails in patients with CF contained higher Cu than did the toenails.
Hence, for assessment of essential elements when contamination is not likely,
fingernails are most suitable (van Stekelenburg et al. 1975).

B. Nails vs. Hair

Comparison of elemental levels between nails and hair shows the following six
types of relationship:

1. No correlation existed between them for levels of Ni (Gammelgaard and
Veien 1990).

2. A positive correlation was obtained between them for levels of F (Czarnowski
and Krechniak 1990).

3. Similarity has been reported in toenail and scalp hair levels of Cd and Pb in
children of exposed fathers (Wilhelm et al. 1994).

4. When compared to hair levels, fingernail levels are at high profile mainly for
Se, Hg, Cr, Fe, Zn, Co, Cu, Br, As, Sb, Na, and Sc (Oluwole et al. 1990),
for Al, CI, I, Mg, Ca, K, Cu, and Se (el-Khatib and el-Mohandes 1992), and
for Cr, Cs, Fe, Sb, and Sc (Kasperek et al. 1982).

5. Lower levels of total Hg were found in nails than in scalp hair (Suzuki et al.
1989).

6. Mixed trends, i.e., both positive and negative correlations (Rodushkin and
Axelsson 2000b), similar status in toenails and scalp hair and higher levels in
toenails than in scalp hair (Wilhelm et al. 1991) have been reported. High
levels of elements observed in nails may indicate two possibilities; (1) the nail
sample may be the best indicator showing maximum levels due to high
bioaccumulation or (2) high levels may be due to external contamination.

A correlation has been observed for 17 elements between hair and nails, and
with few exceptions, concentrations of nonessential trace elements (Ag, As, Au,
Hg, and Sb) are positively correlated in hair and nails, whereas concentrations of
essential elements (Br, Ca, Co, Cr, Na, and Se) show no correlation (Vance et al.
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1988). Overall, it could be recommended that nails are as good as hair and even
better in specific cases.

C. Nails vs. Urine

Three patterns of element concentrations can be derived from studies describing
the comparison of element levels between nails and urine.

1.
2.

No correlation for the levels of Cr (Madzhunov et al. 1993).

Significant correlations for As (Karagas et al. 2001) and F (Czarnowski and
Krechniak 1990) are two contradicting results revealing that correlation is
significant for nonessential elements such as As and F, which are at excess
level, but not for an essential element such Cr, which is deficient.

Same status has been observed between nails and urine for the levels of Ta and
W (Sabbioni et al. 1994) and As (Lin et al. 1978; Narang et al. 1987; Basu
et al. 2002).

D. Nails vs. Blood

. No correlation is observed between levels of Al, Fe, and Zn in fingernails and

serum (Zevin et al. 1991), Fe in fingernail and serum (Djaldetti et al. 1987),
and Ni in nails and plasma (Gammelgaard and Veien 1990).

Similar levels of Cu in fingernails and serum (Zevin et al. 1991), Se in toenails
and blood (Longnecker et al. 1991), Pb in nails and blood (Mortada et al.
2001), Se in toenails and serum (Bogye et al. 1993), and As in nails and serum
(Narang et al. 1987) are reported.

E. Nails vs. Multiple Tissues

In comparison between the nails and more than one other tissues, four patterns

were observed.

1.

No correlation for the levels of Fe in fingernails, serum, and hemoglobin
(Djaldetti et al. 1987) and for the levels of Ni in nails, hair, and plasma
(Gammelgaard and Veien 1990).

A positive correlation for the levels of F in nails, urine, and hair (Czarnowski
and Krechniak 1990) and for levels of Pb in nails, hair, liver, and kidney of
deceased lead smelter workers (Gerhardsson et al. 1995).

. Similar levels of Hg in fingernails, toenails, and hair (Ritchie et al. 2002), As

in fingernails, urine, and hair (Lin et al. 1978), As in nails, blood, and urine
(Basu et al. 2002) and in nails, hair, urine, and serum (Narang et al. 1987), and
Se in fingernails, toenails, and serum (Bogye et al. 1993) were seen.
Pb-N concentrations were higher than in soft tissues (muscle, heart, aorta,
spleen, lung, and prostrate) but lower than in bone Pb (Barry 1975).

Negative as well as positive correlations obtained between elemental levels of

nails and other samples are few. In comparing fingernails with toenails, the higher
element levels of environmental sources observed in fingernails than in toenails is
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attributed to contamination because the fingernails have more chances of contact
than toenails. In the case of deficient nutritional elements (Fe), the correlation
between nails and blood is negative, indicating a reduced relationship of the body
store and the observed element level. When excess levels of nonessential ele-
ments are compared between nails and other samples, the correlation is signifi-
cant or the levels are similar in all samples, and thus the utility of nails as a
biomarker is as good as that of other tissues such as hair, urine, and blood.

XII. Conclusions

Nails can accumulate not only toxic metals (Pb, Cd, Hg, As, etc.) but also
essential elements such as Zn, Cr, Fe, Ni, Co, Cu, Mn, Ca, Na, and K (Nowak
and Chmielnicka 2000). When nail levels of elements are compared between
controls and subjects of environmentally exposed groups, a positive correlation is
obtained for Pb in traffic policemen (Mortada et al. 2001), Hg, Cd, Pb, Sb, and Bi
in urban population from Sweden (Rodushkin and Axelsson 2000b), Hg-FN in
urban residents from the province of Rome (Pallotti et al. 1979), and Se-FN in
Se-endemic rural residents of Punjab, India (Hira et al. 2004).

Levels of As, Pb, F, and Hg are compared in the nails of exposed subjects and
sources such as food (Chandra Sekhar et al. 2003), water (Hinwood et al. 2003;
Karagas et al. 2000; Bu-Olayan et al. 1996), and soil (Swanson et al. 1990), and
possible routes from these sources have been found for bioaccumulation in hu-
man subjects.

Similarly, in comparison to controls, nails of workers showed increased pro-
files for Sb, F, Cr, Zn, Cu, Cd, Hg, As, and Pb (Katayama and Ishida 1987;
Czarnowski and Krechniak 1990; Madzhunov et al. 1993; Majumdar et al. 1999;
Ritchie et al. 2002; Agahian et al. 1990). Nail levels of elements were related
significantly to the exposure period and health risk of workers (Feldman et al.
1979; Tsolova et al. 1995; Mortada et al. 2001). Use of nails in biomonitoring of
environmental and occupational exposure of elements has been well documented
as either toxic or nutritional elements are found above normal levels.

The outcome of health risk assessment as a consequence of exposure to ele-
ments in different patients and controls has revealed either significant or incon-
clusive results. When results are positively related between controls and patients,
Hartman et al. (2002) reported a protective association for high Se among men,
and thus low Se-TN may be related to increased risk of lung cancer. As a negative
relationship is observed in certain prospective studies, interpretation varies de-
pending upon the causal factors. Nail levels of elements do not indicate disease
because the result of investigation is negative (Mannisto et al. 2000; Kardinaal
et al. 1997).

In other studies, a diverse pattern of nail levels has been presented for various
cancer (Rogers et al. 1993) and ALS patients (Bergomi et al. 2002). Such results
in many studies may have various causes. In spite of significant findings that
Cu and Zn levels were higher in children with CF than controls, nails could not
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be used routinely because of the large fluctuations produced by weight of nails,
the sensitivity of the resonance line, and variation in these element concentrations
on the nail surface (Escobar et al. 1980). Each clipping of nails indicates several
weeks of growth and hence nails from controls and patients differ in the time
between formation and clipping (Hinwood et al. 2003).

Matching the control to each case on age, sex, smoking status, date of nail
collection, and other factors is an imperative criterion for finding association
between nail levels of elements and risk of illness. When Yoshizawa et al. (2003)
matched control to CHD cases on various factors, Se-TN levels were not asso-
ciated with the risk of CHD but were inversely associated with risk of nonfatal
myocardial infarction. Thus, it is understood that proper interpretation of data
with use of various factors is one of most important approaches of nail analysis.

In utilizing toenails as a biomarker to assess exposure in epidemiological
studies on cancer and other chronic diseases, random within-person variability
in exposure leads to attenuation of association between exposure and disease
(Garland et al. 1994). In such case, reevaluation of the individual sample is
essential for an extended period. If such an individual sample has reproducibility
for subsequent analysis, the toenail concentrations of certain trace elements are a
useful biomarker of exposure in which a single sample is assumed to represent
long-term exposure.

Due to physiological roles of elements, two classes of abnormalities associated
with their levels are (i) a specific deficiency of elements arising from inade-
quacies or imbalance and (ii) a conditional deficiency resulting from accumula-
tion of innate or toxic elements from environmental exposure, which can displace
essential minerals from their metabolically active site and cause them to act di-
rectly as a cellular toxin. The various reports using nails for assessing the specific
deficiency of elements provide both positive and negative views.

The measurement of Zn-TN in a New Zealand population (McKenzie 1979)
and Fe-FN in Fe-deficient patients (Djaldetti et al. 1987) did not reflect their
specific deficiency. However, Bogye et al. (1993) reported that Se deficiency
could be verified with the use of Se-TN and Se-FN. Kok et al. (1989) reported
that Se-TN levels reflected a low Se level that was present before AMI and might
be of etiologic relevance. Further, Sobolewski et al. (1978) demonstrated that the
Fe status of healthy laboratory staff and Fe-deficient subjects before and after Fe
therapy and postmortem cases was reflected by the amount of Fe present in their
nail samples. Hence, they proposed that nails were an economical and nonin-
vasive tool for assessing element status of individuals.

Chronic deficiency of Zn and Cu was reported owing to interaction of Pb,
which was evident from fingernail levels of high Pb and low Zn and Cu (Nowak
and Chmielnicka 2000). Thus, an increase of Pb caused decrease of essential
elements (Zn and Cu). Similarly, Vance et al. (1990) reported that high levels of
an essential element (Zn) decreased Hg level, which was observed from their
levels in nails; however, interaction was not found between nail levels of Se and
Hg by Mannisto et al. (2000) and Yoshizawa et al. (2002). At the same time,
studies relating to deficiency or baseline levels of various essential elements
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(I, Zn, Cu, Cr, Se, Mn, Fe, Mo, F, etc.) are not available, so that determining
deficiencies of subjects may be very difficult.

When levels of elements are compared between nails and other samples of the
same subjects, the following aspects of relationship are expected to obtain: (a) the
key sample indicating the highest level of any specific element, and (b) the order
of relationship.

In view of the chemical properties of elements with their metabolic roles and
the biological characteristics of tissues, normally it has been observed that,
similar to hair, nails can accumulate Hg and As because both have keratin and are
rich in sulfur content. The majority of studies have found that Hg and As are
accumulated at levels pinpointing exposure. Karpas (2001) has suggested that
with the advent of efficient and sensitive methods, use of nails for determinations
of uranium (U) can avoid the drawbacks of urine analyses, which may be mis-
leading if urine samples are not collected within a relatively short time after
exposure or if the samples are not representative due to collection logistics.

It would be exceptionally difficult to derive the order of relationship in various
element levels between nails and other samples because of the heterogeneous
nature of elements and samples. Even then, based on the comparison made, there
are attempts at a certain level to show that nails are comparable to hair, to some
extent to blood and teeth, and possibly to urine. The fact that there are statistically
significant relationships between hair and nail concentration with many toxic
elements argues for the use of nails along with hair for exposure assessment
(Rodushkin and Axelssson 2000b). The available literature is exceedingly meager
for relative assessment of nail levels of elements with that of other samples such
as milk, saliva, tears, sweat, exhaled air, biliary and fecal materials, and soft
tissues from biopsy and autopsy.

In a number of research fields, nail levels of elements have been measured
with other relevant parameters to make further use of them for multiple benefits.
Longnecker et al. (1996) proposed formulas to estimate the intake of individuals,
based on Se levels in a single specimen of toenail of an adult living in south
Dakota and Wyoming and multiple iodine duplicate plate food composites and
found that the concentration of a single toenail specimen could provide a rough
estimate of intake of an element for each subject. In another study, Vecht-Hart
et al. (1995) concluded that Ca and Mg measurement in toenails of women from
Utrecht, the Netherlands, by INAA could not be used for screening purposes in
the prevention of osteoporosis because the correlations between Ca and Mg
measurement and bone mineral densities were very low.

Summary

Human nails are extensively employed for monitoring exposure to excessive
levels of elements. Nails can be studied easily and economically in subjects of
residential areas and industrial workers and patients, and sometimes may indicate
that high concentrations of elements are related to various illnesses. Deficiency of
certain elements (Se and Fe) can also be determined with use of nails of subjects
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with specific or unknown deficiencies. Although nails are different from other
biological samples in bioaccumulation, physiological activities may be partially
due to chemical properties of the elements. Comparison of multielements be-
tween nails and other samples is relevant and found significant, because of the
status of chronic exposure to high levels of elements. However, comparison of
multielements between nails and other samples results in inconsistencies when
exposure to elements is acute or unpredictable, or the subject is deficient in the
elements being measured. Studies associated with elemental speciation, supple-
mentation, interaction, and deficiency of essential elements (Zn, Cu, Mn, Mo,
etc.), although rarely available, may enhance the growing use of nails. In many
other research fields nail levels of elements and other associated factors or pa-
rameters are being investigated for further expansion of their application.
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