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EDITORIAL

Needed: a speedier time
to publication

I received my first letter welcoming me as the new
editor of ES&T about four weeks before my term be
gan. Perhaps it was fitting that the letter was primarily
a complaint over the delay in the publication of a manu
script. No other aspect of author-editor relationships
seems to raise more emotions than this one, except
perhaps the decision of an editor to reject a manuscript.
I expect there will be more letters on this subject in the
coming months.

My reply to the author was that we will take very
seriously his complaint. Having served as a member of
the Editorial Advisory Board for several years, I am
aware of the problems that ES&T has had in reducing
the publication time of research articles. In fact, the
original contact I had with the journal years ago in
volved this issue. A major goal during my five-year
term as editor will be to reduce the review and publica
tion time to a period that is competitive with all major
journals in our field. We have not yet set a specific
target or timetable for reaching my goal, but we do
know that some significant reductions must be
achieved.

During the past few years former editors have given
considerable attention to this problem. For papers pub
lished in 1987, the average time from receipt of a man
uscript to publication was 49 weeks. Since the produc
tion stage on the average required only 14 weeks, the
largest portion of that time was spent reviewing and
revising the paper. With this in mind we will focus our
efforts on reducing the time from receipt to acceptance.
In 1978 we began using electronic mail between the
editors and the Washington staff, and this resulted in
some time savings. We are now evaluating our system
to determine other operations that can be streamlined.
We are aware of the hurdles ahead, and we know that
the desired improvements will not occur overnight. In
addition, other unforeseen delays may occur because
the ES&T office handles three other American Chemi
cal Society journals and must strike a balance between
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each journals' priorities. However, it is most important
that we decrease the time from receipt to publication
and strive for the minimum period that is humanly
possible given our editorial budget.

My colleagues at the journal tell me that authors and
reviewers are responsible for some of the delay in the
publication of articles. All who publish and review are
aware that this is the case. ES&Thas established sound
procedures, I believe, for expediting the review pro
cess, including sending a red bag to facilitate return of
reviews. Nonetheless, there are still reviewers who
hold a manuscript well past the deadline and, in some
cases, return it without a review. There are also several
authors who hold a manuscript after review for several
weeks or months. These are extreme cases, but they
serve to skew the time to publication distribution. In
the case of the manuscript that was the subject of my
first letter of complaint, it apears that the unacceptably
long delay was caused by a combination of factors,
including some staff delays. The latter were caused in
part by some staffing problems that have now been
rectified.

The time to publication is one criterion of a good
scientific journal. In the environmental field it is partic
ularly significant because most of our scientific work
has a direct impact on public understanding. The asso
ciateeditors, the Washington, D.C., editorial staff, and
I are committed to improving the editorial process and
the time to publication. We ask that authors and review
ers cooperate with us in achieving this goal.
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GUEST EDITORIAL

On reviewing
environmental models

Since the turn of the century scientific progress has
gone hand-in-hand with the evolution of a subtle and
effective review system in which reports of original
work are subjected to anonymous criticism by peer
reviewers prior to publication. This system, as fol
lowed by Environmental Science & Technology and
steered by its editorial staff, is fair, vigilant, and suc
cessful. It depends heavily on the goodwill of reviewers
who voluntarily devote time to the process for the col
lective benefit of the entire environmental science com
munity.

Most research reports can be judged by a thorough
reading-looking for appropriate techniques and rea
sonable results-and a check of the mathematics and
statistics. However, environmental science and man
agement rely increasingly on complex models to de
scribe, for example, the complex behavior of chemicals
in a multimedia environment, routes to human expo
sure, spill damages, atmospheric dispersion in complex
terrain, or extensive ionic equilibria. The intellectual
contribution is often the selection and assembly of
equations and parameter values of a lengthy computer
program. Few reviewers are likely to check the coding
line by line to detect mistakes. Normally all that can be
accomplished is a cursory check of reasonableness and
a comment on the assumptions used. How can we en
sure that such models are valid, free from mistakes,
and thus reliable tools in the hands of scientists and
managers?

Perhaps there are two ways. Agencies that fund the
development of models should also accept the obliga
tion to fund thorough, impartial, time-consuming, and
thus expensive peer reviews. Such reviews require al
location of time and money-more than even the per
suasive ES& T reviewing staff can hope to achieve.

Second, agencies and professional societies could
sponsor "round robins" (so deservedly popular in ana
lytical chemistry) in which the same modeling task is
addressed by independent groups who can then come
together to compare and criticize approaches and

116 Environ. Sci. TechnoL, VoL 22, No.2, 1988

results in detail. Recently the International Joint Com
mission sponsored an event of this type, in which three
groups (from Manhattan College, Limno-Tech Inc. of
Ann Arbor, and the University of Toronto) compiled
rival models of PCB behavior in Lake Ontario over the
period 1940-2000. The models were then compared
and criticized during a two-day intensive session. For
tunately they gave similar results despite quite substan
tial differences in approach. No doubt the better fea
tures of each model will become incorporated into the
others. More confidence is established that the models
are faithfully describing the same environmental real
ity. Mistakes should be exposed and eliminated. A free
market is encouraged in which the best models will
evolve and flourish. The science of describing complex
environmental phenonema is advanced.

Complex, computer-based models can play an im
portant role in environmental science, but we cannot
expect the existing review system to give them the
scrutiny they need and deserve. Those who fund, de
velop, and ultimately use models must be willing to
seek, encourage, and sponsor novel peer reviewing ap
proaches to ensure the scientific rigor of the published
word, which is at the core of scientific progress.

Don Mackay is a professor ofchemical
engilleerillg alld applied chemistry ar the
Ulliversity of Toromo. His research
interests illclude the ellvirolll1lemal fare
and trallsport of toxic substances with a
special emphasis 011 modeling. the
volarization oforganic compounds from
water, and the measurement afphysical
and chemical properties. He has been a
member of the ES& T Editorial Advisory
Board since 1984.
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CURRENTS

INTERNATIONAL

The People's Republic of China has
drafted its first water law to
tighten control over its water re
sources. Qian Zhengying, China's
Minister of Water Resources and
Electric Power, says this law is "ex
tremely urgent." Qian notes that
although China's water resources are
estimated at 2.8 trillion m3, the
amount of water available per capita
is much lower than the world aver
age. Moreover, water resources are
distributed unevenly, with the result
that some areas are frequently
plagued by water shortages. Wide
spread water pollution and overex
ploitation of groundwater are other
serious problems in China, Qian
says. Qian expresses the hope that
the new law will build up "a compre
hensive management system of water
resources and help guard against
disasters." Several agencies of the
Chinese government will host the
Watertech China '88 Exposition and
Congress to be held in Beijing
June 3-8, 1988.

FEDERAL

The hazardous waste exemption
currently aUowed for municipal
incinerator ash may be extended to
include ash from commercial waste
incinerators. Moreover, commercial
waste burned in a municipal incinera
tor would qualify for the "household
exclusion" under the Resource Con
servation and Recovery Act
(RCRA), regardless of how toxic the
ash may be after incineration. Cur
rently, ash from commercial waste is
not exempt under the household
exclusion. If commercial ash con
tains hazardous materials and is
mixed with household waste, how
ever, all the ash loses the household
exemption and is treated as hazard
ous waste. EPA has the authority to'
broaden the household exemption
under Subtitle C of RCRA.

Sens. Bob Kasten (R-Wis.) and
Daniel Inouye (D-Hawaii) want to
reduce U.S. funding of the Inter
American Development Bank (lOB)
by as much as 80% for fiscal year

Inouye: Cut violators' funds

1988. If their proposal becomes law,
funding would drop from $258 mil
lion for the fiscal year to $50 million.
Kasten and Inouye object to "the
bank's inability to enforce contracts
that send tax-supported funds to
programs which destroy key environ
mental resources." Kasten voiced
special concern about a road-building
project in Acre, Brazil. He noted that·
IDB had promised in August to sus
pend funding for the project because
of environmental abuses but did not
do so. The senators' legislation also
provides for "conservation ease
ments," which require that conserva
tion be a component of any resched
uling of debt owed by developing
nations.

The U.S. Supreme Court ruled
Dec. 1 that citizens may not sue'
under the Clean Water Act for
alleged violations that took place
entirely in the past. A suit, rather,
must be brought against a defendant
alleged to be committing continuous
or intermittent violations, according
to the decision written for the court
by Justice Thurgood Marshall. He
wrote that the "most natural reading
of the citizen suit provision [of the
Clean Water Act] is in the present
tense," thereby applying a strict
interpretation of Section 505 of the
act. The unanimous decision resolved
the case of Gwaltney of Smithfield
Ltd. vs. Chesapeake Bay Foundation
Inc. The meat-packing company had
been fined $1. 3 million even though

its violations had ceased by the time
environmental advocacy groups
brought suit.

EPA has provided guidelines to
show how parties that made de
minimis contributions to Superfund
sites can settle their share of liability
and cleanup costs (Fed. Regist. 1987,
52,43393). De minimis contributors
may be assessed on the basis of fac
tors such as amount and toxicity of
their wastes. After they have settled
and paid, they are exempt from suits
for response costs by the United
States and by other potentially re
sponsible parties. The United States
may, however, sue for costs associ
ated with damage to natural re
sources if it turns out that the de
minimis contributor deposited more
waste to the site than was originally
thought, if cleanup costs exceed the
expected maximum, or if response
action at a site fails to protect public
health.

EPA may propose a tighter long
term ozone standard to reduce
damage to crops and forests. The
agency is considering a standard of
0.04-0.06 ppm based on a three
month average of the eight hours of a
day that have the highest ozone lev
els. This secondary standard would.
be in addition to the current
0.12-ppm one-hour standard now in
force, which is designed to protect
human health. Although the new
standard would apply to rural areas,
controls likely would be imposed on
urban areas, which are the suspected
source of ozone and its precursors.
Because of uncertainties in evaluating
long-term ozone concentration data,
however, a standard probably would
not be promulgated until at least
1990, according to an EPA spokes
man.

Because of budget restrictions,
EPA is discontinuing a program of

. measuring the accumulation of toxic
substances in body fat. Scientists
regard these measurements as a prin
cipal means of measuring human
exposure to toxic substances. The
program, known as the National
Human Adipose Tissue Survey, re
portedly costs less than $2 million a
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year. The survey has shown, for
example, that almost every American
has polychlorinated biphenyls (PCBs)
in his or her body fat-a finding that
led to the ban on the production of
PCBs in 1977. The survey also has
shown that PCB levels in body fat
have decreased markedly since the
ban was imposed. Budget restrictions
likely will force EPA to drop or delay
its project for measuring the accumu
lation of the toxic substances in hu
man blood that do not tend to accu
mulate in fatty tissue.

STATES

The legal doctrine of sovereign
immunity does not protect a state
against claims for cleaning up haz
ardous-waste contamination for
which it is responsible, according to
a decision by the 3rd U.S. Circuit
Court of Appeals. The court found
that Congress has stipulated in the
Superfund Amendments and
Reauthorization Act (SARA) of 1986
that a state or local government will
be subject to all provisions of SARA,
including liability provisions. The
court also found that this stipulation
in SARA satisfies the requirement of
the II th Amendment to the Constitu
tion that Congress must use specific
language abrogating a state's sover
eign immunity. The case in point
arose from a spill that occurred in
1980 when employees of the Com
monwealth of Pennsylvania struck a
large coal tar deposit. The state and
EPA cleaned up the spill under Su
perfund and then sued a company for
allegedly depositing the tar. The
company brought the state into the
suit.

Air pollution officials and senators
from several northeastern states
blasted EPA for giving many metro
politan areas additional time (beyond
Dec. 31, 1987) to comply with fed
eral standards for ozone and carbon
monoxide. Sen. Robert Stafford (D
Vt.) said the agency's move is "not
only undesirable, it's illegal." Sen.
Daniel Patrick Moynihan added that
even if the action were desirable, it
would require congressional ap
proval. They and other members of
Congress and public officials believe
EPA had no legal authority to take its
Nov. 17 action. They also fear that
taking pressure off nearly 70 metro
politan areas to meet air cleanup
deadlines may take away or reduce
Congress's incentive to enact Clean
Air Act amendments expeditiously.

Maryland's Department of the
Environment will take no legal
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action against persons who are mak
ing a good-faith effort to comply
with new reporting provisions of
Superfund that concern gasoline and
other "extremely hazardous sub
stances." Owners and operators of
sites at which these substances are
present in excess of a "threshold
planning quantity" should have
turned in reports by May 17. Failure
to report can result in heavy fines
and even prison terms. The reports
are required by the Emergency Plan
ning and Community Right-to-Know
provisions of the 1986 Superfund
amendments. Reports must be made
in writing to the SARA State Re
sponse Commission, Department of
the Environment, 201 W. Preston
St., Baltimore, Md. 21201.

AWARDS

The $100,000 Vetlesen Prize for
1987 has been awarded to Wallace
Broecker of Columbia University's
Lamont-Doherty Geological Observ
atory and Harmon Craig of the
Scripps Institution of Oceanography.
The two scientists will share the
prize in recognition of the "achieve
ment in the sciences resulting in a
clearer understanding of the Earth,
its history, or its relation to the uni
verse." More specifically, Broecker
was recognized for his work that
heightened interest in the "green
house effect"-the global warming
believed to be caused by the burning
of fossil fuels and the resulting in
crease in atmospheric carbon dioxide
levels. Craig was cited for showing
that levels of methane-another
"greenhouse gas"-have doubled
over the past 300 years. The last
Vetlesen Prize was awarded in 1981.

SCIENCE

A comprehensive computer model
should provide a means of simulat
ing acid rain-creating processes in
the atmosphere, says Kenneth De
merjian of the State University of
New York at Albany (SUNY). Be
cause of the intricacy of the model, it
must be run on a Cray X-Mp, one of
the most powerful scientific com
puters. Demerjian believes that once
the model is operational, it should
demonstrate the relationship between
sulfur emissions in one area, for
example, and the amount of acid
deposition in another area. This
study, called the Acid Deposition
Modeling Project, is being conducted
at SUNY's Atmospheric Sciences
Research Center and is being funded
at more than $1 million a year by
EPA.

Computer simulations suggest that
the reduction of power plant NOx
actually might increase ozone levels
in the Los Angeles basin, whereas
reduction in ROG reactive hydrocar
bon emissions would decrease ozone
levels. For St. Louis, the simulation
indicates that a 90% reduction in
NO, emissions would bring about
almost no change in ozone levels. In
rural areas, reduction in NO, would
decrease ozone formation in a plume
migrating from urban areas but
would have a negligible effect on
total tropospheric ozone. The com
puter simulations were carried out by
the Electric Power Research Institute
(Palo Alto, Calif.) using the plume
airshed reactive interacting system
(PARIS) model.

TECHNOLOGY

Electrotechnologies may offer
promising approaches to wastewa
ter treatment, according to the Elec
tric Power Research Institute (EPRI).
Among the technologies cited are
pyrolysis, including plasmas and
infrared heaters; electrochemical
methods, including electrodialysis;
freeze concentration; and supercriti
cal-fluid oxidation. Other electrical
methods entail ion exchange, reverse
osmosis, and ultrafiltration. Although
the costs of using electricity for these
methods currently is relatively high,
they could become lower as other
energy costs and the costs of other
wastewater disposal methods in
crease. Moreover, electrotechnolo
gies may have applications in re
source recovery, according to EPR\.

Microbes that "eat" agricultural
pesticides may provide ideas for
the degradation of toxic substances
such as polychlorinated biphenyls
(PCBs) and hazardous waste, says
Jim Mueller, a doctoral candidate at
Clemson University. The organisms
under study feed on the organic her
bicides used to control weeds in
corn, peanut, and soybean fields.
The microbes attack the chemicals
and reduce their potency as weed
killers. Mueller hopes to isolate the
gene that controls the organisms'
appetite for herbicides. He then
wants to find a genetic engineering
technique that curbs the microbes'
appetite for herbicides but makes
them "hungry" for substances such
as PCBs and other hazardous wastes
instead.

An anaerobic reactor for treating
high-strength wastewaters and
producing methane fuel has been
introduced by Zimpro/Passavant



Gas-

Source: ZimprOlPassavant

(Rothschild, Wis.). Zimpro spokes
man Jim Force explains that the
combination of suspended and fixed
zones in one treatment tank controls
the loss of biomass-a problem that
bedevils many other anaerobic pro
cesses. Moreover, the technique elimi·
nates plugging of the filter media by
solids, he says. Force notes that the
process, called MULTI-ZONE, uses
less than 25 % of the electricity
needed for aerobic treatment of the
same wastewater and that the organic
pollutant load can be reduced by
more than 90%. He says that in one
installation, enough methane fuel will
be generated to pay back capital costs
in 41 months. Force adds that the
process has proven effective in clean
ing up landfill leachates.

Smog-induced crop losses can be
reduced by treatiJIg the susceptible
crop with sodium erythorbate, say
spokesmen for Pfizer (New York).
The chemical is the basis of a water
soluble antioxidant formula that is
recognized as safe, according to
company officials. The antioxidant,
to be marketed as Ozoban, has been
shown to protect seedless grapes in
California, a state in which smog
caused crop losses normally exceed
$300 million annually. Tests on the
grapes near Arvin and Reedley, Ca
lif., began in 1984, and effective
chemical concentrations and spraying
schedules were determined by 1986.
Further demonstrations were begun
last year, with resulting crop savings
expected to show up this year, say
Pfizer spokesmen.

Insect pests could be killed with a
"dessert" made of cornstarch laced
with microbes or small amounts of
chemical insecticide, says Richard
Dunkle of the U.S. Agricultural
Research Service (Manhattan, Kan.).
Dunkle tested a mixture of corn-

Anaerobic reactor

Filter
zone

Recirculation
piping

starch, cucurbitacin (derived from
plants in the cucumber family), and
the insecticide carbaryl on the corn
rootworm. The insects gorged on the
meal, thereby ingesting fatal amounts
of carbaryl, and were dead within 20
minutes. Another approach is to
inject Bacillus thuringiensis (B.t.)
into portions of the corn plant on
which corn borers feed. Dunkle says
that borer larvae eating the plant or
moist starch injected with B.t. died
within a week. The general technique
is to use gelatinized starch with the
pesticide or microbe trapped inside.
The mix is air-dried and it crumbles,
making an inviting meal for the tar
get insect.

BUSINESS

Drinking-water utilities in the
United States will spend an addi
tional $10 billion a year to comply
with requirements of the Safe Drink
ing Water Act amendments of 1986.
For a system serving 10,000 persons,
this could be translated to $100 more
each year per household. Current
average water bills nationwide are
estimated at $125 a year. Require
ments for the removal of volatile
organic compounds could cost 50
cents per 1000 gal. Additional disin
fection might cost 10 cents per 1000
gal more, and if granular activated
carbon must be used, costs rise by
yet another 40 cents per 1000 gal.
These additional costs pertain to
groundwater. If a water utility is
treating surface water, proper filtra
tion alone could cost 90 cents per
1000 gal. These figures represent
estimates by the American Water
Works Association (Denver, Colo.).

The Great Plains Coal Gasification
Project (Beulah, N.D.) remains in
existence despite the default on a
$1.54 billion government-guaranteed

loan by the project's initiators, Great
Plains Gasification Associates
(GPGA). GPGA is a consortium of
five energy companies. The project is
the first in the United States to pro
duce clean substitute natural gas from
coal on a commercial scale; it uses
low-sulfur coal mined in North Da
kota. During 1987 the plant produced
137.1 million-149.8 million ft3 of
gas per day, often in excess of its
design capacity of 137.5 million ft3
per day. The project has been taking
in an average of nearly $4 million a
month over expenses. The facility,
currently managed by ANG Coal
Gasification Co., sells gas at $3.82
per million Btu to buyers that are
required to purchase the gas under a
federal court decision. The average
wellhead price of natural gas was
$1.81 per million Btu as of early
December, 1987.

One of the major problems ham
pering hazardous-waste manage
ment is a shortage of qualified
personnel, according to Paul Busch,
president of the American Academy
of Environmental Engineers (Annap
olis, Md.). He estimates that the total
number of qualified graduates with
bachelor's and advanced degrees
probably will meet 5-10% of the
total need during the next five years,
and even less than that over the fol
lowing five years. Busch suggests
that educational institutions aim their
curricula at helping graduates evolve
into "leading problem solvers." He
also recommends that employers of
environmental engineers provide
additional "on-the-job education and
realize that education is a life-long
process."

By 1995, revenues of hazardous
waste management companies
could reach $10 billion annually;
revenues for 1986 are estimated at
$2 billion-$2.3 billion, according to
Lee Fox and Fred Iannazzi of Arthur
D. Little (Cambridge, Mass.). They
expect that American industry will
spend increasing sums on profes
sional management of its hazardous
wastes off-site. Industry's principal
motivation will be that the disposal of
untreated hazardous waste, even on
site, carries a long-term legal and
financial liability. Fox and Iannazzi
expect landfill company revenues to
grow 20% a year, and incinerator
operators' earnings to increase 30%
annually. The two consultants fore
cast that companies engaged in aque
ous treatment of wastes, including
deep-well injection, will see their
revenues rise from $575 million in .
1986 to $2.6 billion in 1995.
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Observations of wildlife populations
and their state of health have played a
key role in identifying situations in
which chemical contaminants have
reached unacceptable concentrations in
the environment. The reproductive fail
ure of several species-ineluding the
peregrine falcon (Falco peregrinus) ,
the double crested cormorant (Phalo
crocorax auritus), the brown pelican
(Pelicanus occidentalis), and the osprey
(Pandion haliaetus)-has been attrib
uted to organocWorine contamination
(1-6). Other examples have been cited
by Kendall in his review of wildlife tox
icology (7), and by Wren in a discus
sion of mammals as monitors of metal
contamination (8). As the mine canary
can warn of the presence of a poisonous
gas in a coal mine, wildlife' populations
can act as sentinels for excessive chem
ical contamination.

This blunt and often tragic exploita
tion of wildlife as a sentinel is, to be
sure, an extreme example of the more
subtle and far-reaching issue of the ex
tent to which wildlife tissues can be
used to indicate general levels of envi
ronmental contamination and provide
guidance to the scientific and regula
tory communities about the state of the
environment. There are two quite sepa-
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FIGURE 1
Equilibrium distribution of a hypothetical compound"
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T·298K

Air
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·The compound is distributed between various media in the Lake Onlario region.
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Molecular weight • 350 glmol
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C = 5 X 10-5 mOVm3
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rate motives for exploring this issue.
First, we value wildlife for its own

sake, both aesthetically and economi
cally. Restrictions on sport and com
mercial fishing in the Great Lakes basin
have had dramatic effects on many
small communities. The public is par
ticularly angered by evidence that char
ismatic species (the ones with big,
brown, sad eyes) are at risk. The ex
tinction or extirpation of a species such
as the peregrine falcon in eastern North
America also is a genetic tragedy.
Surely, it is argued, we should be able
to ensure a continuing healthful envi
ronment for species that have carved
out a niche for themselves over evolu
tionary millennia, long before the ad
vent of organochlorines. Many would
insist that we have an obligation to pre
serve these species and their ecological
niches.

Second, analysis of tissues of wildlife
or other sentinel organisms can provide
a long-term picture of the state of con
tamination, its increase or decrease,
and the arrival (often unexpected) of'
new contaminants. Tissues can be ar
chived for retrospective analysis. For
certain instances of contamination,
conventional abiotic analyses can be
complemented or even replaced by tis
sue analyses of organisms that integrate
and concentrate contaminants. This can
lead to easier, less expensive, and more
representative analyses.

One example is the Mussel Watch
program (9) in which bivalves from
over 100 stations in the United States
are monitored for concentrations of pe
troleum hydrocarbons, chlorinated hy
drocarbons, and heavy metals that may
affect the health of the public or marine
life. Another example is the herring

gull program in the Great Lakes (10).
After the recent Chernobyl disaster, the
West German monitoring program used
archived lichen samples to determine
levels of radioactivity that existed be
fore the accident. Biological monitor
ing is well-established as an invaluable
component of environmental surveil
lance (1/).

The use of contaminant concentra
tions in wildlife tissue as an indicator of
environmental concentrations is predi
cated on an assumption that for each
chemical there exists some fairly con
stant ratio of tissue to environmental
concentration; that is, a type of biocon
centration factor. For example, contam
inant concentrations in fish presumably
are related to concentrations in water
and food (and possibly in sediment) in a
predictable, quantifiable way. Estab
lishing a picture of the bioconcentration
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FIGURE 2
Concentrations and corresponding fugacities of
the chemical"
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'The compound is the chemical depicted in rIQure 1 and distributed between
various environmenlal media; fugacities are expressed in Pa.

pathway from source to target, how
ever, can be tortuous and subject to
many pitfalls.

Avoiding these pitfalls requires two
sets of basic information. The funda
mental biology, ecology, or natural his
tory of the animal must be thoroughly
understood because factors such as
feeding habits, migration or mobility,
and changes in lipid content can influ
ence concentrations in tissues. Second,
the rates of uptake, clearance, and me
tabolism (toxicokinetics) must be un
derstood so that the status of the orga
nism with respect to equilibrium or
steady state may be determined. For
example, the uptake time for some
chemicals may exceed the lifetime of
the organism, and a steady state is
never reached. These rates are chemi
cal-specific, but it is likely that extrapo
lations can be made from chemical to
chemical through the careful use of
structure-activity relationships.

A wildlife biomonitor must have a
well-understood natural history and
toxicokinetics in addition to other desir
able features such as ease of sampling,
tendency to remain in a locality, and
ability to survive exposure to the levels
of contaminant being monitored. Other
factors to be considered are commercial
importance or charismatic appeal.

Monitoring and modeling

Recent advances in biomonitoring

sophistication have coincided with in
creases in the use and acceptance of
multimedia environmental models (12).
It is now recognized that the regulation
of chemicals in the environment must
be based on an understanding of the
mass balances that are established as
chemicals originating from various
sources migrate between water, air,
sediments, soil, and biota. Accord
ingly, attempts are being made to repeat
the success of the Lake Erie phos
phorus models for other chemicals in
the entire Great Lakes basin, notably
for polychlorinated biphenyls (PCBs)
and other persistent organic compounds
(13, /4). During the next decade, a ca
pability of constructing verifiable mass
balance models for most chemicals in
defined regions likely will emerge.

Such models undoubtedly will ex
ploit wildlife biomonitoring data; for
many chemicals, such data may be the
primary source of information. This is
not to suggest that air, water, and sedi
ment sampling will become unimpor
tant. If reliable bioconcentration rela
tionships can be shown to exist between
water, fish, gulls, and gull eggs it may
then become more convenient to moni
tor the state of the water by a strategy
of routine analysis of gull eggs, coupled
to a less comprehensive, confirmatory
program of water analysis. Such proce
dures could result in considerable econ
omies because biotic concentrations are

higher and fewer analyses may be
needed.

Currently, monitoring or investiga
tive programs that involve various bi
otic and abiotic media are conducted by
different agencies for different pur
poses, and they usually employ differ
ent methods. These programs often are
poorly coordinated. Much fish sam
pling is done from the human food and
health perspective. Bird sampling often
is related to concerns about pesticide
application. Water sampling may be
done to ensure the safety of drinking
water. Analysis of contaminants in
wildlife usually is done by agencies
with a mandate to preserve wildlife, not
to control chemical effluents.

This lack of integration is under
standable but unfortunate because wild
life monitoring and general environ
mental monitoring can be mutually
supportive. With the aid of environ
mental models both types of monitoring
can provide a much clearer picture of
contaminant trends, pathways, and dy
namics. We will explore how these dis
parate activities may come together and
how fugacity modeling could playa key
role in linking these methods of moni
toring.

Fugacity

The concept of fugacity and its role
in environmental models has been dis
cussed in a series of papers (15-/7).
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Briefly, fugacity is analogous to chemi
cal potential as it pertains to the ten
dency of a chemical to escape from a
phase (e.g., from water). It is ex
pressed in units of pressure (pascals)
and is essentially a partial pressure ex
erted by the chemical in each medium.
If a chemical attains concentrations in
various media that are in equilibrium,
its fugacity is equal in these media.

Fugacity f (Pa) is linearly related to
concentration C (mol1m3) through a
proportionality constant, the fugacity
capacity Z (mol/m3 Pa), the value of
which can be estimated for each chemi
cal in each medium using established
procedures (15). If we assume that a
constant fugacity applies between vari
ous media and we can obtain the vari
ous Z values, it is possible for us to
calculate the equilibrium concentra
tions and express them in commonly
accepted units such as /oLg/kg, ppm, or
ng/L (Figure I). A nonequilibrium
state usually exists in nature, however,
because of localized emissions, ever
changing meteorological and hydrolog
ical conditions, and the nature and re-

FIGURE 3
Fugacity ratios of polychlorinated biphenyls
(PCBs) in biota and water"

(97)
20,...---
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4

3 (2)

~ Smelt

02Z~D
PCBs-Lake Ontario

'Approximate trophic levels are indicated in parentheses.
Source: Reference 18.
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TABLE 1
Concentrations and fugacities of selected organochlorine chemicals"

Hexachlorobenzene Mlrex p,p'.DDT p,p'·DDE Dieldrin PCBs

Herring Gull (9.8-18% fat)"
Total body concn (ppm) 0.18-0.26b 4.4-9.4b 0.029-0.15b 14-30" 0.18-0.53b 100-200"
Fat concn (mol/m') 0.0027 -0.0076 0.042-0.14 0.00053-0.0037 0.23-0.79 0.0038-0.011 1.7-4.8
Fugacity (10-7 Pal 700-2000 0.24-0.80 0.015-0.10 160-560 0.013-0.037 120-330

Egg (6.4-8.8% fat)b
Total body concn (ppm) 0.068-0.14b 0.81-2.0" 0.013-0.050" 3.3-8.0" 0.067-0.18b 23-51 b

Fat concn (mol/m') 0.0027 -0.0060 0.016-0.043 0.00041-0.0016 0.11-0.27 0.002-0.0058 0.72-1.7
Fugacity (10-7 Pal 720-1600 0.092-0.24 0.011-0.043 80-190 0.0065-0.019 51-120

Fish (alewife, 2.8% fat)b

Total body conen (ppm) 0.005" 0.047" 0.015b 0.16b 0.017" 0.90"
Fat concn (mol/m') 0.0006 0.0029 0.0015 0.017 0.0015 0.087
Fugacity 10-7 Pal 160 0.016 0.040 12 0.0051 6.1

Fish (smelt, 5.6% fat)b
Total body concn (ppm) 0.005b 0.020" 0.014b 0.12" 0.016b 0.46b

Fat concn (mol/m') 0.0003 0.00061 0.00068 0.0061 0.00072 0.022
Fugacity (10-7 Pal 77 0.0034 0.019 4.3 0.0024 1.5

Water
Concn (ngIL) 0.01-0.12' 0.002d 0.03-0.27' 0.10' 0.26-0.63' 0.3-6
Fugacity (10-7 Pal 3.7-44 0.0002 0.0022-0.020 0.022 0.0036-0.0088 0.29-5.7

Air
Concn (nglm') 0.1-0.3" 0.01-0.05" 0.01-0.1· 0.4-3.0"
Fugacity (10-7 Pal 0.0087-0.026 0.00072-0.0036 0.000066-0.00066 0.03-0.21

Bottom sediment
Concn (pglkg) 10-320" 2-16OCY N.D.-113

nglgi

Fugacity (to-7 Pal 200-7200 0.0004-0.3 <0.55
Suspended sediment
Concn (nglg) 12-94' 3.9-18' 5.8-18' 0.1-4.0

nglL'
Fugacity (10-7 Pal 270-2100 0.011-0.049 0.31-0.97 0.8-3.2

81n environmental media and wildlife in the Lake Ontario region.
"Reference 19.
cReference 21. IIReference 20.
o'Reference 29. 'References 24 and 25.
lIReferences 21 and 27. IReference 28.
'Reference 23. kReference 26.
9'Reference 22. 'Reference 27.
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TABLE 2
Physical-chemical properties and Z values of organochlorine compoundsa,b

Hexachlorobenzene Mlrex p,p'-DDT p,p'-DDE Dieldrin PCB.

Molecular weight 284.8 545.59 345.5 318 373.9 349.5<
Solubility (mollm") 1.65 x 10-5<1 1.84 X 10-4< 7.6 X 10-61 1.26 x 10-'0 4.9x 10"'" 1.10x 10-«
Vapor pressure (Pa) 0.173' 8.0x 10-<; 1.94 x 10-" 8.67 x 10-41 2.57x 10"'m 3.67 X 10-3<

Log K"" 5.6" 6.890 5.97P 4.990 6.20" 6.68<
Kp (sediment) 1.84 x 10' 3.9 x 10' 3.84 x 10' 4.02 X 10' 6.51 x 10' 1.967x 10'

Z Values (mol/Pa m'):
Air 4.03x 10-' 4.03x 10'" 4.03x 10'" 4.03 x 10'" 4.03x 10'" 4.03 x 10-'
Water 9.54 x 10-' 0.23 0.392 0.145 1.91 0.0301
Sediment 2.34 1.34x 10' 2.25 x 10' 876 1.86x 10' 8868
Gulls 5.16 2.43 x 10' 4.97 x 10' 1930 4.11x1OS 1.96x 10'
Gull eggs 2.91 1.37x 10' 2.8x 10' 1090 2.31 x 10' 1.1x10·
Alewife 1.07 5.02 x 10' 1.03x10· 399 8.49 x 10' 4050
Smelt 2.16 1.01 x 10' 2.08 x 10' 807 1."12 x 10' 8180

'References 31 and 40.
'Reference 41.
mReferences 38, 40, 42, and 43.
'References 30, 33, and 34.
°Reference 33.
PReferences 33 and 36.
QReference 44.

'Physical-chemical properties are estimated.
bl values are calculated. The lipid contents given for biota in Table 1 are assumed in the calculations. The Z value for biota has been determined by
assuming the lipid behaves as though it were oetanol: Z biota = lipid content x Kow x Z water.
An organic carbon content of 0.10 was assumed for the bottom and suspended sediments. Thus, K, = 0.411 (Kow)(0.10)
cReference 45.
dReference 30.
PReferences 35 and 36.
'References 31 and 36-39.
gReference 36.
hReferences 36-38.
'References 31 and 32.
'Reference 35.

FIGURE 4

Fugacity of compounds in various media"

is a definite trend for fugacity to in
crease with increasing trophic level.
Also shown in Figure 3 in a similar
manner are data from Lake Ontario
(Table I).

Table I presents concentrations of
various organocWorine chemicals in
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environmental media and wildlife in the
Lake Ontario region, as well as ranges
of percentage lipid content for herring
gulls and their eggs, alewife, and smelt.
Using the data in Table 2 we may con
vert these concentrations to fugacities;
it is assumed that the contaminant is
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The synoptic fugacity concept

What roles can fugacity play in as
sessing concentrations of chemicals in
the environment and in wildlife? To an
swer this question we will examine two
sets of data. The first is a study from
Connolly and Pedersen (18) in which
concentrations of chemicals in varying
trophic levels of fish were converted to
fugacity and compared with water fu
gacity. These data, as presented in Fig
ure 3 for PCBs in Lake Michigan,
show that fugacity in water and fish
generally are similar, but also that there

sistance of transfer processes between
the various phases such as air, water,
sediment, and fish (15).

Levels of contamination in many me
dia may be compared within a consist
ent single-unit system by converting re
ported environmental concentrations to
fugacity. This synoptic fugacity ap
proach reveals the equilibrium status of
each medium with respect to the others.
Hot spots that probably are sources of
contamination can be identified, as well
as areas that are relatively free of con
tamination. Compartments that ap
proach equilibrium fugacity, or
"equifugacity," are clearly identified;
this is illustrated in a hypothetical ex
ample in Figure 2, The same informa
tion can be obtained by comparing
phase concentrations with respect to
their partition coefficients, but fugacity
provides a simple, elegant, comprehen
sive multimedia picture of equilibrium
status,
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Changes in hexachlorobenzene levels
in whole-body lipids"

which are functions of the chemical it
self, also are functions of the nature of
the environmental and biological me
dia, but they may be quite constant be
tween localities and they may be relat
able to chemical properties.

For a chemical that is readily metab
olized, such as a polynuclear aromatic
hydrocarbon (PAH), the fish's fugacity
may be one-tenth to one-hundredth of
that of the water (46). On the other
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'Model involves four test animals. Solid line represents model values;
shaded area represents standard deviation (SO). Changes afe recorded
through autumn and winter.
bSolid circles in curve for blood plasma represent actual observations (48).
Error bars in curve for blood plasma represent SO for actual observations (48).

FIGURE 6

Two-compartment model of chemical uptake by herring gulls

'Eggs were taken from Scotch Bonnel Island, Lake Ontario.

Year

FIGURES

Hexachlorobenzene residues in herring gull eggs"

concentrations of contaminants first are
converted to fugacities; the fugacities
in adjoining media then are compared.
In simple situations of rapid exchange,
the data should exhibit equifugacity. In
other, more complex situations, the fu
gacities may have fairly constant ratios.

In the case of PCBs, for example,
trout may develop a fugacity 15 times
that of water and twice that of smelt
(Figure 3). These fugacity ratios,

present primarily in the lipid. Both sets
of data broadly show that fugacity ap
pears to increase with trophic level.

These examples reveal some of the
benefits derived from using fugacity.
Table I presents concentration units
typical of most studies; for instance,
herring gull contamination is reported
in mg/kg and water contamination in
ng/L. Data expressed in these units are
not easily compared. The PCB level in
herring gulls (Table I), for example, is
about 150 mg/kg (whole-body wet
weight basis) or 3 mol/m3 (fat weight
basis), whereas the water concentration
is about 3 ng/L or 9 x 10-9 mol/m3 •

Fugacities, however, are directly com
parable and may be reduced to a range
which, at most, extends over 2 orders
of magnitude. In terms of fugacity, gull
PCB contamination is 2 x 10-5 Pa and
water contamination is 3 x 10-7 Pa.
Fugacity thus converts these disparate
concentration units into one common
unit.

Moreover, the fugacity levels for a
persistent chemical in a region appear
to fall in a consistent pattern within a
relatively narrow range. Thus we can
anticipate likely concentrations in one
medium from fugacity data for another
and develop a predictive capability.
This is shown graphically in Figure 4.
The biotic components of the environ
ment have a tendency to have the high
est fugacities, as shown by fish and by
gulls and their eggs.

Several terms are used to describe
this phenomenon. The bioconcentration
of chemicals usually refers to the up
take of a chemical from water in which
equal fugacities for fish and water are
approached. Biomagnification refers to
a further increase in concentration at
tributab�e to uptake from food. It
results in a fugacity that may be five
times that of the contaminant fugacity
in food and water (Figure 3). Bioaccu
mulation is a broader term that indi
cates uptake from all sources and thus
includes both effects.

From Figure 4 it is apparent that the
gulls show the highest fugacity. Fish
also show a high fugacity compared
with the physical environment. The
generally low fugacity of contaminants
in air may be explained by the move
ment of air from areas of lesser con
tamination. We are concerned with the
chemicals that have a long life in the
environment. Short-lived chemicals
that are subject to rapid environmental
reactions are more often controlled by
kinetic factors; these chemicals will
have lower fugacities and therefore are
generally of less concern.

On the basis of the foregoing, we
suggest a framework for analysis and
interpretation of environmental- and
wildlife-monitoring data. Measured
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affected by each chemical and even by
chemicals in combination. The strategy
for protecting wildlife then would be to
ensure that the chemical's fugacity in
the environment is kept below a thresh
old level at which adverse effects are
manifest. Laboratory experiments may
be used to help establish these levels.

With this approach, it may be possi
ble to establish a dose-response rela
tionship for a population of wildlife ex
isting within a defined ecosystem.
Wildlife can be protected from exces
sive contamination, and hence danger.
It is noteworthy that we humans also
occupy a place within these ecosystems
and are subject to the same dangers.

In the design of monitoring pro
grams, it is important to allocate re
sources for analyzing the findings in
terms of the contaminant status
throughout the entire biotic and abiotic
environment. Fugacity provides a con
venient tool for such analyses and helps
to integrate disparate environmental
monitoring efforts. We believe that
such syntheses are a fruitful area for
research.

Viewed from this perspective, wild
life takes on an enhanced value as a
component of the overall environmen
tal monitoring and surveillance effort.
We can identify vulnerable species for
each chemical in each region. We can
observe their condition, periodically
analyze their tissues, and confirm that
levels (fugacities) of chemical contami
nation are being maintained below cer
tain targets. Trends can be established
and early warning can be obtained
about increases that ultimately may af
fect wildlife populations and human

Years

2

'in gulls, subject to a decrease in the chemicals' concentration in food from
0.2 pglg to 0.1 lAg/g. The effect of egg laying is apparent from the sharp
drop in fugacity or concentration in the bird just aher the annual peak. The
sinusoidal appearance of the curves is caused by the annual lipid fluctuation.

This time lag may be about three years
for slow-clearing compounds such as
mirex (half life 231 days), compared
with less than one year for compounds
such as dieldrin (half life 82 days) (49).

It is important to determine this time
lag because it controls the lag between
environmental and tissue concentration
changes. The monitored tissue concen
tration thus is a function of the expo
sure history over a determinable time
period and of the bird's growth, lipid
content, and metabolism. It should be
possible (and it is a fascinating scien
tific puzzle) to interpret tissue concen
tration changes in birds by back-calcu
1ating the exposures that caused these
levels. This requires a time-dependent
toxicokinetic model; indeed, it proba
bly is misleading to interpret wildlife
tissue data without such a model.

Assessing human health effects

Fugacity also may play a role in in
terpreting the nature of extreme con
tamination events in which wildlife
populations were reduced by toxicity. It
is possible for gulls to thrive when they
obtain food from an aquatic environ
ment contaminated by PCBs at fugacity
levels of approximately 10-5 Pa. At this
level, concentrations of PCBs in water
typically are I ng/L; in fish, I mg/kg;
in gull lipids, 30 mg/kg; and in eggs,
10 mg/kg.

If the fugacity is increased by a factor
of 10, to 10-4 Pa, the concentrations of
PCBs increase proportionately and
toxic effects become apparent, possibly
resulting in population declines. It thus
may be possible to determine the fugac
ities at which populations are adversely

FIGURE 7
Changes In whole-body concentrations of dieldrin and mirex"
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The role of toxicokinetics

Interpreting these fugacity ratios re
quires a detailed understanding of the
toxicokinetics of chemicals as they mi
grate through food chains. Such a study
is now under way on organocWorine
chemicals in herring gulls, smelt, and
coho salmon in Lake Ontario (l0, 47).
These monitors have been used by the
International Joint Commission; an ex
ample of data derived from samples is
shown in Figure 5.

The gulls and their eggs are effective
monitors. Most of their food comes
from aquatic sources. Only the imma
ture birds migrate out of the Great
Lakes basin, and adults live to 20 years
or more. Gull biology and bioenerge
tics have been studied extensively (48).
A relatively simple two-compartment
model provides an excellent description
of the concentration dynamics as the
bird's lipid levels change throughout
the year in response to temperature
changes (49).

To test the validity of the two-com
partment model for gulls, a group of
birds was injected with a number of or
ganocWorine compounds. Plasma lev
els then were monitored from autumn
to the following spring. Figure 6 shows
some experimental data, a fitted curve
for one compound (hexachloroben
zene), and a schematic representation
of the partitioning of this contaminant
between fat and blood plasma through
the annual cycle. In practical terms this
model allows us to quantify the annual
cycle in concentration and fugacity of a
contaminant and avoids the pitfalls of
comparing winter and summer concen
trations.

The model can be used to explore or
simulate how a change in environmen
tal contaminant levels or in the food of
herring gulls results in a time response
toward a new steady-state level for
gulls. Figure 7 presents a scenario in
which the food levels (concentrations in
fish) of dieldrin and mirex, 0.2 mg/kg,
rapidly decreased to 0.1 mg/kg. The
curves represent free-living females
subject to temperature fluctuation and
egg laying. Egg laying results in a
sharp annual drop in body fugacity as
contaminants are cleared via the eggs.
The time lag between the change in
prey level and the corresponding
change in the steady-state level of the
monitor species is a function of the
rates of metabolism and excretion.

hand, wildlife species that lack the en
zymes necessary to degrade a specific
organic chemical may show elevated
fugacities. With the analysis of data
sets for many regions it should be pos
sible to explain the entire process of
organic chemical transfer from the abi
otic environment to wildlife.
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health. This is essentially a reiteration
of the opinion frequently expressed by
wildlife enthusiasts that the best guar
antee of continued human health is to
maintain an environment in which
wildlife will flourish.

It is now possible to use environmen
tal and toxicokinetic models to establish
quantitative links between emissions,
abiotic concentrations, concentrations
in wildlife, and ecological viability. The
disparate scientific efforts of environ
mental modeling, toxicology, toxico
kinetics, and fundamental wildlife biol
ogy and ecology thus become mutually
supportive and can contribute to a ra
tional strategy for ensuring that we cre
ate and maintain a healthful environ
ment.

Acknowledgments
This work was supported by the Wildlife
Toxicology Fund of Environment Canada,
the Ontario Ministry of the Environment,
and the Natural Sciences and Engineering
Research Council. We thank H. Won, C.
Weseloh, J. Elliott, P. Angehrn and Y.
Ouellette. A. J. Keith and P. G. Wells pro
vided helpful comments.

This article was reviewed for suitability
as an ES&T feature by Ronald 1. Kendall,
Western Washington University, Bel
lingham, Wash. 98255; and by Yoram Co
hen, University of California, Los
Angeles, Los Angeles, Calif. 90024.

References
(1) Ratcliffe, D. A. J. Appl. Ecol. 1970, 7,
67-116.

(2) Risebrough, R. W: Teeple, S. M.;
Gilbertson, M. Can. 1. Zool. 1983,61,427
36.

(3) Blus, L. J. et al. Nature 1972,240, 164
66.

(4) Spitzer, R. R. et al. Science 1978, 202,
333-35.

(5) Gilbertson, M. R.; Fox, G. A. Environ.
Pollut. 1977,12,211-16.

(6) Norstrom, R. J.; Gilman, A. 1'; Hallett,
D. J. Sci. Total Environ. 1981,20,217-30.

(7) Kendall, R. J. Environ. Sci. Technol.
1982, 16, 448A-453A.

(8) Wren, C. D. Environ. Monit. and Assess
mellt 1986, 6, 127-44.

(9) Goldberg, E. D., Environ. Monit. and
Assessment. 1986,7,91-103.

(10) Mineau. P. et al. In Toxic Contaminants in
the Great Lakes; Nriagu, J. 0.; Simmons,
M. S., Eds.; Wiley: New York, 1984; pp.
425-52.

(11) Phillips, D. J. Quantitative Aquatic Bio
logical Indicators; Applied Science Pub
lishers: London, 1980.

(12) Cohen, Y. C. In Pollutallts in a Multime
dia Environment; Cohen, Y. C., Ed.;
Plenum: New York; 1986; pp. 7-48.

(13) J. Great Lakes Res. 1987,13,387-96.
(14) Thomann, R. V; DiToro, D. M. J. Great

Lakes Res. 1983,9,474-96.
(15) Mackay, D.; Paterson. S. Environ. Sci.

Technol. 1982, 16, 654A.
(16) Paterson, S.; Mackay, D. In 71.. Hand

book of Environmell1al Chemistry; Hut
zinger, 0., Ed.; Springer-Verlag: Heidel
berg, 1985; Vol. 2, Part C, pp. 121-40.

(17) Mackay, D. et al. Chemasphere 1985, 14,
335-74.

(18) Connolly, J.P.. Pedersen, C. J. Environ.
Sci. Technol., in press.

(19) Braune, B. et al. "Dynamics of Organo
chlorine Substances in Herring Gulls: III.
Tissue distribution of PCB congeners,
PCDD's, DDE, HCB, Mirex and Cyclodiene
compounds in Lake Ontario"; Technical Re
port; National Wildlife Research Center, Ca
nadian Wildlife Service, Ottawa, 1987.

(20) Strachan, WM.J.: Edwards, C. J. In
Toxic Contaminants in the Great ulkes;
Nriagu, J. 0.; Simmons, M. S., Eds.; Wi
ley: New York, 1984; pp. 239-64.

(21) Biberhofer, J.; Stevens, R.J.J. "Or
ganochlorine Contaminants in Ambient Wa
ters of Lake Omario"; Inland Waters Direc
torate, Scientific Series Bulletin 159; Inland
Waters Directorate: Onawa, Ontario, Can
ada, 1987.

(22) Eisenreich, S. J.; Looney, B. L.; Thorn
ton, J. D. Environ. Sci. Tee/mol. 1981, 15,
30.

(23) Oliver, B. G.; Nicol, K. D. Sci. Total
Environ. 1984,39,57-70.

(24) Scrudato, R. J.; Del Prete, A. J. Great
Lakes Res. 1982,8, 695-99.

(25) Mackay, D.; Paterson, S. Environ. Sci.
Technol. 1984, /8, 207A-214A.

(26) Oliver, B. G.; Charlton, M. N. Environ.
Sci. Technol. 1984, /8, 903-8.

(27) McCrea, R. C.; Fischer, J. D.; Kuntz,
K. W Water Poll. Res. J. Canada 1985,20,
67-78.

(28) Kauss, P. B.; Suns, K.; Johnson, A. F. In
Physical Behavior of PCBs in the Great
Lake,.; Mackay, D. et aI., Eds.; Ann Arbor
Science: Ann Arbor, Mich., 1983; pp. 385
410.

(29) Yin, C.-Q. Ph.D. Dissertation, State
University of New York, Syracuse, 1985.

(30) Miller, M. M. et al. Environ. Sci. Tech
nol. 1985, /9,522-29.

(31) Melinikov, N. N. Residue Rev. 1971,36,
68-69.

(32) Weast, R. C. In Handbook of Chemistry
and Physics, 53rd ed.; CRC Press: Boca Ra
ton, Fla., 1973.

(33) Veith, G. D.; Defoe, D. L.; Bergstedt,
B. G. J. Fish. Res. Board Can. 1979, 36,
1040-48.

(34) Neely, W. B.; Branson, D. R.; Blau,
G. E. Environ. Sci. Technol. 1974,8, 1113
15.

(35) Smith, J. H. et al. "Environmental Path
ways of Selected Chemicals in Freshwater
Systems, Par! II: Laboratory Studies"; EPA
Report 60017-78-074; EPA: Washington,
D.C., 1978.

(36) In Handbook of Environmeflla/ Data on
Organic Chemicals, 2nd ed.; Verschueren,
K., Ed.; Van Nostrand Reinhold: Toronto,
1983; pp. 432, 434, 437, 513.

(37) Gunther, F. A.; Westlake, W. E.; Jaglan,
I' S. Residue Rev. 1968, 20, I.

(38) Weil, L.; Dure, G.; Quantin, K.E.Z.
Wasser Abwasser Forsch. 1974, 7, 169.

(39) Triggan, J. W.; Dutt, G. R.; Riggs, R. L.
Bull. Environ. Contall!. Toxico/. 1967,2,90.

(40) Edwards, C. A. Residue Rev. 1966, /3,
83.

(41) Spencer, W. F. Residue Rev. 1975, 59,
91-117.

(42) Harris, C. R.; Mazurek, J. H. J. Econ.
Emomo/. 1964,57,698.

(43) Zimmerli, B.; Marek, B. Mitt. Geb. Le
bensmittelumers Hyg. 1974, 65, ~5.

(44) Briggs, G. C. 1. Agric. Food Chem.
1981,29, 1050-59.

(45) Mackay, D. et aJ. In Physical Behavior of
PCBs in the Great Lakes; Mackay, D. et aI.,
Eds.; Ann Arbor Science: Ann Arbor,
Mich., 1983; pp. 59-70.

(46) Southworth, G. R.; Keffer C. c.: Beau
champ, J. 1. Environ. Sci. Techno/. 1980,
/4, 1529-31.

(47) Norstrom, R. J.; Hallett, D. J.; Sonste
gard, R. A. J. Fish. Res. Board Can. 1978,
35, 1401-9.

(48) Norstrom, R. J. et al. Ardea 1986,74, 1
23.

(49) Clark, T. P. et al. Environ. Toxico/.
Chem. 1987,6,547-59.

Donald Mackay is a professor ill the Illsti
tute for Ellvirollmefllal Studies alld the
Departmem of Chemical Ellgilleerillg at
the Ulliversity of Toronto. His research in
terest is in the ellvironmelllaifate alld mod
eling oforgallic chemicals.

Sally PaIerson (I) is a research associate ill
the Institute for Environmemal Studies alld
the Departmem of Chemical Ellgilleerillg
at the Ulliversity of Toromo. Her research
is cOllcemed with modelillg the ellviron
mental alld pharmacokilletic fate of or
ganic chemicals.

KaIhryn Clark (r) is a doctoral calldidate
ill the Departmem of Chemical Ellgilleer
ing and Applied Chemistry at the Ulliver
siry of Torottlo. She is srudyillg the
biomagllijicatioll of orgallic chemicals in
food chaills, focusing on fish.

Tom Clark (/) received his B. Sc. from the
University ofOl/awa and his M. Sc. in zool
ogy from the University of Guelph, On
tario. He has worked on wildlife-related
environmental problems, usually including
computer simulation, for the Calladian
Wildlife Service alld for the provillcial gov
ernment.

Ross ]. Norstrom (r) is chief of chemistry
research at the Natiollal Wildlife Research
Cemer of Environment Canada ill Hull,
Quebec. His areas ofexpertise inclllde the
modelillg, pharmacodynamics, bioaccu
mulation, alld alialysis of orgallochlorine
envirOllmemal conlamillams in fish and
birds.

Environ. Sci. Technol., Vol. 22, No.2, 1988 127



Eastern Lake Survey
Regional estimates of lake chemistry

Dixon H. Landers
Environmental Research Laboratory

Corvallis, Ore. 97333

\V, Scott Overton
Oregon State University
Corvallis, Ore. 97331

Rick A. Linthurst
Environmental Monitoring Support

Laboratory
Research Triangle Park, N.c. 27711

David E Brakke
Western Washington University

Bellingham, Wash. 98225

The relationship between acidic deposi
tion, the acidification of surface waters,
and the loss of biological resources has
become an important regional environ
mental issue in the United States and
other nations. The question of whether
the pH, alkalinity (or acid neutralizing
capacity, ANC), and other chemical at
tributes of surface waters have been af
fected by acidic inputs of anthropogenic
origin has been extensively reviewed,

analyzed, and debated (1-4). Published
evidence from site-specific, intensive
studies in the United States and Canada
is consistent with the hypothesis that
declines of pH and ANC in surface wa
ters have occurred over time and that
these conditions have been caused by
acidic deposition. In the analyses of
chemical trends in lakes in New En
gland and in the Adirondack region of
New York, several authors have con
cluded that pH or alkalinity, or both,
have declined from around the 1930s to
the 1970s (5-7).

Despite these attempts to quantify
changes in aquatic chemistry, the extent
to which surface waters in the United
States are threatened or may have been
affected by acidic deposition has only
recently been quantified. There remains
considerable uncertainty in extrapolat
ing the results of site-specific studies to
a regional or national scale. Factors
contributing to this uncertainty include
the degree to which individual study
sites represent larger regional popula
tions, the unknown bias in lake selec-

tion, the absence of measurements of
chemical variables that are critical in
assessing chemical or biological ef
fects, the difficulty in comparing data
collected by different and sometimes
unknown methods, and the inconsistent
documentation of quality assurance
protocols.

Recognizing the limitations associ
ated with available data and the com
plexity of predicting surface water re
sponse to acidic deposition, EPA
initiated the National Surface Water
Survey in 1983. This survey, which in
cludes both the National Lake Survey
and the National Stream Survey, has
three primary goals:
• to quantify the present chemical sta

tus of surface waters in the United
States in regions potentially suscepti
ble to the effects of acidic deposition
(Phase n,

• to assess the temporal and spatial var
iability in aquatic chemistry and de
fine the key biological resources as
sociated with surface waters (Phase
II),and
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FIGURE 1

Regions and subregions of the Eastern Lake SUrvey-Phase I

maximizing both lake number and spa
tial coverage on a large geographic
scale, was therefore the most appropri
ate choice for addressing the collective
objectives of Phase I of the Eastern
Lake Survey.

The perspective that each lake is rep
resented by an index sample rather than
mean annual chemistry or some other
integration over time and space is im
portant in interpreting the results. The
population descriptions represent and
characterize the chemistry of a defined
population of lakes as though data had
been collected for every lake in the
population in the same manner as for
the sampled lakes. Thus the resulting
frequencies and areal distributions for
the chemical parameters represent a
synoptic index to water chemistry for
the population of lakes.

The fall season after turnover was se
lected as the sampling window. During
this period, spatial variation within a
lake is reduced as the lake undergoes a
period of mixing that may last four to
eight weeks in temperate climes. Sam
ples were collected at what appeared to
be the deepest part of the lake to repre
sent the dominant water mass. Studies
of temporal and spatial patterns in a
subsample of the Phase I lakes are be
ing conducted as part of the Phase II
studies and will assess temporal varia
tion within the fall and among the

• to quantify long-term temporal
trends in surface water chemistry and
biology (Phase ill).

Each phase provides specific informa
tion and contributes to later phases. The
National Lake Survey will ultimately
provide information that will identify
those lake or stream populations appro
priate for a regionally characteristic,
statistically valid monitoring project de
signed to quantify long-term trends in
chemistry and ecological resources.

The National Lake Survey includes
both the Eastern Lake Survey and the
Western Lake Survey. This article
presents the key design features of the
first phase of the Eastern Lake Survey
and the regional estimates of the chemi
cal status of lakes that resulted from its
implementation. Additional details of
Phase I (8), which was completed in
1984, the resulting population estimates
for all variables (9), and individual lake
data (1 (J) are available. The results of
the companion Western Lake Survey,
completed a year later, are presented
elsewhere (1l-13).

Survey approach

A critical issue in the design of the
survey was the chemical characteriza
tion of regional lake populations. If a
single water sample can represent the
chemistry of a lake well enough to sat
isfy the specific objectives of a study,
then a large number of lakes can be
sampled. If multiple water samples are
needed because of temporal or spatial
variability, then the number of sample
lakes must be reduced proportionally.

One sample from one location at one
time of the day during a specific season
of a particular year cannot characterize
the complex chemical dynamics of a
lake. A single sample is justified only
from the perspective that it is an index
to the essential characteristics of the
lake. Even if two or three samples are
taken, they remain only indexes, be
cause understanding the dynamics of a
single lake requires a far more detailed
study. Because the survey was designed
in a three-phase approach, it was not
essential that the synoptic sample from
Phase I capture the lake chemistry at a
time of worst-case condition, such as
during spring snowmelt.

It was more important that the index
sample be collected at a time when
within-lake variability is small. Subse
quent studies (Phase II) will be used to
establish the relationship between the
index and other sources. Data from
lakes in EPA's Long-Term Monitoring
Program have subsequently shown that
there is a strong relationship between
fall and spring ANC (14). The National
Lake Survey was designed to describe
populations of lakes from a defined sta
tistical framework. The index sample,

Region

Upper Midwest
Northeast
Southeast

No. of
subregions

4
5
2

spring, summer, and fall seasons.

Survey design and lake selection
Because the objective of the survey

was to quantify the number of low
ANC and acidic lakes, any allocation of
samples to areas dominated by high
ANC lakes would result in fewer sam
ples designated to quantify the areas of
greatest interest (i.e., those with low
ANC lakes). Therefore, the study area
was restricted to those parts of the
country where the majority of lakes
were expected to have ANC < 400
Ilequiv/L (15). Within the study area,
the number of samples could have been
allocated in several ways. Many sur
veys use a random allocation or a pro
portional allocation of samples. But be
cause the number of acidic lakes was
expected to be a small percentage of the
total, random allocation of samples
would provide few samples from the
lakes of greatest interest for this proj
ect. The precision with which the acidic
and low-ANC lakes could be quantified
probably would be poor. We therefore
decided to use a stratified design
whereby sample lakes were allocated
equally among strata. The populations
of lakes within each of the strata are
described with rougWy the same preci
sion.

Figure I shows the three regions
Northeast, Upper Midwest, and South-

Deslgnellons

2A-2D
lA-1E

3Aand 38
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-Detailed definitions of the symbols within the boxes and their re~lionship

to one another are provided in reference 8.

FIGURE 2
Estimating target population size for the Eastern Lake Survey-Phase I"

Weighting factor (W)
W = Nln'"

= Win'
n' = effective

sample size

mates for spring conditions will be
made for lakes with ANC ~ 400
j.tequiv/L. However, population de
scriptions apply only to those lakes in
cluded in the original frame population.
Lakes with a surface area of < 4 ha
(and up to IO ha for some maps) are
generally not shown on the USGS maps
that were used to establish the frame
population; therefore, these lakes rep
resent an important resource that was
not considered in this survey. Small
lakes are often lower in pH and ANC
than larger lakes in the same geo
graphic area. Ongoing research also is
directed at this important issue.

Essential to the accurate interpreta
tion of the data is a clear identification
of any population for which inferences
are made. However, the design of
Phase I permits considerable flexibility
in defining a subpopulation of interest
(19), provided it is a subset of the origi
nal target population.

Sampling, analyses, data quality

Field sampling was conducted by
helicopter from Oct. 7 to Dec. 14,
1984. Water samples were collected
from a depth of 1.5 m to avoid the in
fluence of the helicopter pontoons and
rotor wash (0.5 for shallow lakes).
Samples were stored in coolers at ap
proximately 4 °C until processed at a
nearby mobile field laboratory and

Direct examination

Estimated
nontarget
lakes In

not-visited
lakes

t~~~i Large-scale map examination
lakes
(nob)

remaining in the frame population after
elimination of lakes of noninterest.

Definitions for nontarget lakes in
cluded six possibilities: areas with no
lakes present; areas with flowing water;
bays or estuaries (high conductance);
lakes affected by intense urban, indus
trial, or agricultural activities; marsh/
swamp; and lakes too small to be con
sistently identified with the available
maps « 4 hal. From this approach, a
weighting factor (W) was computed for
each lake, such that all lakes within a
given stratum had the same weighting
factor. This factor represents the esti
mated number of target lakes within a
stratum divided by the number of target
lakes from which a water sample was
collected. Where W = I, all target
lakes were sampled; where W is large
(e.g., 82), only a small fraction of the
lakes were visited. Consequently, most
applications of the sample data must be
adjusted by the stratum-specific
weights (19).

There is substantial evidence that
surface water chemical characteristics
during spring may be less favorable for
biota than during fall (20). Further
more, short-term episodic increase in
acidity from snowmelt or rain events
may impose stress on biota in addition
to chronic conditions. When ongoing
studies of temporal variability under
Phase II are complete, population esti-

east-and represents the first level of
stratification in the design. The second
stratification factor, subregion, identi
fies areas within each region that were
expected to be relatively homogeneous
with respect to water quality, physiog
raphy, vegetation, climate, and soils.
Subregional stratification ensured that a
representative sample was drawn from
each geographically distinct portion of
a region. Based on geographic homoge
neity, five subregions were identified in
the Northeast, four in the Upper Mid
west, and two in the Southeast. On the
basis of the observed physical and
chemical differences between lakes in
the Southern Blue Ridge and Florida,
we have chosen to treat them as inde
pendent regions (3A and 3B, respec
tively) in this discussion.

The third stratification factor, alkalin
ity map class, is based on the range of
surface water alkalinity values expected
to dominate in different areas. The al
kalinity map classes used in the stratifi
cation were < 100 j.tequiv/L (class I),
100-200 j.tequiv/L (class 2), and >
200 j.tequiv/L (class 3). Spatial repre
sentations of the three alkalinity classes
within each region were derived from
preliminary versions of regional sur
face water alkalinity maps (16-18).
Thus each stratum is an alkalinity map
class within a subregion within a re
gion. All 3 alkalinity map classes were
found within each of the II subregions,
so that a total of 33 strata (15 in the
Northeast, 12 in the Upper Midwest,
and 6 in the Southeast) were defined.

Map class boundaries according to
region, subregion, and alkalinity were
delineated and labeled on U.S. Geolog
ical Survey (USGS) topographic maps
with a scale I :250,000. Each lake rep
resented on the maps was assigned a
unique number and the set of lake areas
were consecutively ordered within
strata. Lakes were selected in such a
way that each lake in a stratum had an
equal probability of inclusion (8). Lake
numbers were entered into a computer
file in numerical order as labeled on the
maps and a systematic random sample
was used to select lakes within each
stratum. A sample size of 50 or more
target lakes per stratum was chosen,
based on the judgment that this sample
size would yield adequate precision for
describing the chemical characteristics
oflakes within each stratum (8). Figure
2 shows the population of lakes repre
sented by the sample and explains how
the sample was refined through several
steps. All lakes identified on the USGS
maps constitute the statistical
"frame"- hence the term frame popu
lation. The actual population for which
estimates are computed is a subset of
this population and is termed the target
population. Target lakes are those lakes
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shipped by overnight mail to contract
analytical laboratories. Details of field
sampling and analytical techniques are
described elsewhere (21, 22).

Measurements were taken on-site for
pH, specific conductance, Secchi disk
transparency, and temperature; mea
surements were also taken at the field
laboratory within 16 hours of sample
collection. Twenty-one additional pa
rameters were measured at an analyti
cal laboratory within prescribed hold
ing times of 7-28 days. Dissolved
inorganic carbon (DIC), pH, and spe
cific conductance were measured on
multiple occasions.

Extensive quality assurance and qual-

ity control procedures for sampling and
analytical operations were implemented
during Phase I (23, 24). Table I
presents estimates of overall and ana
lytical laboratory within-batch preci
sion for selected measurements. Preci
sion estimates for field laboratory
measurements were calculated, using
all available duplicate data, regardless
of measurement value. No significant
data-quality problems were noted for
the major variables of interest. Preci
sion for some chemicals present in low
concentrations (e.g., nitrate, alumi
num, and chloride) failed to meet the
initial goals, but these deficiencies in
the data were judged to have a negligi-

ble effect on regional data interpreta
tion. The Environmental Sciences Divi
sion of Oak Ridge National Laboratory
designed and implemented data base
management activities (25) using the
Statistical Analysis System (SAS) soft
ware (26). Analyses were prepared ac
cording to algorithms provided by
Overton (27).

Estimates for variables
Only the primary variables are sum

marized herc; these include closed-sys
tem pH, ANC, sulfate, calcium, ex
tractable AI, and dissolved organic
carbon (DOC). Of the 26 variables
measured, these 6 primary variables

TABLE 1
Estimated within-batch precision from field and laboratory duplicate data, Eastern Lake Survey
Phase I"

,ntra,aooretorr Overall wllhln-betch preclalon Anelytlcal wlthln·batch precision
precision goe (field duplicates) (leOOretory dupllcatea)

Paremeter %RSD nO RMSof %RSD' nO RMSof %RSD'

Field Laboratory
pH, closed system 0.1 d 124' 0.04 93' 0.01
DIC, closed system 10 123' 16 116' 4.6
True Color 10 125' 22 118' 1.5
Turbidity 10 125' 19 117' 8.4
Analytical Laboratory
pH, open system

0.04(initial ANC) 0.05d 125' 0.05 127"
pH, air equilibrated 0.05d 125' 0.09 127' 0.08
ANC 10 90 10 8lY 2.1'
Specific conductance 3, l' 125 1.9 123 10
DIC, air equilibrated 10 94 5.0 94 2.2
DIC,initial 10 85 3.7 113 3.5
DOC (55 mglL) 10 46 5.6 73 2.5

(> 5 mg/L) 5 59 12 41 2.4
Ca 5 125 2.3 123 0.88
Fe 10 32 10 101 4.3
K 5 82 3.7 121 1.5
Mg 5 125 2.3 121 0.64
Mn 10 6 11 73 1.7
Na 5 121 4.3 121 0.96
CI- S 85 17 124 7.1
SO,-2 (mg/L) 5 115 6.5 124 11
NO.- (mg/L) 10 5 60 86 3.6
F, total dissolved 5 62 8.9 123 2.5
NH.+ (mglL) 5 0 _h 54 2.3
AI, extractable
(>0.010 mg/L) 10 9 11 45 18
(50.010 mg/L) 20 0 0
AI, total
(>0.010 mglL) 10 1 24 9 5.4
(50.010 mg/L) 20 0 0
Si02 5 50 2.7 64 2.2
P, total
(>0.10 mglL) 10 4 9.7 95 10
(50.10 mgll) 20 0 9 8.6

·ASO .. relative standard deviation; AMS =- root mean square
~n • number of duplicate pairs with mean> quantitation limit (24).
'Calculated as the root mean square (RMS) of the relative standard deviation of the duplicate pairs (for pH. RMS of the absolute standard deviation
was calculated).
"Absolute standard deviation (pH unit).
en :a: total number of duplicate pairs.•
'Analytical laboratories were not required to analyze calibration blanks for ANC. Values for routine and duplicate pairs with means greater than the
quantitation limit (56.6 ueq L-') were calibrated using field blanks.
'Overall intralaboratory preciSIon goal (field duplicate pairs) z 3%; analytical intralaboratory precision goal (laboratory duplicate pairs) = 1%.
hAil pairs had mean values" quantitation limit. For all pairs with mean> 0 (n = 113), the precision was 34%.
'Only one pair had a mean greater than the quantitation limit; therefore, the calculated precision (RMS of %RSD) for that pair was equivalent to the
actual %RSD. For all pairs with mean> 0 (n = 125), the precision was 350A>.
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were emphasized because of their di
rect relevance to the effect of acidic
deposition on water chemistry. Some of
these primary variables, such as pH,
Ca2+ , and AI, are perhaps the most bio
logically relevant chemical indicators
(28) and, in the case of S042-, can be
indicative of regional anthropogenic
acidification from atmospheric deposi
tion.

Here we use estimated frequency dis
tributions (F[x] curves) of the survey
results to describe and compare the pro
portion of the regional lake populations
equal to or less than a particular value
of a variable. Inverse frequency distri
butions (I-F[x]) are shown for S042
and extractable aluminum to estimate
the proportion of lakes equal to or
greater than a particular reference
value. Of the 1612 probability lakes

sampled in the three regions of the east
ern United States, 20 had a surface area
> 2000 ha. We excluded these large
lakes from the data presentations be
cause their inclusion inordinately influ
enced lake areal data. The lowest pH
measured for any of these 20 lakes was
6.64.

Figure 3 shows the estimated fre
quency distributions for each of the pri
mary variables for regions I and 2 and
subregions 3A and 3B. Figure 4 shows
descriptive statistics (bar graphs) sum
marizing the regional chemical status of
lakes for selected reference values of
the primary variables. Reference val
ues for each of the primary variables
were chosen to facilitate comparisons
among strata, subregions, regions, or
subpopulations.

For the purpose of this article, ANC

:5 0 has been used as a definition of an
acidic lake. This is unambiguous be
cause when ANC is zero or lower (gen
erally corresponding to a pH value of
about 5.2 or less), the lake has limited
ability to neutralize acidic inputs. It
should be emphasized, however, that
biological damage to fish and other
aquatic organisms has been docu
mented at pH values of 5.8 to 6.0 (29).
A reference value :5 200 j.lequiv/L is
also provided for ANC to represent that
population of lakes with low ANC sus
pected of being susceptible to acidic
deposition. Various reference values
are reported for other variables of inter
est to scientists and policy-makers.
These variables are not restrictive; the
data base is easily manipulated to com
pute population estimates for other val
ues.
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Findings
The Northeast had the largest esti

mated number (4258) and percent
(60%) of lakes with ANC :5 200
Ilequiv/L. Florida (subregion 3B) was
estimated to have the greatest number
(463) and highest proportion (22 %) of
lakes with ANC :5 O. The Northeast
was estimated to have 326 lakes (4.6%)
with ANC :5 O. In the Upper Midwest,
1.7% (148) of the lakes had ANC :5 0
and 41.4% (3518) had ANC :5 200
Ilequiv/L. No acidic lakes were found
in the Southern Blue Ridge (subregion
3A), but more than half (54.6%) of the
lakes were estimated to have ANC :5
200 Ilequiv/L.

In the Northeast only 3.4% (240) of
the lakes had pH :5 5.0, but at pH :5
6.0 this estimate increased to 12.9%.
This region had the highest number of
lakes (916) and the largest surface area
(25,800 ha) estimated to have a pH :5
6.0. In the Upper Midwest, less than
10% (818) of the lakes had pH :5 6.0,
and 1.5% (130) of the lakes had pH :5
5.0. The lakes in the Southern Blue
Ridge were estimated to have only one
lake with pH :5 6.0. Florida had the
greatest percentage (32.7 %) of lakes
with pH :5 6.0, but this was a smaller
estimated number (687) than in the
Northeast. Florida had the largest per
centage (12.4%), number (259), and
surface area (7936 ha) of lakes with pH
:5 5.0. To put these numbers in per
spective, only I % of the lakes in the
West, a region receiving low levels of
acidic deposition compared with the
East, had pH :5 6.0 (11).

Sulfate values were by far the highest
in the Northeast, where 97.3% and
26 % of the lakes were estimated to
have sulfate ~ 50 Ilequiv/L and ~ 150
Ilequiv/L, respectively. Sulfate values
in Upper Midwest lakes were second
highest in this survey; 61.1 % of the
lakes were estimated to have sulfate ~

50 Ilequiv/L, and 7% were estimated to
have sulfate ~ 150 Ilequiv/L. In both
of the Southeast subregions, less than
25 % of the lakes were estimated to
have sulfate ~ 50 Ilequiv/L. By com
parison, in the Western Lake Survey
(11) it was found that only 13.5% of the
lakes had sulfate ~ 50 Ilequiv/L in this
region of low S042- deposition.

Florida was estimated to have the
greatest percentage (19.2 %) of lakes
with calcium :5 50 Ilequiv/L, whereas
the Upper Midwest was estimated to
have the greatest number of lakes (776
or 9.1 %) in this category. In subregion
3A, an estimated 12% (31) of the lakes
had calcium :5 50 Ilequiv/L. In the
Northeast, 359 lakes (5.1 %) had cal
cium :5 50 Ilequiv/L.

Often used as an indication of or
ganic acidity, dissolved organic carbon
was highest in the surface waters of
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Florida, where 68.9% of the lakes were
estimated to have DOC ~ 6 mg/L, al
though the Upper Midwest had the
most lakes estimated to fall in this DOC
category, 5351 (62.9%). The Northeast
was estimated to have the greatest num
ber (572 or 8.1 %) of low-DOC (~ 2
mg/L) systems, but the Southern Blue
Ridge lakes were estimated to have the
greatest proportion (53.6%) of these
low-DOC lakes. Acidic lakes in the
Northeast have been shown to be low
DOC systems (30). Other regions
showed a greater influence of organics
on the acidic lakes (30).

Some aluminum species have been
shown to be toxic to some fish species
(31), and aluminum was measured here
as an indication of the habitability of
waters to fish. The highest extractable
aluminum values were found in the
Northeast, predominantly associated
with lakes having pH ~ 6.0, where
5.2 % or 237 of the clear-water lakes
were estimated to exceed 50 j.tg/L.
These estimates are reported for clear
water lakes only (i.e., those lakes with
true color < 30 platinum cobalt units
[PCU]) because in the presence of or
ganic carbon (i.e., high color), alumi
num is chelated and its toxicity to fish
declines. The Upper Midwest and the
Southern Blue Ridge had virtually no
lakes with extractable aluminum in ex
cess of 50 j.tg/L. Lakes in Florida had
7.4 %, or an estimated 69 lakes, with
extractable aluminum > 50 j.tg/L.

hnplications

One way to measure the success of
the lake survey is to evaluate its contri
butions to our understanding of acid
deposition effects. Prior to the survey,
scientists had a clear understanding that
acidic lakes were present in most of the
areas sampled. However, this survey
provided regional estimates of the num
ber, area, and location of these lakes
within specified levels of confidence.
Manuscripts by Brakke et al. (32) and
Eilers et al. (33) discuss the character
istics of lakes in the Northeast and Up
per Midwest in greater detail. Further
more, Florida has been shown to have a
surprisingly high percentage of acidic
lakes (22 %). This finding presents a
challenge to the research community to
explain why an area receiving only
moderate loadings of sulfur contains
the highest percentage of acidic lakes in
the United States. This paradox is ex
amined further in the manuscript on
lakes in the Southeast (34). Because the
chemical characterization of the lakes
was relatively complete, this survey
provides a first-time capability for as
sessing the ionic composition of acidic
and low-ANC lakes in areas of greatest
interest.

These new data make it possible to
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explore the importance of organic acids
to the current status of lakes (35) and to
test the hypothesis of regional-scale
lake acidification caused by neutral
salts (36). The complete ionic charac
terization also makes it possible to ap
ply empirical models to evaluate lake
acidification associated with loadings of
sulfate deposition (37). The survey de
sign was not optimized for analysis of
fine-scale spatial patterns in lake chem
istry. However, poststratifying the data
into various geographic units (32-34)
provides a clearer understanding of the
physiographic factors associated with
'the distribution of low-ANC lakes. The
problems in evaluating spatial patterns
caused by use of unequal weighting
among strata are currently being ad
dressed in the Adirondacks with ap
proaches that can be applied to other
areas sampled in Phase I of the Eastern
Lake Survey.

The survey represents a major ad
vance in our understanding of the cur
rent status and extent of acidic and low
ANC lakes in the eastern United States.
However, it does not provide answers
to all aspects of descriptive lake chem
istry. Small lakes (generally those < 4
ha and up to about 10 hal are not in
cluded or are poorly represented in the
design because a consistent set of large
scale maps for the study regions do not
exist. This was not a problem for the
Western Lake Survey, in which lakes as
small as I ha could be represented us
ing 1:IOO,OOO-scaie maps (18). Sur
veys of small lakes are currently under
way in several areas of the Northeast
and will provide an opportunity to sup
plement the Eastern Lake Survey
Phase I estimates of acidic lakes.

The Phase I survey was conducted in
the fall, and estimates of the number of
acidic lakes are lower than what we ex
peet to observe in the spring samples
collected for Phase II of the survey.
Furthermore, nitrate and aluminum
concentrations are expected to be
higher in the spring than those observed
in the fall survey. The survey was
therefore designed to incorporate sea
sonal variability into revised estimates
for the number and properties of acidic
lakes.

Because it provides a "snapshot" of
lake chemical attributes, the data col
lected for Phase I can be extremely use
ful in estimating the status and extent of
chronic regional acidification of lakes.
Furthermore, the flexible statistical de
sign permits extrapolation from sam
pled lakes to a defined population or
any inclusive subpopulation of interest
(e.g., high-elevation, acidic, or seep
age lakes). Additional interpretations of
these data-other than the regional
results presented here-have already
been made. For the first time in North

America, limnological investigations
can be quantitatively interpreted on a
regional scale beyond the sample lakes
themselves.

In other surveys, the design often be
comes expendable upon completion.
However, we view the National Surface
Water Survey design as a suitable
framework for additional applications.
Resurveys of these lakes may be an ex
cellent way to document future chemi
cal changes in surface water chemistry.
Other environmental issues, such as nu
trient enrichment, may also be evalu
ated using the sampling frame devel
oped for the Eastern Lake Survey.
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The assessment of the source, extent,
and nature of hazardous-waste contami
nation relies on sophisticated chemical
analyses to identify and quantify a wide
range of pollutants. For organic com
pounds, these analyses are most often
performed using combined gas chro
matography/mass spectroscopy (GCI
MS). These GC/MS data are used by
environmental scientists and engineers
for site evaluations, design of ongoing
monitoring programs, and remedial ac
tivities.

Once tabulated in engineering re
ports or stored in data bases, the data
are often reviewed interpretively but
rarely scrutinized to determine if com
pounds have been accurately identified
or quantified. It is usually assumed that
this has been done in the laboratory by
the analyst. In reality, GC/MS data are
most often produced using highly auto
mated instruments with very little inter
vention by experienced spectroscopists.
With the exception of priority pollu
tants, qualitative and quantitative inac
curacy is a widespread problem in envi
ronmental chemical data.

This problem has become clearly evi
dent in our work over the past several

years in hazardous-waste site assess
ment and remedial design. Our work
has involved interpreting data for both
private and government clients to deter
mine the transport and fate of chemi
cals in the environment. Most of the
data we reviewed were generated for
site owners by commercial laboratories
who performed the standard priority
pollutant scans.

For every case in which we reviewed
the raw data (including chromatograms
and mass spectra) we found one or both
of the following problems for nonprior
ity pollutants: misinformation-incor
rect compound identi fication due to
poorly automated mass-spectral match
ing and inadequate data review, and
lost data-observed compounds, some
times the predominant ones, reported
as "unknowns" to eliminate incorrect
compound identification while mini
mizing time demands on the analyst.

If these problems are undetected or
ignored, the results may be faulty or
limited conclusions regarding site con
tamination and inappropriate remedies.
The most notable case in our experi
ence involved a RCRA (Resource Con
servation and Recovery Act) facility lo
cated adjacent to a CERCLA
(Comprehensive Environmental Re
sponse Compensation and Liability
Act) site. Samples from each of the
sites contained virtually identical prior
ity pollutants.

The accurate identi fication of non
priority pollutant compounds and the
subsequent interpretation of compound
distribution patterns and concentration
gradients were critical to distinguishing
between potential leakage from the

RCRA facility and known leakage from
the CERCLA site. This was accom
plished only after the raw data was re
interpreted in detail by a mass spectros
copist who identified many of the
misidenti fied compounds and un
knowns.

The roots of this problem lie in the
difficulties inherent in developing
standardized GC/MS methods for uni
versal application to complex and
highly variable environmental samples.
To be truly versatile, such analyses
must be broad in scope yet sensitive
and reproducible. The EPA attempted
to achieve such versatile, standardized
methods by focusing on a limited num
ber of organic compounds, the priority
pollutants, which represent a cross sec
tion of contaminants found in environ
mental samples.

Although originally developed for
water and wastewater samples (I, 2),
the priority pollutant methods were
adopted with minor ,modifications for
use in hazardous-waste analysis (3, 4).
To address the nationwide need for ana
lyzing a tremendous number of samples
quickly, instrument manufacturers pro
duced GC/MS systems that could be
marketed as turnkey units to perform
highly automated analyses. The auto
mated analytical procedures rely heav
ily on the GC/MS instrumentation
linked to dedicated computers. Com
pound identities and concentrations can
be determined with very little need for
the expertise or scientific judgment of
the analyst.

The automated instruments produce
reasonably high-quality data for the pri
ority pollutants and for the slightly ex-
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panded EPA Contract Laboratories
Program Hazardous Substance List be
cause analytical standards (referred to
as "external standards") are used to
confirm compound identities and to
perform accurate quantitation (5). Un
fortunately, these instruments are not as
successful in identifying and quantify
ing unknown, nonpriority pollutant
compounds.

This is a serious problem because
nonpriority pollutants are predominant
constituents of most samples taken
from hazardous-waste sites (6-8). The
identi fication of such compounds re
quires highly skilled interpretation of
mass-spectral and chromatographic
data-a job for which today's instru
ments and computer programs remain
inadequate.

In an effort to obtain high-quality
chemical data on a national scale, regu
latory agencies have developed stan
dardized methods for sample handling
and preparation as well as standardized
instrument-operating conditions. Elab
orate quality assurance and quality con
trol (QAIQC) procedures specify and
require the use of field blanks, labora
tory blanks, surrogate spikes, matrix
spikes, duplicate samples, and internal
standards to assure that performance
standards are met (quality control). In
addition, comprehensive documenta
tion and scientific review are required
to assure not only that QC procedures
were followed but that their results
were acceptable (quality assurance).

These procedures are aimed at guaran
teeing that samples are representative,
that priority pollutants are measured ac
curately within established limits of
precision, and that cautious attempts
are made at identifying nonpriority pol
lutants.

Most laboratories adhere reasonably
well to all of these procedures. How
ever, these general QAIQC procedures
are laboratory housekeeping issues and
are not the topic of this article. They
have little or no impact on the correct
identification of nonpriority pollutants.

Although these problems are familiar
to most analytical chemists, environ
mental decision-makers also need to
understand them in order to use prop
erly the vast amount of chemical data
generated on the nation's hazardous
waste sites.

Fundamentals of analysis

Figure I shows the main components
of a GC/MS system. A mixture of
chemicals is separated into its individ
ual components as it travels through the
column in the gas chromatograph. The
time a compound spends on a specific
column, the retention time, is repro
ducible and characteristic of the com
pound. The GC detector generates an
electrical signal, which is displayed as a
peak on a recorder, as a compound
passes through. The GC detector gives
no further information about the eluting
chemical, except for its retention time.

For samples in which the compo-

nents of the mixture are known, the re
tention time can be used to identify
each component as it elutes by compar
ing it to the retention time of a standard
run on the same instrument. If the com
ponents are unknown, however, reten
tion time alone cannot be used to iden
tify them unequivocally.

Combining a mass spectrometer with
a gas chromatograph adds the ability to
identify compounds as they elute from
the GC column. In the mass spectrome
ter operating in the electron-ionization
mode, the eluting compound is frag
mented into a set of ions of various
masses. The fragmentation of a mole
cule is not a random process, but fol
lows readily discernible and reproduc
ible patterns. The fragments are
directed through a mass analyzer and
detected sequentially as a function of
their mass-to-charge ratios. The result
ing mass spectrum is equivalent to a
fingerprint of the molecule and can be
used to determine its structure and
identity.

The GC/MS systems used in routine
environmental sample analysis are
equipped with computer data systems
and extensive libraries of reference
mass spectra to identi fy nonpriority
pollutant compounds. They can per
form in a fully automated mode to sep
arate the components of a mixture, gen
erate a mass spectrum for each
component, search the library for a
matching spectrum, make an identifica
tion, and perform a quantitative analy-

FIGURE 1

Components of a GCIMS system

Sample Gas chromatography Mass spectrometry
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sis. The standardized methods include
instrument-tuning requirements de
signed with ensure that each mass spec
trometer will generate mass spectra
comparable with the library spectra and
with each other (9).

The problems
Figure 2 shows the results of an ac

tual automated environmental sample
analysis performed on two samples
from two different groundwater-moni
toring wells at a hazardous-waste site.
These examples are from the semivol
atile fraction of the standardized prior
ity pollutant analytical scheme. Only
two priority pollutants were identified
in these samples, both eluting before
the large peaks at the beginning of the
chromatograms for Wells A and Band
not present in sufficient concentration
to be visible on these chromatograms.

The two chromatograms show simi
lar elution patterns and relative reten
tion times for the remaining nonpriority
pollutant compounds, suggesting that
the components of the two samples are
similar, Mass spectra for peaks I, 2,
and 3 are given for each sample and
support the interpretation that the two
samples contain the same components;
however, the results of the computer
ized library matches for the two sam
ples are startlingly inconclusive. Only
one compound, indicated by peak 2,
was identified as the same compound in
both well samples. The other two com
pounds were identified as different
chemicals in each sample. Although
both samples from wells A and B
yielded the same mass spectra, only
seven of the fourteen paired peaks from
their chromatograms were matched by
the computer with the same library

spectrum. Most of the computer
matches were poor as illustrated by
peak 3 in Figure 2. The large ion at
mlz 192 in the unknown spectrum is
completely missing from both library
matched spectra, and the overall
fragmentation patterns are generally
dissimilar.

The compound identified by peak I
in Figure 2, a major component of sam
ples taken from this site, was found in
43 of the 72 wells sampled and pro
duced the largest peak in 21 of the chro
matograms. The computer-matching
program identified this component as
eight different compounds in 13 of the
wells, although the actual mass spectra
are virtually identical except for small
differences that can be attributed to
background interferences. The library
spectra with which the sample spectra
were matched were all very different
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The peaks superimposed on the enve
lope may be part of the hydrocarbon
component of the sample, or they may
be unrelated compounds that happen to
elute at the same time as the envelope.
The mass spectra obtained from such
samples are usually readily identifiable
as hydrocarbon spectra, which have a
characteristic fragmentation pattern. If
another compound is coeluting with the
hydrocarbon envelope, it may contrib
ute some extraneous fragments to the
spectrum, but generally the hydrocar
bon pattern is predominant.

It is very difficult to correctly iden
tify hydrocarbons on the basis of mass
spectra alone, as the fragmentation pat
terns are similar for many different hy
drocarbons. In Figure 4, for example,
three different peaks have been identi
fied as the same large hydrocarbon; this
cannot be correct. Although obvious to
scientists familiar with GC/MS analy
sis, this problem produces confusion
when data is presented to users un
aware of the difficulties with differenti
ation of hydrocarbon spectra. It is espe
cially mystifying when the quantitative
data on a sample indicates that the same
compound has three different concen
trations.

Sample Dilution. Mass spectrome
ters are sensitive instruments and can
not tolerate large quantities of material.
To protect the instruments, samples of
ten are first screened by GC alone to
determine the concentration of the
components and the need for sample
dilution prior to GC/MS analysis.

Frequently a few compounds are
present in much higher concentration
than the others, although many com
pounds may be present in lower, yet
significant, concentrations. It is possi
ble that one or more of the less concen
trated compounds may be more impor
tant or toxic than the more concentrated

Unknown peaks M

amu

sampl: I J 11 I I
50 100

sam~U~
50 100

Sam~~1 d~ "II
50 100

FIGURE 3
Spectra for multiplet peaks In chromatognims for Wells A and ~.

LIbrary~

for the multiplet in Well B.
The spectra from Well A have some

common ions, but each also has unique
ions. There are at least two different
compounds coeluting in this peak. The
corresponding peak from Well B gives
a spectrum with some characteristics of
each-again, probably a mixture.

All three library matches for these
spectra are different. Mass spectra ob
tained from multiplet peaks frequently
contain a mixture of ions derived from
more than one compound. Cleaner
spectra can be obtained by subtracting
the individual component spectra from
each other. In this way the multiplet can
be resolved and each component can be
identified. Without this resolution the
information stored in the multiplet is
lost, and compounds are likely to be
misidentified.

Multiplet resolution is rarely per
formed in the automated laboratory.
Fine-tuning of the analytical conditions
requires a chemist's judgment and addi
tional instrument adjustments, both of
which increase the time and cost of
analysis. It is impractical to include
such procedures in the standardized
methods used for broad screening pro
grams. In fact, most laboratories sim
ply have too many samples to afford the
time.

Interferences. Figure 4 shows a
common error resulting from back
ground interference. The large "bump"
in the baseline of this chromatogram is
a hydrocarbon envelope. It occurs
when the sample contains a complex
mixture of hydrocarbons such as those
found in petroleum products and resi
dues. The typical gas chromatograph
does not completely resolve the compo
nents of such mixtures into individual
peaks but spreads them across a range
of retention times as an undifferentiated
mass.

and produced a tabulated set of data
consisting of a seemingly random spa
tial distribution of compounds even
though a clear pattern truly existed.

An issued report on this site merely
tabulated the compounds incorrectly
identified by computer matching. The
recipient of this report therefore be
lieved that the samples were dissimilar.
Essentially all of the information on
this site was lost until a review of the
raw data uncovered numerous recur
ring compounds that produced strik
ing�y similar elution patterns for the
samples and reproducible mass spectra,
which indicated that the same com
pounds were present in most of the
wells. A clear pattern of contaminant
transport and fate emerged that had
previously been obscured.

To produce a library match for an
unknown spectrum, the computer com
pares the masses and relative abun
dance of the ions in the sample spec
trum to the masses and relative
abundance of the ions in candidate li
brary spectra. The matches are scored.
If the scores are high enough to justify
confidence that it is valid, the best
match is reported. Other high-scoring
matches are usually given as second
and third alternatives. Small differ
ences in the sample spectra can change
the relative scores of closely related li
brary spectra and therefore change the
order of the candidates.

Even if the matches are reproducible
and high-scoring, however, they often
are poor. A manual review of data gen
erated by the computerized library
matching routine usually results in re
jection of most of the tentative
identifications. As a result, many com
pounds are reported as unknowns. For
environmental samples in which most
of the constituents are not priority pol
lutants, very little information about
the chemical composition of the sample
is generated despite this costly and
time-consuming analysis.

In some cases a far worse problem
exists: The manual review of the data is
not performed by an experienced
chemist, and laboratory reports are re
leased containing the computer
matched, tentative identifications that
are often incorrect. Several other prob
lems result from applying a standard
ized and automated method to environ
mental samples that are complex and
variable at best.

Unresolved Multiplets. The peaks
marked "M" on the chromatograms for
Wells A and B in Figure 2 are examples
of multiplets, partially resolved com
pounds that elute together. Figure 3
shows the mass spectra from these
multiplets and corresponding library
matches. 'TWo mass spectra were gener
ated for the multiplet in Well A and one
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FIGURE 4
Background interference in a gas chromatogram

For ongoing monitoring programs at
sites where the major contaminants are
nonpriority pollutants, however, the ex
tra effort is warranted. It has been dem
onstrated that retention-time verifica
tion can significantly improve the
quality of tentative identifications (8).
Packages are already available to incor
porate retention data into the library
search algorithm, which could prove
invaluable for site-specific libraries.

Without access to known retention
times for these compounds, the analyst
should use his or her knowledge of
chemistry and the principles of gas
chromatography to eliminate obvious
errors. If a group of compounds in a
homologous series (e.g., straight-chain
hydrocarbons with the number of car
bon atoms increasing sequentially or
chlorinated aromatics with the number
of chlorine atoms increasing sequen
tially) appears in a sample, the reten
tion times should increase as the size or
weight of the molecule increases.

If the tentative identification of peaks
results in a homologous series that is
out of sequence, it is obviously incor
rect. Matches with inorganic com
pounds should be suspect. Most inor
ganic compounds are not very soluble
in the organic solvents used to extract
samples and would not elute from the
gas chromatograph. Compounds that
are known to be low-boiling should not

Computer library choices

3-bromo-l,1 ,l-trichloropropane
docosane
5-ethyl-5-proplyundecane
5-ethyl-5-proplyundecane
5-ethyl-5-proplyundecane

341
1103
1122
1142
1161

scan no.

1122 1142

1103 1161

tremendous number of environmental
samples requiring analysis demands in
creased reliance on automation, but the
result is reduced accuracy. Some posi
tive steps can be takef!, however.

Reference Standards or Alterna
tives. Once the mass-spectrum has
been analyzed and a tentative identifica
tion of a compound has been made, it is
necessary to verify that the retention
time of the compound matches that of
the unknown in the sample. To do this,
a known standard is prepared and ana
lyzed. If both the retention times and
the mass spectra match, the unknown
has been identified.

For the priority pollutants, retention
times are stored in the computer along
with the mass spectra. Both retention
time and mass-spectral matches are re
quired for verification of the compound
identification. Consequently, analyses
for priority pollutants generally are re
liable.

For the nonpriority pollutants the re
tention time is rarely verified. Fre
quently the matched spectrum is that of
a rare compound and no known stan
dard is available. There are few sources
of standards for some nonpriority pol
lutants. But even if standards were
available, this time-consuming process
would severely limit the number of
samples a laboratory could analyze
completely.

341

106 213 320 428 536 641 748 856 964 1069 1177 1284 1392 1497
amu

compounds, but after dilution of the
sample to accommodate the very high
concentration compounds, the less con
centrated compounds may no longer be
detectable by the instrument.

Much of the valuable information
about the sample will be lost in the
form of numerous "nondetects" if the
diluted sample alone is analyzed. With
care, the more concentrated sample can
be analyzed as well as the diluted one.

Quantitation

Quantitative analysis is based on the
use of a set of internal standards which
are usually deuterated or fluorinated an
alogues of the priority pollutants. For
each priority pollutant a response factor
relative to an appropriate internal
standard is experimentally determined
using a set of known external standards
of the priority pollutants themselves.
Subsequent analyses are performed by
adding a known concentration of the
internal standards to the samples. A
mathematical proportionality between
the instrument's responses to the un
known and to the internal standard,
corrected by the relative response fac
tor, is used to calculate the concentra
tion of the unknown.

For priority pollutants the accuracy
should be excellent; for nonpriority
pollutants it is inherently poorer. Be
cause external standards are seldom
used for nonpriority pollutants a rela
tive response factor of I is assumed.
Considering that for priority pollutants
the relative response factors range from
0.05 to 10, an error of more than I
order of magnitude can result from this
assumption alone.

The potential error is compounded
when other sources of error, such as
coelution of analytes and internal stan
dards, are considered. In addition, the
use of internal standards that have
properties similar to the priority pollu
tants is not necessarily optimum for
nonpriority pollutants and may contrib
ute substantially to the overall error. At
best the analysis of nonpriority pollu
tants by this technique is semiquantita
tive and can be extremely misleading.

These examples illustrate the danger
in relying on heavily automated sys
tems to perform the complex analyses
that have, until recently, been consid
ered the domain of research scientists.
A properly designed and executed anal
ysis requires a fundamental understand
ing of the strengths and limitations of
the technique and the ability to tailor
the method to the sample. These factors
are lost when a computer replaces the
chemist.

The solutions
At present there is no complete solu

tion to the problem outlined above. The
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elute after compounds that are known
to be high-boiling.

Unfortunately, glaring errors such as
these abound in the lists of tentatively
identified compounds produced by au
tomated GC/MS. Once they are in
cluded in a final report they make their
way into secondary reports and com
puterized data bases where they are
safe from further scrutiny. Not only has
important information been lost, but
misinformation has been created.

Expanded Data Storage. One inher
ent weakness in many older computer
ized GC/MS systems that restricts their
ability to produce credible results is the
limited amount of fragmentation data
stored for any particular compound.
The fragmentation patterns for mole
cules contain much useful information
about their structure, and the analyst
can use them in a process similar to
putting together a puzzle to reconstruct
the original structure of the molecule.
Certain fragments or patterns of frag
ments are strongly associated with het
eroatoms or functional groups.

For example, doublet fragments two
mass units apart and at a 3: I ratio are
associated with the two stable isotopes
of chlorine. Some computers have lim
ited storage space, however, and in an
effort to maximize the number of com
pounds available in the library, only a
set of the most abundant ions from each
mass spectrum were stored.

Unfortunately, the missing pieces of
the puzzle are often some of the most
useful. The chlorine doublets for poly
chlorinated compounds are sometimes
missing because one of the fragments is
less abundant. The molecular ion,
which would give the molecular weight
of the compound, is often present at a
very low intensity and is therefore not
stored. Minor fragments that would
yield a recognizable pattern are
dropped. Data storage streamlining un
dermines the power of the technique in
the automated mode.

Improvements in data systems have
alleviated this problem in newer instru
ments, but data generated on older in
struments are still subject to these
flaws. The analyst can often detect
structural clues in a mass spectrum that
will lead to improved compound identi
fication or at least rejection of an obvi
ously incorrect identification.

Improved Human Scrutiny. Rou
tine quality assurance procedures spec
ify the use of proper internal standards,
surrogates, blanks, and replicates and
also define procedures for instrument
tuning or calibration. When both spec
tral match and retention-time agree
ment are available for identification,
these procedures ensure a high degree
of reliability in the data. They do noth
ing, however, to solve any of the prob-

lems with tentative identifications of
nonpriority pollutants. For unknown
compounds, the skill and judgment of
the analyst must be applied in review
ing the data.

A qualified analyst can find and elim
inate obvious errors in compound iden
tification and make the necessary pro
cedure modifications to increase the
number of good identifications. The an
alyst can detect patterns in the gas chro
matograms from a set of related sam
ples and focus on identifying those
compounds that appear to be most
abundant.

When library matching cannot iden
tify a compound, the spectrum can be
analyzed and interpreted by a spectros
copist. None of the procedures can be
standardized; they require and rely on
skill and judgment, yet they are abso
lutely essential in the proper use of the
powerful analytical methods that we
have at our disposal. Without them
most tentative identifications are wasted
efforts.

Improved Systems and Data Man
agement. Improvements in hardware
and software have increased the amount
of information that can be stored in li
braries. Today, the commercially avail
able libraries in new data systems are
derived from the EPA/NIH data base
and contain over 42,000 compounds.
These libraries are superior to those of
a few years ago. However, thousands
of compounds with little bearing on en
vironmental issues are included. Inor
ganic compounds, noble gases, and
highly reactive compounds such as ar
sine are often reported as tentatively
identified compounds. At the same time
many compounds are reported as un
knowns, indicating that a matching
spectrum was not found in the library.

Proper identification of the com
pounds found in environmental samples
and inclusion of their spectra in the li
braries would greatly enhance the relia
bility of automated compound identifi
cation. As the development of
automated systems continues, attention
must be paid to correcting the problems
we have described. An increase in the
quantity of data produced without an
increase in the quality will benefit no
one.

Improved Site-Monitoring Pro
grams. The discovery of a contami
nated site is typically followed by a
sampling and analysis program de
signed to assess the nature and extent of
the problem. General screening is al
ways necessary in this phase, and
standardized methods are invaluable.
Once the preliminary data are col
lected, however, they should be used to
develop analytical schemes tailored to
the site.

By studying gas-chromatographic

elution patterns, an analyst can deter
mine the number and relative concen
trations of the major recurring com
pounds in the samples. The relative
contribution of priority pollutants and
nonpriority pollutants to the contami
nant load of the sample can be assessed,
and the need for enhanced efforts to
identify the nonpriority pollutants can
be evaluated.

Analysis of the mass spectra for non
priority pollutants, coupled with back
ground information on the site, can of
ten lead to proper compound
identification even if the computer li
brary matches are not accurate. Even
without compound identification, spa
tially or temporally recurring mass
spectra can be used to determine trends
and patterns of transport and fate. Ob
vious errors in compound identification
can be eliminated.

Follow-up analyses, after the initial
screening, should focus on a specific
set of compounds and the analytical
procedures should be tailored to ana
lyze for them accurately. These site
indicator compounds, the sample col
lection and preparation methods, and
the analytical standards can be chosen
based on knowledge of the chemical
composition of the samples and their
analytical behavior.

The number of samples and the
breadth of analyses required to obtain
needed information about a site, as well
as the associated costs, will probably
decrease as the useful information ob
tained from each sample increases. Al
though this is a departure from the
trend toward more automation and
standardization of methods, it recog
nizes the commonly observed individu
ality of each hazardous-waste site.

Looking ahead
The first step in solving a problem is

to recognize it. The problems cited
herein are not exceptional occur
rences-they have arisen in almost
every project where we have had the
opportunity to review the raw chemical
data. It might be argued that remedies
to these problems are impractical and
too costly. In the end, however, incor
rect data always prove to be impractical
and costly. Without some effort to cor
rect these problems, the data explosion
will supply us with unmanageable
amounts of data-data of doubtful
value-that will do little to help us
solve the ever-increasing number of en
vironmental problems.

Some solutions do exist, as shown in
Table I, but more thought must be
given to this problem by analytical
chemists, instrument manufacturers,
and regulatory agencies. EPA is aware
of these problems, and many proce
dures in EPA's contract laboratory pro-
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gram (CLP) are aimed at mlmmlzmg
misinformation (5). However, data are
lost because many compounds are re
ported as unknowns. The data user who
relies solely on tabular, summarized
data must beware.

Newer instruments have more com
plete spectral information in their files
and improved data storage. Historical
data and data generated on older instru
ments are much more likely to contain
the errors described above.

It is imperative that all laboratories,
whether participating in the CLP or not
and regardless of the age of their instru
mentation, make an effort to maximize
the usefulness and accuracy of the data
they produce. This will be accom
plished with the proper use of a labora
tory's analytical tools and abundant ex
ercise of sound judgment by chemists.
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Health effects from radiation

By Robert E. Alexander

In the article "Nuclear Safety after
Chernobyl," Christopher Flavin cor
rectly observes that the Three Mile Is
land and Chernobyl nuclear accidents
cast spotlights on unresolved safety
problems (ES&T, Views, July 1987,
pp. 624-25). However, the spotlights
have brought little attention to a very
important problem-the estimation of
radiation health effects. The prevention
of such effects is the basis for plant
safety decisions and the primary reason
for the costly design and operational
complexities that Flavin writes about.
The probabilistic risk assessment work
he mentions has involved considerable
research to estimate the probabilities of
accidentally bringing the contents of a
reactor core into the public domain.
This probabilistic risk assessment also
involved the estimation of early and de
layed health effects.

Although delayed cancer and genetic
effects are considered to be random, the
risk coefficients used in their calcula
tion are given as constants rather than
as probability functions. This practice
eliminates consideration of the proba
bility of zero effects, a highly signifi
cant probability at low doses for which
the coefficients are highly uncertain.
The most significant problem high
lighted by Three Mile Island and
Chernobyl may be the very real possi
bility that important decisions to be
made about nuclear electric power
could have a speculative technical ba
sis.

Consider the highly influential word
"catastrophic" as used by Flavin in ref
erence to Chernobyl. Thirty-one work
ers lost their lives at the plant, and to
these workers and their families the ac
cident was catastrophic indeed. How
ever, these tragedies happened on-site,
where radiation dose rates were very
high, rather than in the public domain.
The doses received were so large that

Robert E. Alexander

death intervened long before delayed
effects had a chance to occur. Early ef
fects (manifested within hours to
months after doses exceeding about
100 rads) could happen to the public
only if an accident much worse than
Chernobyl were to occur.

Melting of the core in a U.S. light
water reactor takes time; redundant de
tection systems provide early warning
when such accidents begin, and failure
of a containment building is a low
probability event. If evacuation within
a two-mile radius of a nuclear plant is
completed prior to any failure in the
containment building, it appears that
off-site radiation doses high enough to
cause early fatalities would be pre
vented.

This outcome would also be expected
if containment failure were to occur
during the evacuation procedure. Early
containment failure is associated with
rapid pressure rise caused by intense
heating of the containment atmosphere.
Under these conditions fission-product
release would result during depressuri
zation of the building. An explosion of
great force, worse than at Chernobyl,
with an immediate release of fission
products is not considered to be a major
concern.

Flavin refers to a hydrogen explosion
that "almost resulted" at Three Mile
Island. Although hydrogen combustion
might be able to cause failure of a con
tainment building, the failure would not
be expected to occur sooner than about
two hours after the start of core melt,
thereby allowing considerable warning
time for taking protective actions. Thus
predictions of delayed deaths from ra
diation-induced cancer seem to me to
be the most significant consequence of
a reactor accident in terms of impres
sions left with decision-makers. I sus
pect that these predictions are more
likely to prompt the word "cata
strophic" and to alarm decision-makers
around the world.

Most of the Chernobyl estimates in
volve many thousands of fatalities in
the Northern Hemisphere; for exam
ple, a recent study sponsored by the
U.S. Department of Energy published
an estimate of 28,000 fatalities (1).
This report repeatedly states that it is
possible that no delayed deaths will oc
cur. However, decision-makers are
more likely to remember the 28,000
theoretical estimates than the 31 actual
fatalities on-site. There are reasons to
believe that the calculational results
may be too clouded by uncertainty to
be useful. For example, the risk coeffi
cients used are based primarily on an
epidemiology study involving 54,000
atomic bomb survivors. This sample
size provides statistically sound infor
mation only for doses exceeding 10
rads. Average lifetime doses in the
Northern Hemisphere are given below.

The DOE report makes it clear that
the Chernobyl dose determinations are
highly uncertain, that very low lifetime
doses would likely produce no addi
tional radiological risk, and that there
are no direct data confirming that a few
random ionizations in tissue will cause
fatal cancers. In consideration of these
facts, the authors of the report included
the following footnote to each table pre-
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"The possibility of zero health effects at
very low doses and dose rates cannot be
excluded."

senting latent cancer estimates: "The
possibility of zero health effects at very
low doses and dose rates cannot be ex
cluded." This careful, scientifically
sound wording is typical of the radiobi
ology literature. Unfortunately, these
statements usually do not reach deci
sion-makers, and they almost never
reach the general public.

Many health physicists are dismayed
by the now-eommon practice of includ
ing extremely low doses in health ef
fects estimations. When doses obtained
in this manner are multiplied by risk
coefficients valid at best for doses ex
ceeding 10 rads and dose rates exceed
ing I rad/yr, the results can be alarming
and misleading, and they may have a
detrimental influence on decision
makers. If individual doses below
10 rads and dose rates below I rad/yr
for a lifetime are excluded from the
28,000 estimated cancer deaths, only
the evacuees are affected and the theo
retical result is 410.

To my mind, the comequences pre
dicted for the evacuees are technically
questionable. I would characterize esti
mates of the type indicated for Euro
pean U.S.S.R. (0.63 rad average) and
Europe (0.15 rad average) as conjec
ture. I find any estimate of the type
made for Asiatic U.S.S.R. (0.005 rad
average) to be speculation. Estimates of
the type made for Asia (0.001 rad aver
age) and the United States (0.0005 rad
average) I would classify as pseudo
scientific speculation. Although these

characterizations are given as one
health physicist's opinion, I should
think they would be comforting to mil
lions of exposed people who are need
lessly worried.

In my opinion there is a very limited
place for conjecture and speculation in

science. Even hypotheses must always
be clearly identified as such, particu
larly when the results of hypothetical
calculations can reach unsuspecting
legislators and agency heads, influenc
ing their decision-making process in a
manner detrimental to the best interests
of the nation.

Flavin has studied nuclear plant
safety and concludes that "there must
be greater preparation for the conse
quence of the inevitable failures" and
that "important reforms must be intro
duced soon." Perhaps he is right. But
surely it is true that the expenditure of
resources for these preparations and re-

forms must be commensurate with our
knowledge of the risks and that those
who make the final decisions regarding
these preparations and reforms must be
well informed regarding these risks.
There is a larger picture that should be
considered. The catastrophe that I am

worried about is that the competitive
position of America may be damaged
by those who fear that the sky is falling.
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Numerical data for scientists
By Stephen R. Heller and
Lewis H. Gevantrrum

The scientific community is currently
undergoing phenomenal changes in the
way it produces, compiles, and dissem
inates scientific information and data.
Much of it can now be managed by
computer. Similarly, bibliographic liter
ature searching has become routine us
ing a variety of on-line systems (see
box).

A newer activity that is starting to
make its presence felt in the scientific
community is that of providing the sci
entist with access to numerical data
through a variety of automated mecha
nisms. Several numerical data bases
have emerged and are now being used. Stephen R. Heller Lewis H. Gevantman
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"The search and retrieval strategies for
accessing the data bases are rendered in a
consistent manner, so there is no need to
learn how to use each data base!'

However, most of these data bases re
main unique-some have search and re
trieval capabilities, but for the most
part they remain free-standing bodies
of numerical data without connection to
one another.

A decade ago the idea of combining
related numerical data bases for the en
vironmental science community (1)
was activated first at the National Insti
tutes of Health and subsequently by the
EPA. Coordination with other govern
ment agencies led to a system of 22 data
bases and software analysis programs
entitled Chemical Information System
(CIS). This system, which is under pri
vate operation, is available to the envi
ronmental scientist. However, some of
the newer computer capabilities and
improved data management designs are
not available in the system.

A numerical data base is defined as a
collection or compilation of numerical
data that describes either singular or
multiple physical parameters of a speci
fied chemical substance. Generally, the
number of parameters and substances
are limited. The data base may have
simply a listing of numbers or it may
have search and retrieval software for
extracting the desired data value. Some
come with calculational capability for
extrapolating or interpolating values
based on theoretical or empirical
grounds. Most of these data bases are
free-standing and each may require the
use of a unique approach for extraction
of the information contained in the data
base. This makes for the investment of
considerable time and effort on the part
of the user to learn and manipulate each
data base. In addition, the data con
tained in such data bases are culled
from the scientific literature and other
sources with minimal attempt to evalu
ate the quality of the data. Also, some
data bases are created with little or no
regard for adding to or updating their
capability. This tends to render the data
less useful with the passage of time.

On-line dissemination
A better approach to on-line numeri

cal data dissemination for environmen
tal scientists has been initiated by Tech
nical Database Services, Inc., (TDS,
see box) in their Numerica system. In
contrast to the individual free-standing
bodies of data bases available to users,
the Numerica system is one of a cluster
of experimental data bases, each of
which has been scrutinized and ac
cepted by the data base developer for
quality and timeliness. Although each
data base comes from a di fferent
source, inconsistencies between data
bases (primarily in the area of nomen
clature) are resolved by the use of
Chemical Abstracts Service (CAS) reg
istry numbers. Furthermore, each part

146 Environ. Sci. Technol.. Vol. 22. No.2. 1988

or data base is closely related to the
other so that the data can be checked for
consistency within all data bases. Pro
grams are available to round out and
compare calculational versus experi
mental values with further opportunity
to extend the data into areas where no
data exist. The search and retrieval
strategies for accessing the data bases
are also rendered in a consistent man
ner, so there is no need to learn how to
use each data base. Consequently, the
buildup of data bases clustered about a

centralized theme such as environmen
tal science presents a highly useful sys
tems concept.

Highlights of how the Numerica sys
tem searches for specific chemical
properties data illustrate the system's
utility in meeting the needs of the envi
ronmental scientist. For example, the
chemical I, I '-biphenyl (molecular for
mula C'2H,o) has been assigned CAS
registry number 92-54-4. Access to the
Numerica on-line system is achieved in
the usual manner through a dial-up tele
phone network, in this case Telenet.

What data base to use

Before beginning a search of Nu
merica data bases, one must check to
see which, if any, data base contains
data on the chemical of interest. This
can be done by using SYNDEX, which
contains an index of CAS registry num
bers, chemical names, synonyms, and
TDS data base tags. This allows the
user to save both time and money by
avoiding systems that do not contain the
needed data. The results of the search
show that numerical data on I, I '-bi
phenyl can be found in the Thermo
dynamic Research Center Database,
the Carcinogenic Information Database
for Environmental Substances (CIDES)
(see box), the Environmental Fate Da
tabase (EFDB) (2), and the Log P and
Related Parameters Database (3). Illus
trative excerpts from three of these data
bases are shown in Table I. In perform
ing a search for data and information
on I,l'-biphenyl, the first type of data
to be searched is environmental fate
data.

Yet another data base, CHEMEST,

can be used to calculate many of the
parameters described in Table 1.
CHEMEST shows property relation
ships and fills in for missing data.

It is hoped that the searches and dis
plays shown have conveyed the value
of having high-quality data that are eas
ily searched in an on-line system. Nu
merica is a simple system to use, and
having the SYNDEX data base as a
front end allows one to perform a quick
and efficient search of available data
before even going into a specific data

base. Lastly, the ability or potential to
compare experimental and calculated
data (e.g., in the TRC Datafile) is a
valuable resource.

Looking ahead

The future direction for Numerica is
twofold. First, there is the need to bring
other useful and important data bases

Sources of information on
various data bases

Directory 0; Online Databases,
Cuadra/Elsevier, 52 Vanderbilt Ave.,
New York, N.Y. 14305 (212-370
5520). The directory is pUblished
four times a year and is available on·
line.

TOS, Technical Database Serv
ices, Inc., 10 Columbus Circle, Suite
2300, New York, N.V. 10019 (212
245-0091).

CIOES, the Carcinogenic Informa
tion Database for Environmental
Substances. is currently being pro
duced at TDS and will contain car
cinogenic, mutagenic, physical,
chemical, and environmental param
eter data for over 1200 substances.
For further information contact TDS
above.

TRC, Thermodynamics Research
Center. For information on activities
and data bases contact TRC, Zachry
Engineering Building, Room 58, The
Texas A&M University System, Col
lege Station, Tex., 77843-3111 (409
485-5981). TRC publishes a yearly
newsletter for those wishing to be
kept informed of their activites.



into the present cluster. By integrating
the new data with the present files, an
ever-increasing numerical data capabil
ity is available to the user with a mini
mum investment of time and effort.
Second, the cluster of environmental
data permits the formation of other
clusters of numerical data that may re
late or be completely independent of
the environmental data. The option to
select the theme of the next cluster is
obviously predicated upon the avail
ability of data bases and the ability of
such data bases to serve a need ex
pressed by the user community.

For example, a new cluster aimed at
chemical engineering, chemical manu-

facture, and data that embrace chemical
and pharmaceutical concerns is a natu
ral extension of the Numerica system.
Obvious relationships to the Physical
Properties Data System and other data
bases would then promote the use of
both data clusters because of the need
to satisfy data requirements of a mutual
nature. Similarly, a biologically ori
ented cluster would again have implica
tions for relating the contents of the
new set of data bases to the existing
cluster. The flexibility and advantages
described for constructing clustered
data bases are bel ieved to be clear!y
superior mechanisms for producing on
line systems in the future.
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TABLE 1
Typical printout information from 3 different data bases

•Recommended value.
Log P = octanol/water partition coefficient. The number ("No.") refers to the number of data points in
the file. In the above example there is one data point for each of the 10 values of log P.

legend: E is an extrapolated value; I is an interpolated value. In the "rating" column, data quality
is rated from A to D; C is the value given to the above data. "State" refers to the physical state of
the material-C for condensed, L for liquid,S lor solid, G for gas.

1967

Date

Solvent
No.
1
1
1
1
1
1
1
1
1
1

C
C
C
C
C
C
C

State

Log P
3.95
4.17
4.09
3.16
4.04
4.04
3.79
3.89
3.76
3.77

C
C
C
C
C
C
C

E
I
I
I
I
I
I

1.7198E)04
5.2600E)04
1.5564E)03
4.4616E)03
1.2408E)02
3.3520E)02
8.8071E)02

B. TRC vapor pressure data file-calculated dala

Chemical Name: BIPHENYL
There are 18 entries related to your query:
Line
No. Name
TOP OF FILE
1 BIPHENYL
2 BIPHENYL
3 BIPHENYL
4 BIPHENYL
5 BIPHENYL
6 BIPHENYL
7 BIPHENYL
8 BIPHENYL
9 BIPHENYL
10 BIPHENYL

C. Log P database-all solvents

CAS Chemical Name: BIPHENYL
Molecular Formula: C12H10
CAS Registry No.: 92)52)4
Sources: SAV1; SAV2

Experimental
Range RatingT/K P/kPa

TOP OF SET
250.00
260.00
270.00
280.00
290.00
300.00
310.00
320.00
330.00
340.00

A. TDS environmental fate data base menu

10 BIPHENYL
CASH 92)52)4 #5
Preferred Name: BIPHENYL
9th Col Index: 1,1 ')BIPHENYL
Synonym: BIPHENYL
Mol Weight 154.21
Mol Formula: C12H10

LOGP BIPHENYL
CASH 92)52)4 #14
LogOIW Part.: 4.09

MEASURED
Remarks: RECOMMENDED

VALUE
Abbrev Ref: HANSCH,C 7

LEO,AJ (1981)

SOIA BIPHENYL
CASH 92)52)4 #66
Soil Adsorp Cns: .14E 04
Sum Comments: CALCULATED
Abbrev Ref: KENAGA,EE (1980)

UV BIPHENYL
CASH 92)52)4 #6
Absorption Coef: .193E 05UMOL)CM
Wavelength (NM): 246.5
Remarks: NO ABS ABV 300

NM, IN MEOH
Abbrev Ref: SADTLER (NA)

@255UV

VP BIPHENYL
CASH 92)52)4 #62
Vapor Pressure: .975E 01

TORR MEASURED
Temperature (C): 25.
Remarks: UNITS

CONVERTED
Abbrev Ref: WEAVER,WC ET

AL. (1979) @2ND

WSOL BIPHENYL
CASH 92)52)4 #1
Water Solubil: .71E 01 MG/L

MEASURED
Temperature (C): 25.
Remarks: UNITS

CONVERTED BY
SRC,AV,
VALIDATED VALUE

Abbrev Ref: PEARLMAN,RS ET
AL. (1984)
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Causation in forest decline

"Many plant species are declining and
matters of plant age, site factors, and
temporal considerations are involved."

By Richard M. Klein

Statistical and legal proof for the causes
of contemporary forest decline and sci
entific demonstration of its nature, con
sequences, and sequelae have eluded
the scientific community in spite of
massive research efforts in Europe and
North America. At the same time, the
public and legislative bodies are at
tempting to make decisions of far
reaching social and economic impor
tance. Woodman and Cowling (1) and
others (2-5) have suggested that the
causes of forest decline can be demon
strated by application of Koch's postu
lates, initially proposed to test the
cause-effect relationship of diseases
caused by microorganisms.

Since the postulates were first formu
lated by Robert Koch in 1876 (6), fairly
precise rules have been developed for
the evaluation of diseases caused by bi
otic agents (7, 8). These require that the
presumed causal agent be isolated from
affected hosts, that the agent be grown
under controlled conditions, that the
causal agent induce the same disease
when introduced into a new host, and,
finally, that the causal agent again be
isolated and demonstrated to be identi
cal to the first isolated agent.

But even in instances of microbial
disease, Koch's postulates have not al
ways worked. Viruses and obligatory
pathogens may not be amenable to cul
tivation in vitro, and variations in host
susceptibility, vigor, age, and other fac
tors profoundly alter clear demonstra
tions of the postulates. As pointed out
by Deumling (9), the postulates require
controlled conditions, which are impos
sible to apply under field conditions,
and modifications of the postulates for
field studies (10) cannot provide defini
tive answers for causation. When there
is good reason to suspect that causal
factors are not primarily biotic agents,
the utility of Koch's postulates is fur
ther diluted.

More to the point, the list of potential
causal factors in forest decline is large
and diverse (11-13). Natural causal
factors, which may be acute or chronic,
include stresses involving water, tem
perature, diseases, and insect infesta
tions. Anthropogenic factors include
precipitation acidity, the solubilization
of indigenous and deposited metals,
gaseous components, excess nitrogen,

Richard M. Klein

and other factors. Each of these factors
varies in importance in time and space,
and each is capable of synergistic inter
action with both natural and anthropo
genic factors. Many plant species are
declining, and matters of plant age, site
factors, and temporal considerations
are involved. Hutterman (3) has sug
gested that a modified Koch's postulate
formulation could be used to evaluate
individual causal factors or stressing

conditions under controlled conditions.
Koch's postulates, suitably modified,

are primarily useful for demonstrating
that the factor being tested is unlikely to
be involved. Simulation experiments
that do not test Koch's postulates have
shown that many of the proposed
stressing factors are capable of induc
ing responses consistent with the hy
pothesis that the factor is probably in
volved. It is, however, manifestly
impossible to design and conduct a sta
tistically sound multiple-factor test for
Koch's postulates using mature trees
under natural, but controlled, condi
tions-even with as few as 10 presumed
causal factors, each presented in only

three concentrations with analysis of
many structural and functional criteria
made over a IO-year period.

The medical profession, faced with
similar problems and constraints, has
developed methods of epidemiology for
disease states involving multiple causal
factors, the necessity of evaluating nat
ural populations, and the time and
space considerations that are analogous
to the problems of forest decline. Our
current understanding of lung cancer is
based on such epidemiological con
cepts. Incitants include tobacco smoke;
asbestos; radiation; viruses; a host of
chemical substances in the environ
ment; and matters of life style, age,
vigor, sex, genetic factors, and race
(14). The time period between initial
exposure and disease development is
also involved (15). Extrapolations from
mice to human populations (as from
tree seedlings to forest ecosystems)
must be factored into the analysis. The
result of such epidemiological evalua
tions is a probability statement that may
be scientifically disappointing and cer
tainly leads to different interpretations.

Given the complexity of the problem,
however, probability statements have
proved to be adequate guidelines for the
formulation of legislation and for the
public.

As pointed out by Weinberg (16), the
questions being asked about cancer re
search far exceed the capabilities of sci
ence; so too for forest decline. The an
swers go beyond the realm of biological
certainty, forcing us into the uncomfor
table position of having to operate
within a vague framework. Much the
same point has been made by Deumling
(9). However, epidemiological tech
niques can, as Koch's postulates can
not, provide involved people with well-
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documented and adequately supported
probability estimates (17, 18). Al
though subject to modification as addi
tional information becomes available,
such probability estimates can be used
as a base for critical decisions (19-21).
Proposing that decisions be postponed
until Koch's postulates are fulfilled is
logically doomed to fail. .

Richard M. Klein received his Ph.D. in
botany and metabolic biochemistry
from the University ofChicago. He was
A. H. Caspary curator ofplant physiol
ogy at the New York Botanical Garden
before moving to the University of Ver
mont as a professor ofbotany. Klein is
currently investigating aspects ofphysi
ological plant ecology with special ref
erence to contemporaryforest decline.

Environ. Sci. Technol., Vol. 22, No.2, 1988 149



___I~W~I"-- _

EPNs new pesticide-groundwater
strategy

Richard M. Dowd

EPA is designing a strategy to address
issues associated with pesticides in
groundwater. A draft of the strategy
was presented to interested parties last
summer in anticipation of a formal pro
posal early this year.

The strategy responds to EPA's in
creased concern about reported detec
tion of pesticides registered under
FIFRA (the Federal Insecticide, Fungi
cide, and Rodenticide Act) in various
groundwaters across the country. The
strategic goal is to improve protection
of groundwaters that are current or po
tential sources for public or private
drinking-water supplies. The emphasis
will be on measures to prevent contami
nation in excess of EPA standards
rather than on cleaning up groundwa
ters that have already been contami
nated.

EPA believes that the potential vul
nerability of groundwater to pesticide
contamination varies significantly from
one locality to another. Accordingly,
the agency intends to tailor preventive
measures on a county level, where fea
sible, based on local groundwater vul
nerability. For groundwater regimes
that vary on a smaller geographical
scale, criteria for the use of certain pes
ticides would be established and evalu
ation for applicability would be made
by the user rather than by the regula
tory agency. One result of this approach
would be that some pesticides nation
ally registered under FIFRA may not
meet local groundwater management
criteria, and their use could be re-

stricted in those places. EPA calls this
provision a "differential approach."

Implementing the strategy will de
volve responsibility on many more
players than have previously had roles
in FIFRA activities. New actors in the
process include state groundwater man
agers as well as pesticide users. Regis
trants (e.g., manufacturers) of pesti
cides would play an increased role.

EPA's role remains central

EPA would first establish standards
for allowable pesticide concentrations
in groundwater. The agency has already
chosen to adopt as standards the Maxi
mum Contaminant Levels (MCLs), the
enforceable pollutant limits under the
Safe Drinking Water Act. Where no
MCLs exist, EPA will establish interim
levels. (Out of some 600 pesticide
chemicals in use, only 6 MCLs have
been set; 14 more are scheduled for
proposal in 1988.)

EPA would also evaluate the chemi
cals' potentials for leaching to ground
water and is now seeking leaching data
from registrants of 65 chemicals.

To implement the massive, complex
task of assessing local groundwater and
establishing localized preventive mea
sures, EPA is looking for help from the
states. The agency will encourage
states to establish State Management
Plans that would include assessments of
local groundwater use and vulnerabil
ity. States would also develop and im
plement highly tailored prevention
measures based on local groundwater
differences. In some cases, this differ
ential approach might lead to different
prevention measures in different locali
ties for individual chemicals. States
with management plans approved by
EPA would then take the lead in deter
mining which preventive measures are
appropriate.

For those states that do not adopt ap
proved management plans, EPA will
try to assess local groundwater and tai
lor preventive measures to state or

county levels. Where this is not feasi
ble, EPA will likely impose state- or
county-wide pesticide registration can
cellations if this is deemed necessary.
States may well find it in their interests
to develop their own plans to forestall
federal controls that might be more
stringent. In other words, the carrot for
the states is the opportunity to adopt
pesticide management measures that
are more flexible and responsive to lo
cal conditions.

Pesticide registrants would also
shoulder increased responsibilities.
They would be required to conduct sub
stantial groundwater monitoring for
pesticides used in vulnerable areas.
They must also educate users about
"proper environmentally sound appli
cation" of their pesticides.

EPA indicates that the role of users is
critical because they actually apply the
.pesticides. The strategy envisages re
quiring users to identify vulnerable
groundwater in their fields to determine
if special preventive measures are
needed.

At this time EPA has not set a timeta
ble for implementing the strategy
which is not surprising. Considering
how long it normally takes the agency
to make national registration decisions,
which do not now include groundwater
concerns, the amount of time it would
take to complete this complex multi
level decision-making process for 600
pesticides in hundreds of counties is
staggering. This lengthy time require
ment and other daunting implementa
tion and enforcement burdens are sure
to stimulate lively discussion both dur
ing internal agency and administration
review and during the formal public
comment period between EPA's pro
posal and promulgation of a final strat
egy.

Richard M. DOlVd, Ph. D., is presidellt
of R. M. Dowd & Company, environ
mental and science policy consultants
in Washington, D. C.
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Toxic Air Pollution: A Comprehen
sive Study of Non-Criteria Air Pollu
tants. Paul J. Lioy and Joan M. Daisey,
Eds. Lewis Publishers, 121 S. Main
St., Chelsea, Mich. 48118. 1987. 294
pages. $49.95, cloth.

Reviewed by Julian B. Andelman,
Graduate School ofPublic Health, Uni
versity of Pittsburgh, Pittsburgh, Pa.
15261.

The Airborne Toxic Element and Or
ganic Substances (ATEOS) project was
funded by the state of New Jersey and
conducted from 1981 to 1985. It in
volved measurements and assessments
of a large number of potentially toxic,
mostly noncriteria, ambient air contam
inants at three urban sites and one rural
site in New Jersey.

Toxic Air Pollution: A Comprehen
sive Study of Non-Criteria Air Pollu
tants, which describes this study, con
sists of eight chapters written by II of
the 45 participants in the project. The
participants represented three academic
institutions, one research institute, and
the Department of Environmental Pro
tection of New Jersey.

The principal goals of the project
were to obtain quantitative information
on human exposures to outdoor ambi
ent air carcinogens, assess biological
activity levels for various fractions by
short-term in vitro assays, evaluate
time and location variables, and esti
mate possible sources and human
health risks. The introductory chapter
of the book describes the study design.
The final chapter presents an overview
that summarizes the study's important
findings and considers their health and
regulatory implications. Other chapters
discuss and assess the composition and
variability of the constituents studied,
including inhalable particulate matter
(IPM) , volatile organic compounds
(VOCs), and polynuclear aromatic hy
drocarbons (PARs). They also cover
the mutagenicity of various IPM frac
tions, the nature of air pollution epi
sodes, and models that assess pollution
sources using the results of analyses ob
tained at various sites.

Particulate and vapor-phase samples
were taken for 24 hours a day during
four 39-day sampling periods from

BOOKS

1981 through 1983. Sampling was car
ried out during two winter and two
summer periods. The chemical constit
uents analyzed included nine inorganic
elements, sulfate, 16 PARs extracted
from various fractions of the IPM sam
ples, and 25 voiatile organics. These
VOCs included a variety of chlorinated
and nonchlorinated aromatic chemicals
and I I low-molecular-weight chlorin
ated organics. The Ames salmonella
test was used to assess the mutagenicity
of three extractable fractions of the
IPM. Sampling and analytical metho
dologies are described in considerable
detail.

Much of this large and complex
study has been published in peer-re
viewed journals and reports, which are
listed in an appendix. Nonetheless, it is
quite useful to have all of this informa
tion compiled in one book, together
with the perspectives of the authors as
well as background and expanded inter
pretations not normally found in a sci
entific journal. There is necessarily
some repetition-such as when the
chapters on Ames testing or source
modeling discuss variations in IPM
results with time or location-but the
material generally is well organized.

To get a broad view of the study and
its major findings, it may be useful first
to read Chapter I, on the study design,
and then Chapter 8, an overview that
discusses health and regulatory impli
cations. Chapter 8 summarizes the
principal findings of the other chapters
and includes quantitative estimates of
risk for several chemicals. The ap
proach taken for the latter involves gen
erally accepted risk assessment meth
odology. It does not provide insight into
the risks likely from the whole range of
ambient airborne chemicals to which
residents of the study areas would be
exposed because it considers only a few
by example. One conclusion, however,
is that the measured concentrations of
benzo[a)pyrene and PAR "pose an un
reasonable level of risk to the popula
tion" and that they "have the highest
level of attributable risk of all the
classes of material measured in the
ATEOS project."

Many of the authors have considera
ble experience in their portion of the
project, as shown by citations of their
work in the reference lists. This adds to

the authoritative nature of the study.
The comparisons with studies else
where are particularly valuable in plac
ing the results of this study in perspec
tive. It has been concluded that the
volatile organic chemical levels "are
sufficiently low in New Jersey to disre
gard the notion that a statewide prob
lem exists for this class of ambient air
pollutants"; also, "levels of aromatic
VOCs are consistent with those re
ported ... for urban air." There is a
brief reference to the EPA's Total Expo
sure Assessment Methodology
(TEAM) study, which included mea
surements of indoor and outdoor con
centrations of 20 VOCs in air at one of
the cities included in the ATEOS study
(the ATEOS and TEAM studies were
conducted during approximately the
same time periods).

It would have been more useful if the
ATEOS results were compared with
those of the TEAM study, especially
since the latter found that indoor con
centrations normally are much higher
than those outdoors. In fact, it was as
sumed in the risk assessment for per
chIoroethylene that its indoor air con
centrations are 80% of those outdoors,
clearly at variance with the TEAM
findings.

The ATEOS study also found that a
number of VOCs that are human or ani
mal carcinogens are ubiquitous at the
study sites, but noted that their adverse
health effects at these concentrations
are essentially unknown. It was recom
mended that "ambient air monitoring
should be designed to define the nature
of mutagenic material in the extractable
organic matter." It is clear that the aims
of assessing likely exposures at the
study sites have been achieved, but that
the health risks from the totality of
these ambient air exposures remain un
certain.

One can only admire the considera
ble effort and dedication required to
bring this study to fruition-a sentiment
that is reflected in this well-written and
edited book. In spite of its somewhat
skimpy index, Toxic Air Pollution: A
Comprehensive Study of Non-Criteria
Air Pollutants should prove valuable to
those undertaking comprehensive air
pollution studies, as well as to those in
didactic courses considering the nature
and complexity of toxic air pollution.
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will continue to be thefoun
dation ofour professional
practice. We offer competi
tive compensation, benefits
and a progressive, team
oriented environment.
Please send your resume to:
HLA Staffing, Dept. E8, Po.
Box 578, Novato, CA 94948.
EOE, MIFlHIV.
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Analytical Chemists!
Quality Assurance

We have 2 positions open in our San Antonio, Texas
site office for highly qualified individuals to help us
develop and monitor quality assurance activities in a
major environmental sampling and analysis pro
gram. Individuals will be responsible for developing
QA/QC requirements and evaluating commercial
testing laboratories' performance in meeting those
requirements. Evaluations will be based on a review
of data and documentation and on-site inspections of
laboratory operations. Both positions require exper
tise in analytical chemistry, a working knowledge of
QA/QC principles and practices, and hands-on
experience with the instrumentation and methods
used in environmental testing (e.g., AA, ICP, GC,
GClMS). Experience with EPA test methods is highly
desirable. The first position requires an advanced
degree in Analytical Chemistry, 10 years of analyti
cal laboratory or quality assurance experience, and
at least one year of experience in environmental lab
oratory supervision. The second position requires a
BS in Chemistry with emphasis on analytical proce
dures plus at least 5 years of experience in the quan
titative analysis of environmental samples under a
comprehensive QA/QC program. Individuals must
be willing to travel 10 to 12 weeks a year.

For consideration, please submit your resume to
J.V. Goudarzi, The MITRE Corporation, 7525
Colshire Drive, McLean, VA 22102. U.S. Citi,zen
ship required. An Equal Opportunity/Affirmative
Action Employer.

MITRE



TENURE·TRACK FACULTV POSITIONS
Hazardous Waste and Waler Quality Engineers-ap

plicants are invited to apply for lhese two tenure-track po
sitions. Salary and rank will be commensurate with qualifi
cations and experience. Applicants should have the Ph.D.
degree, a strong theoretical capability, be computer liter
ate. and have excellent communication skills. Practical ex
perience, registration as a Professional Engineer, and at
least one degree in Civil Engineering are desirable attri
buies, but nol absolute requirements. Duties will include
undergraduate and graduate leaching, sponsored re
search, scholarly activities and professional service.
Areas of expertise lor Ihe Hazardous Wasle Engineering
position include one or more aspects 01 toxic and hazard·
ous waste including: aquatic chemistry; wastewater treat
ment technologies: disposal and destruction technologies;
cleanup of HW landfills; reclamation of contaminated
groundwater aquifers; and design/operation of hazardous
waste control facilities. Areas of interest for the Water
Quality Engineering position including the theory and mod
eling of one or more of the following: fate and transport of
contaminants in natural aquatic systems, both surface and
groundwaters; the hydrologic interaction between surface
and groundwaters in karst geology; municipal water and
wastewater: and hazardous waste treatment technologies.
Send statement of qualifications, detailed resume and
names of three or rTlOfe references to: Or. John S.
ZogOfski, Dean of Engineering, South Dakota School of
Mines and Technology, Rapid City, South Dakota 5770t
3995. An equal opportunity/affirmative action employer.

RESEARCH ASSOCIATE: Must have proven back
ground in risk assessment of transporting hazard
ous materials, knowledge of techniques lor assess
ing community vulnerability 10 hazards, computer
mapping, statistical and probability analysis, and
FORTRAN required. Responsible for development
01 computer programs for plotting alternative sce
narios, conducting survey research, consulting with
clients, preparing proposals with cost projections,
and drafting reports. Strong educational back
ground in urban planning and civil engineering es
sential. 40 hr week (8:00 a.m.-5:00 p.m.) salary
$28,000 per year. Ph.D. in Geography Concentra
tion, Risk, Risk Assessment. 2 yrs experience in
structor-Civil Engineering. Qualified applicants
send resume Or application letter to: AZ DES Job
Service, Attn 732-A Re: Job #0802373, P.O. Box
6123, Phoenix, AZ 85005, (Job location: Phoenix,
Arizona.) Employer paid ad.

FACULTY POSITIONS
1. Industrial Hygiene
2. Environmental Chemistry - at
Hebrew University Jerusalem, Israel.
Tenure track, academic rank open.
Ph.D. research and teaching experience
required. Appointees will direct own re
search unit and develop teaching pro
gram at M.Sc. and Ph.D. level. Send re
sume, list of publications, names of
three references to: Prof. Hillel Shuval,
School 01 Applied Science and Tech
nology, Hebrew University, Jerusalem,
Israel. (Telephone 972-2-233821.)

CLASSIFIED
ADVERTISING

RATES
Rate based on number of inser
tions used within 12 months
from date of first insertion and
not on the number of inches
used. Space in classified adver
tising cannot be combined for
frequency with ROP advertis
ing. Classified advertising ac
cepted in inch multiples only.

For a healthier
environment,
weare
the solution.

ENVIRONMENTAL
TOXICOLOGISTS
International Technology Corporation, a leading
environmental management company, offers challeng
ing career opportunities to qualified professionals.

Our continued growth in Houston, Texas, has created
opportunities for Environmental Scientist/Toxicologists
to perform health risk assessments of CERCLA sites
and risk evaluations associated with RCRA permitting
activities. The high visibility positions provide
opportunities to interface with our talented engineers
and scientists, and to become involved in sales and
marketing of environmental risk control services.

Ideal candidates will meet the following qualifications:

• Undergraduate degree in Environmental
Engineering or Chemical Engineering; MS in
Public Health preferred

• 5 years related work experience. including
3 years in the hazardous waste industry

• Experience in carcinogenic risk assessment,
pathway exposure analysis and regulatory
compliance

We offer a competitive salary program and attractive
fringe benefit package. For immediate consideration,
send your resume to: Anthony J. Dury, PhD,
Director, Corporate Staffing, International
Technology Corporation, William Penn Plaza,
2790 Mosside Blvd., Monroeville, PA 15146
2790. An Equal Opportunity Employer M/F/H/V.
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rates if advertisement is larger than 10".)
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12 months from date of first insertion and not on
the number of inches used. Space in classified
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with ROP advertising. Classified advertising ac
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Classified Advertising Department

500 Post Road East
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Westport, CT 06881
(203) 226-7131
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~ Merck Be Co., Inc.

Merck Sharp & Dohme Research Laboratories, a world leader in
pharmaceutical process development, has an outstanding ENTRY
level opening for an environmental specialist in its Environmental
Engineering Laboratory. Responsibilities will include:

• Developing and carrying out environmental bioassays, bier
monitoring studies as well as physical-ehemical analyses.

• Contributing to environmentai impact studies related to new
manufacturing processes and products.

• Carrying out experimental programs to resolve specific environ-
mental problems.

Successful applicanl must have BS/MS degree in Chemical
Engineering, Chemistry, Bioiogy, or a related field. Prior experience
in conducting environmental toxicology studies and knowledge of
environmental analytical chemistry and basic statistical methods
is highly desirable. Must be able to clearly demonstrate well above
average ability to learn new techniques quickly and to work in·
dependently. Must also have excellent communicative skills.

Merck Sharp & Dohme Research Laboratories are located in
Rahway, New Jersey approximately 25 miles from New York City.
Our salaries, benefits, and growth potential are excellent.

Interested candidates should'submit their resume with the names
of three references and salary requirements to: Ms. Jacqueline A,
Bermann, Merck " Co., Inc., P.O. Box 2000, Rahway, NJ 07065_ Equal
Opportunity Employer.
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Chemical and Physical Characteristics of Lakes in the Northeastern United
States

David F. Brakke, ·.t Dixon H. Landers,t and Joseph M. Ellers§

Institute for Watershed Studies, Western Washington University, Bellingham, Washington 98225, U.S. Environmental Protection
Agency, 200 S.w. 35th Street, Corvallis, Oregon 97333, and Northrop Services, Inc., 200 S.W. 35th Street,
Corvallis, Oregon 97333

• The chemical status of 768 lakes in the northeastern
United States was determined as part of the Eastern Lake
Survey. The lakes were selected statistically, allowing for
estimates of the chemical conditions in the northeastern
lake population on the basis of 26 measured parameters.
The objectives were to estimate the numbers of acidic [acid
neutralizing capacity (ANC) :::: 0) and low-ANC (::::50
/Lequiv/L) lakes in the Northeast and to describe associ
ated chemical conditions in the lakes. The largest number
of acidic lakes in the Northeast was estimated for the
Adirondack area of New York, whereas the fewest acidic
lakes were estimated to occur in Maine. Sulfate concen
trations were lowest in Maine and highest in the Poco
nos/Catskills, corresponding to the pattern in sulfate de
position. Acidic lakes were associated with low levels of
base cations (calcium and magnesium) and elevated sulfate
levels. Clear water, acidic lakes also had elevated con
centrations of aluminum. Acidic lakes were not uniformly
distributed in the Northeast. The distribution of acidic
lakes was influenced principally by concentrations of
sulfate and base cations, among other factors such as lake
type and hydrologic flow path. The data collected during
the Eastern Lake Survey support the hypothesis that re
gionallake acidification has occurred in the northeastern
United States.

Introduction
This paper represents an attempt to quantify the

chemical status of lakes in the northeastern United States.
The objective of the Eastern Lake Survey-Phase I
(ELS-I) was to estimate characteristics of the lake popu
lation within the sampling region through extensive
analysis of water samples collected from lakes selected as
a statistical frame (1). The lakes were selected by a
stratified design, with equal allocation of sample lakes to
strata.

Lakes were sampled during the period of fall circulation;
thus, the samples represent an index to the chemistry of
the lakes in the target population. The target population
was defined from 1:250000-scale USGS topographic maps
and was limited to lakes generally ~4 ha in surface area.
Detailed methods are provided in ref 1 and 2.

t Institute for Watershed Studies.
I U.S. Environmental Protection Agency.
I Northrop Services, Inc.

Table I. Subregional and Regional Summaries of
Estimated Target Population Size (N), Estimated Target
Population Area (A), and the Standard Errors (SE) of
These Estimates for the Northeast, Eastern Lake
Survey-Phase I

lakes :52000 ha'

subregion n' fir, SE(fir.) A. SE(A.)

Adirondack 155 1290 47.6 118777 22186
Mountains (IA)

Poconosf 143 1479 92.9 26872 2913
Catskills (IB)

central 163 1483 57.5 72412 12013
New England (Ie)

southern 126 1318 93.7 36403 4381
New England (ID)

Maine (IE) 176 1526 66.0 173400 25725

Northeast 763 7096 165.3 427865 36414

'Subscript s denotes a subpopulation, in this case those lakes in
the target population >4 ha and :52000 ha. b Number of lakes
sampled.

A total of 26 chemical parameters was measured on each
lakewater sample. In addition, information was collected
on physical attributes such as elevation, lake and wat
ershed area,lake type, and land use (2). This permits an
extensive evaluation of the present chemical status of the
lakes and presents the opportunity to examine relation
ships among physical and chemical variables that might
influence the response of the lakes to acidic deposition or
other perturbations. All data summarized in this paper
are for population estimates of lake characteristics based
on procedures detailed in (2).

Area and Lakes Sampled
The area selected for sampling in the northeastern

United States is shown in Figure 1. It includes all of the
New England states, plus parts of New York, Pennsylva
nia, and New Jersey. Lakes were selected systematically
from an ordered list of all lakes appearing on 1:250000
scale USGS topographic maps, which generally include
only those lakes ~4 ha. At least 50 lakes were selected for
sampling from each of three alkalinity map classes «100,
10()-2oo, and >200 /Lequiv/L) in each of five subregions
in the Northeast. Region lA includes the Adirondack
Mountains and surrounding areas, 18 includes the Cats
kills and Poconos, IC is central New England, largely
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Figure 1. Locations 01 lakes sampled (a) in the Northeast as part 01
the Eastern Lake SlJ'Vey. Lakes are coded by their measured ANC
values (e) ~ 0 (0) 0-50. (+) >50 l'equiv/L. Lakes identified on
1:250 OOO-scale USGS maps (b) lor the study area.

Vermont and New Hampshire, ID is southern New Eng
land, and IE contains most of Maine, except for the
western mountains (Figure la). Seven hundred sixty-eight
lakes were sampled in the Northeast (Table I). This
represents a sampling intensity of 11% of the target
population of lakes in the northeastern United States
(Figure 1b).

Watersheds of lakes in the Northeast were generally
larger than those in the upper Midwest (region 2) and
Florida (3B) but smaller than those in the Southern Blue
Ridge (3A) (3). Maine (IE) had the largest median wat
ershed area in the Northeast, whereas the Poconos/
Catskills (lB) had the smallest (Table 11). Maine (IE) had
the largest median lake area; the Adirondacks (lA) had
the second largest. Lakes in the Poconos/Catskills (lB)
were uniformly small. Site depths in the Poconos/Catskills
(lB) and southern New England (1D) were among the
shallowest of all subregions. Drainage lakes predominated
in the Northeast (71 % overall); however, in the Poco
nos/Catskills (IB), reservoirs were common (42%). Res
ervoirs were also common in southern New England, as
were seepage lakes (Table III). Of the northeastern lakes,
those in the Adirondacks (lA) and the Poconos/Catskills
(IB) were at the highest elevations. The variations in lake
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Table II. Median Physical Characteristics of Lakes in the
Northeast

median lake characteristics

water- water-
lake shed shed/
area, ares, lake depth, residence

subregion ha ha ratio ma time, yrb

Adirondack 20.9 265 12.7 5.6 0.23
Mountains (IA)

Poconos/ 12.7 169 11.6 3.2 0.25
Cstskills (18)

central 14.3 353 16.7 4.5 0.17
New England (lC)

southern 15.0 237 10.9 2.9 0.18
New England (10)

Maine (lE) 29.1 472 15.2 4.9 0.23

Northeast 16.7 271 13.0 4.2 0.20

• Site depth where the sample was collected. b Hydraulic resi
dence time computed only for drainage lakes and reservoirs.

Table III. Estimated Percentage of Lakes by Hydrologic
Types within the Northeast

hydrologic lake type, %'

subregion drainage seepage closed reservoir

Adirondack 77 8 7 8
Mountains (lA)

Poconos/ 54 4 0 42
Catskills (IB)

central 81 7 5
New England (lC)

southern 52 13 6 29
New England (lD)

Maine (lE) 91 3 4 3

Northeast 71 5 17

• Determined on the basis of mapped information; see ref 2.

elevation were much greater than those observed in the
upper Midwest or Florida. Roads and dwellings were the
predominant watershed disturbances in all subregions,
although logging was also commonly observed in Maine
(lE).

Results

Northeast Regional Description. Using the statistical
procedures described in ref I, the Northeast was estimated
to contain more low-pH (::5 6.0) and low acid neutralizing
capacity (ANC ::5 50 I'equiv/L) lakes than any other region
and more acidic lakes (326 with ANC ::5 0) than the Upper
Midwest but not as many as Florida (3). The Northeast
had the highest median sulfate concentration (115
I'equiv/L) of all regions. The median calcium concen
tration (177 lLequiv/L) was lower than that in the upper
Midwest or Florida, and concentrations of magnesium in
the Northeast were the lowest among the regions. How
ever, only 5% of the lakes in the Northeast had calcium
::5 50 I'equiv/L, which was the lowest percentage of lakes
below this reference value for all regions. Unlike those in
other regions, acidic lakes in the Northeast were charac
terized by high levels of extractable aluminum (1). Acidic
lakes in the Northeast also had higher concentrations of
calcium, magnesium, and sulfate than did the acidic lakes
in the upper Midwest or Florida.

Medians and the first and fourth quintile values are used
in this analysis to compare the distributions of parameters
among areas. Estimates of these values are given for
several key variables in Figure 2. The interquintile dif
ference (Qd = Q. - Q\) can be used as a measure of the
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variability in chemistry among lakes within subregions. At;

an example, for ANC, calcium, and sulfate, Maine (IE)
showed leBs variability than the other subregions in the
Northeast, whereas the Poconos/Catskills (lB) showed the
greatest variability. The Adirondacks had the most acidic
lakes (ANC :s 0) and the largest percentage of lakes with
ANC :s 200 /Lequiv/L (Figure 2). The Poconos/Catskills
had the greatest percentage of lakes with higher ANC
(>200 /Lequiv/L). Concentrations of sodium and chloride
increased toward the Atlantic coast due to contributions
of sea salts; at distances of more than 50 km from the coast,
concentrations were generally low (30 /Lequiv/L or less),
with an increase within 20 km of the coast. Road salt
contamination caused anomalously high values in many
lakes in New England. These factors contribute to con
centrations of sodium, potassium, and chloride that were
higher in the Northeast than in the upper Midwest but
lower than in Florida (2-5).

The Northeast was the only region in the eastern United
States where most of the lakes were clear water (65% with
true color :S 30 PCU). In addition, dissolved organic
carbon (DOC) concentrations in dark water (>30 PCU)
northeastern lakes were much lower than those in the dark
water lakes in the upper Midwest or Florida and very low
in many of the acidic lakes. Nearly half of the lakes with
ANC :S 0 had DOC :S 2 mg/L (6). Dark water lakes were
also shallower and smaller than clear water lakes, but their
watershed areas were often larger.

Drainage lakes were by far the most common hydrologic
type, followed by reservoirs. Seepage lakes were not com
mon in the Northeast, representing only 7% of the lakes
classified by hydrologic type (Table III). Seepage lakes,
however, generally had the lowest values of ANC and pH
of any hydrologic type in areas where they did occur. The
median ANC for seepage lakes was 84 /Lequiv/L versus 145
/Lequiv/L for drainage lakes. In seepage lakes, the median
estimated pH was 6.51 and in drainage lakes was 6.84.
These observations of lower ANC and pH in seepage lakes
compared with drainage lakes are consistent with the
pattern described for northcentral Wisconsin and the
Upper Peninsula of Michigan (3,4).

Nutrient concentrations were comparatively low for most
of the lakes in the Northeast (Table IV). Median con
centrations were estimated to be 0.4 /Lequiv/L (25/Lg/L)
nitrate, 1.4 /Lequiv/L (25 /Lg/L) ammonium, and 9 /Lg/L
total phosphorus. True color values were similar among
subregions, and turbidity was generally low. The median
Secchi disk transparency was 2.3 m, and the estimated
median value of dissolved inorganic carbon (DIC) was 2.1
mg/L.
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Flgur. 3. Cumulative frequency distributions [F(x)] for ANC in the
Northeast: Adirondacks (A); Poconos/Catskls (8); central New England
(C); southern New England (D); Maine (El.

Subregional Results. The chemistry of lakes in the
Northeast is described in the following sections in three
basic ways: (1) making comparisons on the basis of median
and quintile values, (2) using population estimates of
numbers or frequencies of lakes in relation to a reference
value, e.g., the number of lakes with ANC :S 200 /Lequiv/L,
and (3) describing the contributions of major cations and
anions. The fll'St two are calculated according to ref 1 and
2, whereas the curves for individual ions as a function of
ANC are calculated from splines (7) appropriately
weighted to produce statistical population estimates. All
measured ions are shown as well as estimated organic anion
concentrations from the model of Oliver et al. This model
appears to overestimate the contribution of organic anions
when compared to the anion deficit (I:measured cations
- I:measured anions) (Table IV). Aluminum is not shown,
but it can contribute to cations especially in acidic lakes.
These two factors explain the apparent deficit of cations
relative to anions.

(1) Adirondacks (IA). The Adirondacks contained the
highest percentage and number of acidic lakes of any
subregion sampled, except Florida (3B) (5). A total of 138
lakes, representing 11% of the target population, was es
timated to have ANC :S O. Compared with other areas in
the Northeast, the Adirondacks also had a higher per
centage and number of lakes with ANC values :S 50
/Lequiv/L (36% or 459 lakes) (Figure 3). Because the
Adirondacks contain many waters <4 ha in surface area,
higher percentages of acidic lakes may have been found
for smaller lakes than exist in the target population.

Clear water, low pH lakes in the Adirondacks often had
high concentrations of extractable aluminum. Far more
clear water lakes eN = 82) in this area had extractable
aluminum concentrations ~ 150 /Lg than in any other
subregion sampled. By comparison, only 26 such lakes
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occurred in all other subregions combined. Other studies
have also found elevated aluminum associated with low
pH in Adirondack lakes (8-11).

The median sulfate concentration in the Adirondacks
was 119 I'equiv/L. This value was lower than those ob
served in southern New England (lD) and the Poconos/
Catskills (IB) but higher than those in central New Eng
land (IC) and Maine (IE). Thirteen percent of the lakes
in the Adirondacks had sulfate concentrations > 150
I'equiv/L compared to 56% in subregion 1B and 46% in
1D. These population estimates for sulfate are similar to
results of a survey of 214 high elevation lakes in the

Adirondacks done by Schofield (9) in 1975. The mean
sulfate concentration for that survey was 133 I'equiv/L.

In the Adirondacks, calcium was the dominant cation,
and sulfate was the dominant anion for lakes with ANC
:$ 100 ~uiv/L (Figure 4A). Sulfate concentrations were
nearly constant across the range of ANC, as were estimated
concentrations of organic anions. The concentrations of
sulfate were 4-5 times higher than those of organic anions.
Nitrate concentrations, even in the acidic lakes, were much
lower than those of sulfate. The relative abundance of ions
observed was consistent with other observations on indi
vidual lakes in the area (10-12). The equivalence of sulfate
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Table IV. Median Chemical Characteristics of Lakes in the Northeast

Adirondack Poconos/ central New southern New
variables Mountains (IA) Catskills (IB) England (IC) England (10) Maine (1E) Northeast (1)

cations, "equiv/L
calcium 145 291 137 187 147 177
magnesium 54 101 49 117 56 70
sodium 38 103 70 342 63 83
potassium 9 17 11 25 9 12
ammonium 1.5 2.2 1.3 1.4 1.2 1.4

anions, "equiv/L
bicarbonate" 103 258 103 141 122 137
sulfate 119 159 101 141 75 115
organicb 24 13 25 0 42 22
organicC 37 37 43 38 52 41
chloride 11 110 43 382 33 60
nitrate 0.6 0.7 0.3 0.8 0.2 0.4

metals, "g/L
iron 41 69 41 84 40 50
manganese 14 28 12 19 7 12
aluminum, total 67 36 58 48 56 50
aluminum, extractable 7 3 7 3 5 5

clarity
true color, PCU 22 22 24 24 25 24
turbidity, NTU 0.5 1.4 0.7 0.9 0.6 0.7
Secchi disk, rod 2.8 1.8 2.6 1.6 2.6 2.3
DOC, mg/L 4.1 3.8 4.4 4.0 5.2 4.3

other
conductance, "S/cm 30.7 63.7 34.9 81.5 33.0 43.3
silica, mg/L 2.3 1.0 1.9 2.1 1.9 1.9
total P, "g/L 4.7 21.9 7.4 14.0 5.7 9.0
DIC, mg/L 1.6 4.1 1.6 2.2 1.8 2.1

"Computed from open-system pH and dissolved inorganic carbon (3). 'Defined as the anion deficit [Lcations - Lanions = (Ca2+ + Mg'+
+ K+ + Na+ + NH: + H+) - (HCO,- + CO,'- + Cl- + NO,- + SO;- + F- + OW)]. 'Computed with the model by Oliver et aJ. (44).
d Shown only for lakes where Seechi disk depth < site depth.

exceeds that of bicarbonate in many individual lakes and
is sometimes greater than that of base cations. In these
cases, sulfate is balanced by hydrogen ion and aluminum.
Sodium and chloride concentrations in the Adirondacks
were the lowest in the Northeast (Figure 4A).

Specific subpopulations of lakes were analyzed for the
eastern and western areas of the Adirondacks, using lakes
located on either side of a meridian of 74°30'00". These
were identified because of suspected differences in pre
cipitation and deposition. Whereas sulfate concentrations
were similar on the western (windward) and eastern (lee
ward) areas of the Adirondack drainage divide, lake water
pH, ANC, and calcium were estimated to be lower on the
western side. Median ANC was 39 I'equiv/L west of the
divide and 167 I'equiv/L east of the divide. Median cal
cium was 1021'equiv/L and pH was 6.15 on the west side
as compared to 202 I'equiv/L and 6.88, respectively, on the
east side. The percentage of lakes with calcium :s 50
I'equiv/L was 12.5% versus 4.0% on the west and east
sides, respectively, whereas dissolved organic carbon con
centrations were similar in both areas. Population esti
mates for lakes having ANC :s 0 were significantly higher
on the west side (20%, N. =130) than on the east side
(1.3%, N. = 8), associated with the lower levels of base
cations. Only 1.3% of the lakes on the east side were
estimated to have extractable aluminum ~ 50 I'g/L,
whereas 29 % of the lakes on the west side had values ~
50 ~/L and 17% had values ~ 150 I'g/L, associated with
the low pH lakes.

Both pH and ANC were strongly negatively correlated
with elevation in the Adirondacks. This relationship was
not observed to this degree in any other area in the
Northeast. Likewise, Haines and Akielaszek (13) found
only a weak relationship between elevation and ANC in
clear water, headwater lakes in New England.

Most of the lakes in the Adirondacks were clear water.

An equal percentage (34 %) of dark water lakes occurred
in lakes with pH :S5.0 and in those with higher pH. Dis
solved organic carbon concentrations in dark water lakes
were relatively low compared to other areas, and only 39%
of the dark water systems had DOC> 6 mg/L. Total
phosphorus in the Adirondacks was the lowest in the
Northeast. Together with low true color and DOC, this
resulted in the highest Secchi disk transparencies in the
Northeast (Figure 2).

Drainage lakes were the most common lake type in the
Adirondacks, representing 77% of the population.
Drainage lakes were characterized by having low ANC and
pH values, as well as the highest extractable aluminum
concentrations. Seepage lakes generally had lower con
centrations of base cations and pH than did drainage lakes
(11).

(2) Poconos/Catskills (IB). The Poconos/Catskills
contained few acidic lakes; 78 lakes (5%) had ANC :s O.
This was the only part of the Northeast where less than
half of the lakes had ANC values :s 200 lLequiv/L, because
median base cation (calcium and magnesium) concentra
tions in subregion IB were very high relative to other areas
in the Northeast (Table IV).

Lakes in the Poconos/Catskills were different in nearly
all chemical aspects from other areas of the Northeast.
Lake water sulfate concentrations in the Poconos/Catskills
were very high (M = 159 I'equiv/L), and very few lakes
had sulfate concentrations :s 50 I'equiv/L. Silica con
centrations were low, but nutrients were the highest in the
Northeast. There were also differences in physical char
acteristics. For example, reservoirs were common in this
area, representing 42% of the total, but were much less
frequent in other areas of the Northeast.

(3) Central New England (IC). Few acidic or low pH
lakes were found in central New England. Only 35 lakes
were estimated to have ANC :s 0, with the smaller lakes
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generally being more acidic. No clear water lakes were
estimated to have extractable aluminum concentrations
~ 100 I'equiv/1. Central New England had 262 lakes with
ANC :-:; 50 I'equiv/L and the second highest percentage
of lakes with ANC :-:; 200 I'equiv/L in the Northeast. This
area had few (63) lakes with calcium concentrations :-:; 50
I'equiv/L but had the lowest median calcium concentration
(I37 I'equiv/L) in the Northeast.

Sulfate concentrations were lower than those in subre
gion lA or IB and showed more variance in the lower ANC
lakes (Figure 4C). Organic anion concentrations were
similar across the range in ANC, whereas sodium and
chloride fluctuated greatly as a function primarily of
proximity to the Atlantic coast.

Most of the lakes (68%) in central New England were
clear water, with high Secchi disk transparencies. Unlike
those in other northeastern subregions, dark water lakes
in central New England had median and quintile pH and
ANC values that were lower than those for clear water
lakes. Central New England lakes were predominantly
drainage lakes (81%), but the seepage lakes sampled
generally had lower ANC and pH and higher extractable
aluminum than drainage lakes, similar to observations in
the upper Midwest (3, 4).

Marked differences were noted between lakes in Ver
mont and in New Hampshire. No lakes in Vermont were
estimated to have ANC :-:; 0, but 17 lakes in New Hamp
shire were estimated to have ANC :-:; O. Also, many more
lakes in New Hampshire (537) were estimated to have
ANC :-:; 200 I'equiv/L and lower concentrations of base
cations than in Vermont (90). This is consistent with maps
of bedrock geology (14, 15), descriptions of geologic sub
strates (16), and previous mapping of lake alkalinities (17).

(4) Southern New England (ID). Five percent of the
lakes in southern New England were acidic (66 lakes had
ANC :-:; 0). Southern New England was estimated to have
284 lakes with ANC :-:; 50 I'equiv/L and 755 with ANC :-:;
200 I'equiv/1. Lakes with low ANC were not distributed
uniformly within the subregion. Higher values of ANC
were found in southern Connecticut and parts of Massa
chusetts; lakes with lower values of ANC were clustered
mostly in eastern Massachusetts. Subregion ID contained
more lakes (IV =133) with calcium :-:; 50 I'equiv/L than
any other northeastern subregion.

Concentrations of sulfate were the second highest in the
Northeast, with a median value of 141 I'equiv/L. Median
sodium and chloride concentrations in southern New
England (ID) were the highest of any subregion due to
proximity to the coast and also to road salt (Figure 4D).
Median potassium and magnesium concentrations were the
highest in the Northeast and contributed a greater fraction
of cations for a given ANC. Sulfate concentrations in
creased and organic anion concentrations decreased in
lakes at the lower range of ANC.

Most (62%) southern New England lakes were clear
water. A much higher percentage (18%) of lakes with low
DOC concentrations (:-:;2 mg/L) was found than in any
other areas of the Northeast. Unlike other subregions of
the Northeast, dark water lakes had much higher calcium
concentrations than clear water lakes.

Drainage lakes were predominant (52%) in southern
New England, although reservoirs were also common
(29%). Seepage lakes generally had the lowest pH and
ANC of any lake type, but they comprised only 13% of
the lake population.

Silica concentrations in this subregion were relatively
high for the Northeast (median = 2.1 mg/L) but variable
(Qd = 4.3). Phosphorus concentrations were also relatively
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high compared to those of central New England and Maine
(median = 14.0 I'g/L), similar to those reported by Deevey
(16) for Connecticut.

(5) Maine (IE). Subregion IE had the fewest acidic or
low-pH lakes in the Northeast. Only 0.5% of the lakes had
ANC:-:; 0, and 11 % had ANC :-:; 50l'equiv/1. However,
Maine had the most lakes with ANC :-:; 200 I'equiv/L (1020
or 67%) in the Northeast; these lakes were found
throughout Maine. ANC values > 200 I'equiv/L were
found in several areas but principally in the northern third
of the state associated with lithologies containing free
carbonates. The spatial distribution of lakes with high
ANC was similar to that found by Mairs (19) and Haines
and Akielaszek (13) and is related primarily to bedrock
geology and the glacial marine limit. Maine lakes had
calcium concentrations that were intermediate in the
Northeast. None of the clear water lakes sampled in Maine
had extractable aluminum ~ 50 I'g/L.

Maine had the lowest median sulfate in the Northeast
(75 I'equiv/L), and only 1% of the lakes had sulfate con
centrations ~ 150 I'equiv/1. Other surveys have also found
lower sulfate values than in other areas of the Northeast
(13, 20). Chloride concentrations declined sharply with
distance from the coast, as other studies have shown (13,
20,21). Concentrations of organic anions were higher in
absolute concentration and in proportion to sulfate than
in other areas of the Northeast (Figure 4E). In addition,
in lakes with the lowest ANC, concentrations of organic
anions increased while sulfate declined. This suggests
organic anions have a greater role in contributing to lake
acidity in Maine compared with other areas of the
Northeast.

Maine contained the lowest percentage of clear water
lakes (55%) and had a much higher percentage (42%) of
lakes with DOC> 6 mg/L than any other northeastern
subregion. Maine was unique in the Northeast in having
dark water lakes with higher ANC concentrations than
clear water lakes for the median and quintile values. As
in the Adirondacks, dark water lakes in Maine generally
were smaller but had larger watersheds than clear water
lakes (median Aw:Aj was 23 for dark water lakes; 9 for clear
water lakes). Dark water lakes in Maine also were shal
lower than clear water lakes. Both these factors contribute
to lower estimated hydraulic residence times for dark water
lakes compared to clear water lakes.

Maine had the highest percentage of drainage lakes in
the Northeast (91 %), the largest median lake area and
watershed area, and some of the deepest lakes. Nutrient
concentrations were low (estimated median total phos
phorus = 5.7 I'g/L) and Secchi disk transparency values
relatively high (M =2.6 m, Q4 =4.7 m), consistent with
other investigations (22-24). '

Discussion
The data collected during the Eastern Lake Survey have

been used to estimate the current chemical status of lakes
in the northeastern Unitd States, with particular reference
to variables used to identify lake acidification. Changes
in chemistry over time, which might be associated with
acidic deposition or other influences, can only be inferred
from these data. However, evaluation of present chemistry
can suggest what changes might have occurred. For ex
ample, lakes impacted by road salt can be identified as
outliers within a region or subregion because of high con
centrations of sodium and chloride and high conductivity
compared to other lakes with respect to distance from the
coast (25, 26). Similarly, an analysis of the ionic compo
sition of lakes may also indicate whether acidification (as
defined by the loss of alkalinity) has occurred and the



potential contribution of various ions. to acidity.
Clear water lakes are usually dominated by calcium (and

to a lesser extent magnesium) and bicarbonate, because
in most watersheds these are the primary weathering
products. Consequently, the sum of calcium and magne
sium is normally related to alkalinity produced by
weathering reactions (27). Concentrations of organic an
ions or other strong acid anions decrease ANC relative to
calcium plus magnesium. One hypothesis of acidification
(28, 29) states that increases in emissions of sulfur cause
increases in sulfate deposition to watersheds. As sulfate
concentrations increase in lakes and streams, cation con
centrations also increase but do not completely compensate
for the additional sulfate (30). In some sensitive hydrologic
and geologic settings, as the concentrations of sulfate in
crease, bicarbonate (alkalinity) decreases and hydrogen and
aluminum also increase. Thus, in areas of high deposition
of sulfate, lakes with low concentrations of base cations
would be expected to show replacement of bicarbonate by
sulfate and decreases in lake water pH. If the supply of
base cations is low relative to the external loading of strong
acid anions, acidic lakes can result (31). Acidic lakes could
also occur if the concentration of organic anions of low pK
exceeded base cation concentrations.

Sulfate concentrations were highest in the Poconos/
Catskills and lowest in Maine, conforming with the pattern
of sulfate and pH in precipitation (32, 33). It is estimated
that sulfate in precipitation in the northeastern United
States has been enriched 8-12-fold above background
values (34). In the Adirondacks, the median lake water
value for sulfate was 119 I'equiv/L, indicating that natural
background sulfate might have been lo-I5I'equiv/L, as
suming the enrichment indicated by ref 34. In the Adi
rondacks, similar percentages of systems had ANC 5 0
(10.7%) and sulfate ~ 150 I'equiv/L (12.8%). Fewer acidic
lakes were found in the Poconos/Catskills (5.3%), even
though sulfate was higher than that in the Adirondacks.
This is due to the higher levels of base cations, and hence
higher original alkalinity, in the Poconos/Catskills com
pared with the Adirondacks.

Elevated sulfate in precipitation has led to elevated
sulfate in lakes in the Northeast. This is consistent with
current hypotheses of acidification (28,29). However, no
simple relationship between sulfate and lake water pH or
ANC should be expected, and as shown in Figure 4, sulfate
is approximately constant across a gradient of ANC. The
response of different areas, as expressed in the frequency
of acidic lakes, will vary depending on the supply of base
cations and other factors, including hydrologic type and
flow paths (31). Given the current and similar distribution
of calcium in lakes among areas of the Northeast, increases
in sulfate concentrations to new steady-state levels
equivalent to those in the Adirondacks could be expected
to result in a similar percentage of acidic lakes throughout
New England (subregions lC-IE) as is observed currently
in the Adirondacks. Similarly, reductions in sulfate con
centrations would be expected to result in the recovery of
lakes. It should be noted that the apparent loadings of
sulfur and lake water concentrations are higher in the
Adirondacks than in some other areas where acidic lakes
are known to occur (31). For example, higher percentages
of acidic lakes have been found at much lower sulfate levels
in southern Norway, because of a much lower base cation
supply than that of the Adirondacks (35).

Ions other than sulfate, such as nitrate, chloride, and
organic anions, also contribute to the acidity of lakes in
the Northeast. Nitrate is found in precipitation (33), and
additions of nitrate during periods of snowmelt runoff

influence hydrogen ion concentrations (36). However, in
the fall index sample taken by the Eastern Lake Survey,
nitrate concentrations were very low. Some lakes, par
ticularly the acidic lakes in the Adirondacks, had higher
nitrate concentrations than the general population.
Whereas 80% of the lakes in the Adirondacks had nitrate
53.7 I'equiv/L, individual lakes, especially some of the
special interest lakes (2), had concentrations of nitrate from
15 to 20 I'equiv/L compared to a median sulfate concen
tration of 119 I'equiv/L. Thus, nitrate may have con
tributed to the acidification of some lakes, especially in
the Adirondacks, but it does not fully explain the long-term
acidity status of those waters. Nitrate is likely to be most
important during periods of high runoff, especially during
snowmelt, and for relatively short periods of time.

Acidic lakes could also result from the exchange of so
dium and hydrogen ions in soils related to precipitation
events. This process, known as the salt effect (37), could
produce acidic lakes, especially in coastal areas, and it was
previously observed on Mount Desert Island, ME (38).
Several acidic or low-alkalinity lakes were found by this
study along the Atlantic coast in southern New England
and Maine. However, few lakes had a ratio of Na:Clless
than that in seawater or coastal precipitation, and Sullivan
et al. (26) concluded that there was little support for the
neutral salt effect being a long-term acidifying process in
northeastern lakes. The salt effect is a short-term process,
which is difficult to observe from single samples in time
and is restricted to coastal areas (39). A long-term acid
ification of lakes inland from the Atlantic coast, such as
those in the Adirondacks, cannot be related to the salt
effect.

Some dark water lakes in the Northeast are also acidic.
Organic anions contribute to the acidity of the dark water
lakes in many areas of the Northeast but do not explain
all of the acidity, simply because atmospheric loadings of
sulfate are so high. Many clear water, acidic lakes have
very low DOC and estimated concentrations of organic
anions that contribute to acidity (40). Across the upper
Midwest and the Northeast, concentrations of DOC and
organic anions are negatively correlated with sulfate and
ANC (41). In addition, acidic, clear water lakes in the
Northeast have hydraulic residence times similar to
drainage lakes but 3 times slower than those in dark water
lakes (40), suggesting hydrologic differences between acidic
and dark water l!!.kes. Because of regional differences in
base cation supply (principally calcium and magnesium)
(31), hydrologic flow path (40,42), concentrations of DOC,
and sulfate deposition (31, 41), there are differences among
areas within the Northeast in the numbers of acidic lakes.
Even though sulfate concentrations are very high in some
areas, base cation concentrations may also be high, with
the lakes retaining alkalinity. Within the subregions of
the Northeast, sulfate concentrations were relatively
uniform for lakes of the same hydrologic type. Acidic lakes
(pH <5.0) had sulfate concentrations similar to those of
lakes with higher pH but much lower concentrations of
base cations (6).

Consistent differences in base cations, DOC, and sulfate
were found between seepage lakes and drainage lakes (40).
Seepage lakes had lower concentrations of base cations
than did drainage lakes, but they also had lower concen
trations of sulfate in all areas except southern New Eng
land (Figure 5). Where seepage lakes are clustered in
certain areas, such as in eastern Maine (25), sulfate con
centrations may be lower than those in drainage lakes,
particularly those at higher elevations. Some higher ele
vation lakes may also be smaller than those covered by the
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not reflective in all cases of variations in chemistry, due
to the distribution of terrigenous factors and lake hy
drology.

Several factors indicate that acidification of clear water
lakes in the Northeast is largely associated with increased
sulfate deposition. Other sources of acidity are less im
portant, especially for clear water lakes in inland areas such
as the Adirondacks. The distribution of acidic lakes in the
Northeast and their ionic composition are consistent with
the hypotheses of long-term acidification of surface waters
due to increased sulfate deposition. This is indicated by
the changing ratio of ANC:[Ca2+ + Mg2+] as a function of
longitude across the Northeast. From the Adirondacks
through Maine, the ratio increases as the deposition of
[H+j declines (Figure 6). As sulfate concentrations in lakes
decline from west to east along the northern portions of
the Northeast, more HC03- is present for given concen
trations of Ca2+ + Mg2+. This is evidence for long-term
acidification. It appears that bicarbonate has been re
placed by sulfate in areas receiving high deposition of acids,
and lakes with low concentrations of base cations have
become acidic in these areas. We can conclude on the basis
of ionic contributions and other evidence that lake acid
ification in the northeastern United States has been due
largely to atmospheric deposition of sulfate.

Figure 8. Population estimates (20th, 50th, and 80th percentiles) of
the ratio ANC/[Ca + Mg] computed for subpopulations of lakes defined
at intervals of 1°30' longitude. Only lakes w~h specific conductance
:S 30 /LS/cm are included in these estimates. Hydrogen ion depos~ion

data are derived from National Atmospheric Deposition Program sta
tions for 1984 (43).
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Figure 5. Cumulative frequency distributions of sulfate for seepage
(--) and drainage (-) lakes in four of the five subregions of the
Northeast. Individual seepage lakes are represented by dots for 1E.

ELS target population and have lower ANC and higher
sulfate concentrations (25). Due to the many influences
on lake water chemistry, it is important to identify care
fully the subpopulations used in data analyses. Estimates
of population characteristics for an entire subregion are
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• A statistical sampling of 592 lakes, representing an
estimated 8575 lakes, was conducted in northern Minne
sota, Wisconsin, and Michigan during Fall 1984 as part of
the EPA's Eastern Lake Survey. The survey was designed
to quantify the number of lakes with surface area greater
than 4 ha that are acidic or that have low acid neutralizing
capacity (ANC). The largest estimated number (102) and
percentage (9.8%) of acidiclakes (ANC ~ 0) in the upper
Midwest were found in the upper peninsula of Michigan.
There were an estimated 45 acidic lakes in northcentral
Wisconsin, representing 3% of the target lakes, and the
highest percentage (41.4%) oflow ANC (~50 ,uequiv/L)
lakes was also observed in this area. No acidic lakes were
sampled in the remaining portions of Minnesota, Wis
consin, or Michigan. Sulfate concentrations, relatively low
compared to those in portions of the Northeast, were
greatest in the upper peninsula of Michigan and were
intermediate in northeastern Minnesota. Acidic lakes had
low concentrations of major base cations and high sulfate
concentrations and were most common in areas receiving
greatest acidic deposition. The strong relationship of lake
chemistry to the depositional gradient of hydrogen ions
and the relatively modest concentrations of DOC in acidic
lakes, coupled with the predominance of sulfate in these
lakes, provide support for the hypothesis that some lakes
in the upper Midwest have been acidified by acidic de
position.

Sample from the Upper Midwest
This paper presents the physical and chemical charac

teristics of lakes in the upper Midwest as determined from
the EPA's Eastern Lake Survey (ELS). The approach was
to sample a sufficient number of lakes within the region
to estimate characteristics of the population of lakes de
fined by the statistical frame (1,2). Lakes were selected
with a stratified design, with equal allocation of sample
lakes to strata. The three stratification factors were region
(e.g., upper Midwest), subregion (e.g., northeastern Min
nesota), and alkalinity map class (e.g., suspected alkalinity
< 100 ,uequivIL). Sampling in the upper Midwest, as with
other regions in the ELS, was limited to those areas where
most lakes were believed to have alkalinity < 400 ,uequivIL
(Figure 1).

The target population was defined from 1:2500oo-scale
USGS topographic maps and consequently was limited to
lakes generally >4 ha in surface area. The minimum size
of lakes included on any given USGS topographic map
varies, depending on the density of the lakes, their prox
imity to urban areas, the climatic conditions when the map
was compiled, and the year the map was prepared. The
field and analytical methods used in the upper Midwest
were identical with those used in other regions (1-4)

The estimated number of lakes represented in each
stratum (Table I) was computed by multiplying the num
ber of lakes sampled by the inverse probability (W) of

t Northrup Services, Inc.
I Institute for Watershed Studies.
I U.S. Environmental Protection Agency.

Table I. Subregional and Regional ~ummaries of
Estimated Target Population Size (N), Estimated Target
Population Area (.4), and the Standard Errors (SE) of
These Estimates for the Upper Midwest, Eastern Lake
Survey-Phase I

lakes $ 2000 ha'

subregion nb N. SE(N.) A. SE(..1.,)

northeastern 147 1457 74.3 142979 37582
Minnesota (2A)

upper peninsula 146 1050 72.5 34025 10854
of Michigan (2B)

northcentral 153 1480 48.8 97556 21357
Wisconsin (2C)

upper Great 141 4515 293.9 226896 58202
Lakes area (20)

upper Midwest (2) 587 8501 315.5 501457 73306

a Subscript s denotes a subpopulation, in this case those lakes in
the target population >4 ha and $2000 ha. Five lakes with surface
area> 2000 ha were sampled in the upper Midwest, but are ex
cluded from the population estimates. b Number of lakes sampled.

sampling a target lake within that stratum. Because the
numbers of sample lakes in all strata were similar, strata
with a large number of lakes in the target population
necessarily had a correspondingly larger weighting factor
(W) than strata where the sample size approached the size
of the target population. Because of the influence of the
very large lakes (>2000 hal on the population estimates
for lake area (A), population estimates are presented here
only for that portion of the target population ~ 2000 ha.

The sampling intensity for the upper Midwest was the
lowest among the three regions of the survey, with only
6.9% of the target population lakes being sampled. The
estimated numbers of lakes >4 ha in the first three sub
regions (2A-2C) were similar (1050-1511), whereas 4515
lakes of this size were estimated in the upper Great Lakes
area (2D). The relatively low sampling intensity in the
upper Great Lakes area was reflected in the large standard
error for N.

Lakes in the upper Midwest were sampled from October
7 to November 13, 1984. Forty of the 57 target lakes not
sampled were frozen. Poor weather conditions resulted
in an additional 10 target lakes not being sampled and
miscellaneous factors accounted for the balance of un
sampled target lakes. The desired sample size of 50 lakes
per stratum was not achieved in 7 of the 12 strata. How
ever, only two strata (located in subregions 2B and 2D),
where the actual sample sizes were 41 and 40, had sub
stantially less than the desired number of sample lakes.
For the purpose of this analysis, it was assumed that the
nonsampled target lakes had properties similar to the
sampled lakes, although the actual impact of this on the
population estimates cannot be assessed at present.

Results: Regional Oueruiew
Physical Characteristics of Lakes in the Upper

Midwest. The lakes in the upper Midwest differed con
siderably among suhregions in several physical charac
teristics (Table II). First, the lakes in the upper peninsula
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lake type, % a

a Determined on the basis of mapped information with the no
menclature of Wetzel (5).
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Table II. Median Physical Characteristics of Lakes in the
Upper Midwest

figure 1. Locations 01 lakes sampled (a) i1 the upper MIdwest as part
01 the Eastern Lakes s..vey. Lakes are coded by 1helr measu"ed ANC
values: (e) :So, (0) 0-50; and (+) >50 l'8quiv/L. Lakes Identified on
1:250000-scal8 USGS maps (b) lor the study area.

northeastern 17.0 201 9.7 5.3 0.65
Minnesota (2A)

upper peninsula 11.1 115 10.2 2.9 0.25
of Michigan (2B)

northcentral 15.6 112 6.1 6.0 0.77
Wisconsin (2C)

upper Great 16.2 181 13.2 5.9 0.49
Lakes area (2D)

upper Midwest 14.8 177 10.3 5.6 0.48

a Site depth where the sample was collected. b Hydraulic resi
dence time computed only for drainage lakes and reservoirs (2).

of Michigan (2B) were much smaller and shallower than
lakes in the other subregions; the latter factor may cause
these lakes to have shorter hydraulic residence times than
lakes in other subregions with similar size watershed and
surface areas. Lakes in the upper peninsula and in
northcentral Wisconsin (2C) had much smaller watershed
areas than those in the other two subregions. The lakes
also showed considerable variety in hydrologic lake type,
with 74% of the lakes in northeastern Minnesota (2A)
defmed as drainage lakes -Ild 59% of the lakes in north
central Wisconsin as seepage lakes (Table III).

The lakes in the upper Midwest were somewhat smaller
than those observed in the Northeast and had smaller

watershed areas, but were generally deeper than those in
the Northeast. On the basis of interpolations from mapped
sources of information, the hydraulic residence times for
drainage lakes and reservoirs in the upper Midwest were
approximately twice those of lakes in the Northeast. Fi
nally, 43% of the lakes in the upper Midwest were seepage
lakes (Table III), whereas only 7% were estimated to be
seepage lakes in the Northeast (6). A high percentage of
seepage lakes was also a feature of the Florida lakes (7).

Chemical Characteristics of Lakes in the Upper
Midwest. The upper Midwest contained fewer (N =148)
acidic (ANC :s 0) lakes than the Northeast and the
Southeast but contained almost as many low-ANC (ANC
:s 50 I'tl<luiv/L) lakes (N = 1312) as the Northeast (1). All
acidic lakes sampled in the upper Midwest were located
in the upper peninsula of Michigan (2B) and northcentral
Wisconsin (2C) (Figure 2). The greatest number [N = 102,
upper confidence limit (VCL) = 157] and percentage
(9.8%) of acidic lakes occurred in the upper peninsula of
Michigan. The number and percentage of acidic lakes in
this subregion were similar to those observed for the
Adirondacks, where there were an estimated 138 acidic
lakes representing 10.7% of the target population (6). The
number and percentage of acidic lakes in northcentral
Wisconsin were comparable to those observed in the Po
conos/Catskills, central New England, and southern New
England (6).

The distribution of low-ANC lakes (:S50 I'equiv/L) in
the upper Midwest was quite different from most other
regions. Northcentral Wisconsin had the greatest per
centage of low-ANC lakes in the ELS (41.4%) and the
second greatest number of low-ANC lakes (N =612), only
exceeded by Florida with an estimated 7421ow-ANC lakes.
The 95% UCL for the number of low-ANC lakes in the
upper Great Lakes area was similar to that for northcentral
Wisconsin (VCL =708 vs 705, respectively). The large
confidence bound results from the low sampling intensity

depth, residence
rnG time, yrh

median lake characteristics

water- water
lake shed shed/
area, area, lake

ha ha ratiosubregion
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Figure 3. Population estimates (20th, 50th, and 80th percentiles) of pH, ANC, CaH , 50;-, DOC, and extractable aluminum for subregions in
the upper Midwest: northeastern Minnesota (A); upper peninsula of Michigan (B); northcentral Wisconsin (C); upper Great Lakes area (D).

Table IV. Median Chemical Characteristics of Lakes in the Upper Midwest

northeastern upper peninsula northcentral upper Great upper
variables Minnesota (2A) of Michigan (2B) Wisconsin (2C) Lakes area (2D) Midwest

cations, Itequiv/L
calcium 143 246 101 522 238
magnesium 100 148 58 340 152
sodium 40 29 31 66 41
potassium 9 13 15 21 16
ammonium 1.5 0.6 2.2 2.1 1.6

anions, Itequiv/L
bicarbonate' 144 275 72 762 287
sulfate 62 78 57 50 57
organicb 78 55 34 81 73
organicC 89 67 46 82 73
chloride 9 10 11 22 17
nitrate 0.9 0.6 1.0 0.6 0.7

metals, Itg/L
iron 105 50 53 44 55
manganese 0 0 7 0 0
aluminum, total 40 31 21 20 23
aluminum, extractable 2 3 3 3 3

clarity
true color, PCU 44 31 24 39 35
turbidity, NTU 1.1 0.9 0.8 1.0 0.9
Secchi disk, md 1.6 1.5 2.3 1.9 1.9
DOC, mg/L 9.2 6.8 4.6 8.8 7.5

other
conductance, ItS/cm 30.4 47.2 22.5 91.6 44.3
silica, mg/L 2.6 2.3 0.6 2.4 2.3
total P, Itg/L 13 13 14 19 17
DIC, mg/L 2.4 4.5 1.6 9.5 4.4

'Computed from open-system pH and dissolved inorganic carbon (3). bDefined as the anion deficit [L(Ca'+ + Mg'+ + K+ + Na+ + NH:
+ H+) - L(HCO,- + CO,2- + Cl- + NO,- + SO.2- + F")]. 'Computed with the model by Oliver et aJ. (8). dShown only for lakes where Secchi
disk depth < site depth.

for subregion 2D, noted earlier. The regional pattern ob
served with ANC is repeated with pH, in that all lakes with
pH :S5.0 in the upper Midwest were found in Michigan and
Wisconsin.

Population estimates of the 20th, 50th, and 80th per
centiles are presented for several variables of major interest
with respect to acidification for the subregions in the upper
Midwest (Figure 3). The bar plots show that median pH
values for these subregions are circumneutral; the vast
majority of the lakes have current values above a level that
might cause concern for aquatic biota (e.g., pH >6). The
heterogeneity of lake chemistry within the upper Midwest
is evident in the ANC and calcium concentrations for su
bregions 2B and 2D. Although the upper peninsula of
Michigan has the highest percentage of acidic lakes in the
upper Midwest, it also has a relatively large percentage of
high-ANC lakes (>400 !,equivfL). Unlike ANC and cal
cium, the concentrations of sulfate among the subregions

are much more uniform, with median values differing by
less than 30 !'equivfL.

Lakes in the upper Midwest generally contained much
higher concentrations of dissolved organic carbon (DOC)
than lakes in the Northeast, with median values of 7.5 and
4.3 mgfL, respectively. However, in the subregions of the
upper Midwest containing acidic lakes (2B and 2C), DOC
concentrations were similar to those found in the North
east. Aluminum concentrations in lakes of the upper
Midwest were among the lowest in the East (1). Only in
the upper peninsula of Michigan, where 9.8% of the lakes
were acidic, were aluminum concentrations comparable to
values observed in the Northeast (6).

Table IV provides population estimates for median
concentrations of most chemical variables measured in the
survey. Nitrate and ammonium concentrations were low
in all subregions. Total phosphorus concentrations were
similar among all subregions except the upper Great Lakes
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FIglre 4. Major cations and anions for lakes with ANC $ 200 /LequlvlL In the fOIl sWregions (A-O) in the upper MIdwest. The method of smoothing
for each Ion was the IML function spine In SAS software (8) wtth a smoothing parameter of 2 (L wi,) where wi Is the specific weight for stratum
I. The percentages of lakes represented by ANC intervals are shown as histograms across the top of the spline plots. Contributions of cations
such as AL" +, Fe" +, Mn" +, and NH/ and anions such as NO.- and F-, which are important In some lakes, are excluded here to increase clartty
of the presentation.

area, where they were approximately 30% greater than in
the other subregions. The median percentage of agricul
turalland use in the watersheds (land use data derived
from USGS topographic maps) of the upper Great Lakes
area was 11.8%, whereas it was only 0.7%,2.7%, and 4.4%
for subregions 2A, 28, and 2C, respectively. The higher
total phosphorus values are consistent with a greater
percentage of agricultural land use across this subregion
relative to the other subregions; however, other factors,
such as soil type or shoreline development, could also ex
plain differences in phosphorus concentrations among
subregions.

Color values in lakes of the upper Midwest were among
the greatest observed in the East, exceeded only by those
of Florida. This pattern is consistent with the relatively
high DOC concentrations in this region (7). The low
turbidity values show only slight differences among sub:
regions. Secchi disk transparency values in the upper
Midwest subregions were intermediate among other
eastern subregions and were considerably less than those
in the Adirondacks (6).

Manganese concentrations were very low in northeastern
Minnesota and the upper Great Lakes area relative to the
other midwestern subregions. Iron concentrations were
relatively high throughout these midwestern lakes and
were highest in northeastern Minnesota, where major
qeposits of iron ore are abundant.

Silica concentrations in northcentral Wisconsin were
particularly low, and only lakes in Florida exhibited lower
silica values. Both Florida and northcentral Wisconsin had
the highest proportion of seepage lakes in the East.
Northcentral Wisconsin was also noteworthy within the
ELS for its dilute lakes, as indicated by the low conduc
tance values for the subregion; 20% of the lakes had
conductance values < 13.4/LS/cm. As noted earlier, the
DOC concentrations in the upper Midwest were high, only
exceeded by those in Florida (7). Within the upper Mid
west, the highest DOC concentrations were associated with
the two subregions (2A and 2D) for which acidic lakes were
not sampled.

A general impression of the relative importance of major
anions and cations among subregions can be gained by
examining the median concentrations of the ions in Table

IV. This impression, however, can be misleading if the
proportion of ions shown for the median changes sub
stantially at higher or lower concentrations. Alternatively,
the concentrations of ions can be expressed for individual
lakes as cation/anion bar charts. However, a strength of
the survey is that it is a statistically selected sample that
can be used to evaluate the chemistry of aU lakes repre
sented by the sample. To address these issues, the anions
and cations for lakes with ANC $ 200 /Lequiv/L have been
plotted against ANC (Figure 4). The curves for individual
ions were computed with splines (10), appropriately
weighted by the sample lakes.

The organic anion concentrations represented in Figure
4 were computed with the model of Oliver et al. (8). On
the basis of ion balance considerations (Lcations 
ILmeasured anions + organic anions]), this model appears
to overestimate the contribution of organic anions for lakes
in the upper Midwest. However, even if this liberal es
timate of organic anions is used, sulfate remains the dom
inant anion in the acidic lakes. Contributions from chlo
ride are erratic, reflecting the occasional influence of road
salt. Among the cations, calcium and magnesium are
usually dominant. With the exception of some variation
in subregion 2D, potassium concentrations are relatively
low and constant in the upper Midwest (within the ANC
range presented). Spikes in sodium concentration can be
attributed to road salt contribution, but the base line
concentrations of sodium are 2-3 times those of chloride
on an equivalence basis. This disparity in sodium and
chloride concentrations likely reflects increased sodium
derived from weathering of silicate minerals (11), although
chloride retention in wetlands may contribute somewhat
to this disparity (12).

Results: Subregional Summaries
Northeastern Minnesota (2A). Most lakes in north

eastern Minnesota had relatively high ANC and pH. No
acidic lakes were sampled in subregion 2A, a finding con
sistent with the results of a sampling of 290 northeastern
Minnesota lakes reported by Schnoor et al. (13). Only 1%
of the lakes in the subregion was estimated to have pH
$6.0. Calcium concentrations were also high; the 20th
percentile value for this variable was the highest in the
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upper Midwest. Sulfate concentrations were intermediate
compared to other subregions in the upper Midwest.

Striking features of lakes in northeastern Minnesota
were their high color (700/0 are considered dark water) and
high DOC (760/0 of the lakes have DOC ~ 6 mg/L) values.
This is attributed, in part, to the extensive peatland (14)
and the connected drainage lake networks (i.e., 740/0 of the
lakes are drainage). The ratio of watershed area to lake
area (Aw:A,) for dark water lakes in northeastern Minne
sota was 13.3, but comparison of this ratio with those from
other subregions in the ELS shows that this variable alone
is insufficient to explain the high color and high DOC in
these lakes.

The lake chemistry in northeastern Minnesota showed
relatively little heterogeneity. For example, the inter
quintile difference (Qd =Q4 - Ql) for pH in subregion 2A
was 0.77 pH unit compared to 1.75, 1.72, and 1.44 for
subregions 2B, 2C, and 2D, respectively. A similar pattern
was observed for ANC, where Qd was 305 for subregion 2A
and 1229, 585, and 1918 for subregions 2B, 2C, and 2D,
respectively. Again, it is likely that the high degree of
interconnected lakes contributes to the chemical homo
geneity for this subregion.

The lakes in northeastern Minnesota had slightly larger
lake surface and watershed areas than other lakes in the
upper Midwest, but the Aw:A, ratios were not substantially
greater than those of other subregions. Consequently, the
higher ANC concentrations in the northeastern Minnesota
lakes may be attributed, in part, to the composition of
surficial and bedrock geology. Other studies of lake
chemistry and watershed factors in Minnesota (most of
these studies extend beyond the boundaries of subregion
2A) show an association between surface water chemistry
and soils (15), till (16), and bedrock geology (14). However,
Winter (17) considered groundwater chemistry to be a
better index of lake chemistry because it incorporates
hydrology with the geology. The moderately high sulfate
concentrations in northeastern Minnesota lakes (relative
top the upper Midwest as a whole) were attributed to sulfide
ores (14). The extractable aluminum concentrations in
clear water lakes for subregion 2A were low, and none of
the lakes sampled had values> 100 I'g/L. Most of the
lakes with moderately high aluminum values in north
eastern Minnesota also had high DOC, and it is assumed
that much of the extractable aluminum in these lakes is
complexed with organic ligands (18).

Upper Peninsula of Michigan (28). The upper
peninsula of Michigan was estimated to have the highest
percentage of acidic lakes (9.80/0) in the upper Midwest.
An estimated 90/0 of the lakes in this subregion had pH
~5, also the highest percentage in the upper Midwest.
However, because there is a relatively large population of
high-ANC lakes in subregion 2B, median values for pH
(7.10) and ANC (284 I'equivIL) are high relative to other
subregions. The acidic lakes in subregion 2B were gen
erally clear water (median color = 22 PCU). Thirty-eight
percent of the lakes in subregion 2B were seepage lakes
with very low concentrations of most ions (median Ca2+
=1111'equivIL; S042- =67 I'equivIL). Sulfate concen
trations were low (Q4 = 104 l'equiv/L) in subregion 2B
compared to those in lakes in the Northeast, but they were
approximately 200/0 greater than in other subregions of the
upper Midwest. Silica concentrations were extremely low
(Ql for silica in subregion 2B lakes was 0.3 mg/L). The
extractable aluminum values were generally low (only 0.40/0
of the clear water lakes had values ~ 100 I'g/L), although
the 80th percentile value of 12 I'g/L was higher than
elsewhere in the region.
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Large interquintile differences for all primary variables,
except sulfate, were observed. This heterogeneity of
chemistry for lakes in subregion 2B can be explained by
the contrasting composition of the bedrock types and the
presence of high percentages of both seepage (380/0) and
drainage (510/0) lakes (13). Subregion 2B also represents
a large geographic area, extending over 600 km from east
to west and exhibits a gradient in deposition chemistry
(19). The greater number of low-ANC lakes observed in
the eastern portion of the peninsula is consistent with the
pattern observed by Schneider (20). The percentage of
acidic lakes in the eastern portion of the upper peninsula
of Michigan (east of longitude 87°) was estimated to be
18.20/0, which also agrees with the estimate of 190/0 re
ported by Schnoor et al. (13) for a comparable area.

Northcentral Wisconsin (2C). Northcentral Wis
consin, although comprising the smallest land surface area
of all subregions in the Eastern Lake Survey, had an es
timated target population of 1480 lakes, excluding those
> 2000 ha. Whereas only a small percentage of lakes (3 0/0)
were estimated to be acidic, 41 % of the lakes were esti
mated to have ANC values ~ 50 I'equivIL. These results
agree with the findings of Eilers et al. (21) and Schnoor
et al. (13) who reported 3% and 4% percent, respectively,
of lakes in this area with ANC ~ 0 and a high percentage
of low-ANC lakes. The median ANC for lakes in north
central Wisconsin (94 I'equivIL) was the lowest among all
subregions in the East except Florida (84 I'equivIL).

The factors believed to contribute most to the low ionic
concentrations of lakes in northcentral Wisconsin are hy
drology (21-24), soils, and composition of the till (25).
Seepage and drainage lakes exhibited chemistry markedly
different from one another. The median Aw:A j ratio for
lakes in northcentral Wisconsin was lower than for other
lakes in the upper Midwest and most other lakes in the
ELS, with the exception of those in Florida. The modest
influence of watershed factors for many of the seepage
lakes results in low weathering rates reflected in low con
centrations of silica and calcium (13).

Upper Great Lakes Area (2D). No acidic lakes were
sampled in the upper Great Lakes area. The sampling
intensity in the upper Great Lakes area was the lowest in
the ELS (286 lakes sampled out of an estimated 4514).
The subregion had a median ANC of 802 I'equivIL, by far
the highest among all subregions. It also contained the
largest number of lakes in the target population but the
lowest percentage of lakes (31.30/0) with ANC ~ 200
I'equivIL of any subregion in the East. An estimated 200/0
of the lakes had pH values >8.07; only 4% of the lakes had
pH values ~6.0. The proportion of clear water and dark
water lakes in subregion 2D was approximately equal.
Lakes in subregion 2D contained high concentrations of
many major ions, evident in Table III and Figure 4.

Most lakes sampled in subregion 2D with ANC ~ 50
I'equivIL were in northwestern Wisconsin. This agrees
with the expected pattern based on Omernik and Griffith
(26) and a statewide survey of 1000 lakes by Lillie and
Mason (27). However, lakes in northeastern Wisconsin are
not well represented by the ELS (Figure 1), and data by
Nichols and McRoberts (28) indicate that there may be
a moderate proportion of acidic and low-ANC lakes in this
area.

Subregion 2D contains at least three distinct geological
provinces that result in distinct chemical differences among
lakes in Minnesota, Wisconsin, and Michigan. The Min
nesota portion of subregion 2D was described by Moyle
(16) as a hard-water flora area, which he attributed, in part,
to the presence of Paleozoic and Cretaceous sedimentary



I.Or-~-,~---:;:::!===!rocks. Carbonate present in till (29) and in the soils (I5)
in this part of Minnesota may also contribute to high
concentrations of calcium bicarbonate in these lakes. The
lower peninsula of Michigan, also contained within sub
region 2D, is underlain by Cretaceous sedimentary car
bonate rocks (30); consequently, lakes in this area also had
high values of ANC. High ANC values in lower Michigan
are in agreement with the study by Schneider (20). In
contrast, the Wisconsin portion of subregion 2D is un
derlain by sedimentary sandstones and igneous bedrock
(31) and covered by 20-200 m of till containing a small
percentage of carbonate (32).
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the upper Great Lakes area (which includes much of the
remainder of northern Wisconsin), there is little difference
in sulfate concentration between the lake types. On the
basis of the distributions observed in subregions 2A and
28, the close agreement between the cumulative distri-
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Figure 5. Cumulative frequency distributions of sulfate for seepage
(--) and drainage (-) lakes in the four subregions (A-D) in the upper
Midwest.

Discussion
Lakes of the upper Midwest, especially those of Wis

consin and Michigan, had greater physical and chemical
similarity to lakes of Florida (7) than to lakes of the
Northeast (6). This similarity exists despite the major
differences in climate and vegetation between the two
areas. A high percentage of seepage lakes is common to
both Florida and the upper Midwest, and both populations
of seepage lakes generally have lower concentrations of
base cations, sulfate, aluminum, and silica than lakes in
the Northeast. Eighty percent of the acidic lakes in the
upper Midwest and 84% of the acidic lakes in Florida are
seepage lakes, in contrast to the Northeast where 78% of
the acidic lakes are drainage lakes (6). However, the ob
servation that seepage lakes represent a higher number of
acidic lakes than expected, on the basis of their proportion
of the populations in all regions, highlights the apparent
sensitivity of these lakes to acidification.

The results of the Eastern Lake Survey have been
presented according to the stratification factors (alkalinity
class, subregion, region) used in the survey design. How
ever, further use of these data need not be constrained by
use of alkalinity class and subregions, although the re
striction to the region study boundary cannot be altered.
Where the need exists, the data can be subset into sub
populations that may be more appropriate for interpre
tation (33). Subpopulations can be defined on the basis
of the chemical characteristics shown earlier in the de
scription of acidic lakes (Table V). Likewise, the data can
be subset on the basis of physical characteristics of the
lakes, such as hydrologic type. Although hydrologic type
is a coarse measure of lake and watershed interactions, it
can be a useful classification tool. Hydrologic contributions
to lakes from watersheds vary along a continuum. Seepage
lakes appear to represent a minimum of watershed con
tributions, whereas drainage lakes represent a greater in
tegration of terrestrial processes in the determination of
lake water chemistry. The validity of this simplified
concept of lake and watershed interactions is supported
by empirical evidence showing that, within a given sub
region, seepage lakes have lower ANC and base cations
than drainage systems (34).

Applying this hydrologic classification approach to the
evaluation of sulfate in lakes, we would expect seepage
lakes to have lower sulfate concentrations than drainage
lakes within the same geographic area. Internal lake
processes such as sulfate reduction would be expected to
have a greater effect on long-residence-tirne seepage lakes.
Dry deposition of sulfate would be likely to have a greater
influence on short-residence-time drainage lakes. When
the cumulative distributions of sulfate in the seepage and
drainage lakes are plotted by subregion (Figure 5), we
observe the expected pattern in northeastern Minnesota
and the upper peninsula of Michigan where the concen
trations of sulfate are lower in seepage lakes compared to
drainage lakes. However, in northcentral Wisconsin and
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Table V. Population Estimates of Selected Variables for
Acidic Lakes (ANC ~ 0) in the Upper Midwest

• Using organic anion deficit defmed as Lcations - Lanions.
bComputed with the model of Oliver et al. (8).

variables

lake area, ha
watershed area, ha
site depth, m
sulfate, I'equiv/L
calcium, I'equiv/L
aluminum (ext), I'g/L
DOC, mg/L
organic anion, #equivfLo
organic anion, SLequiv/Lb
color

20th
percentile median

4.7 6.6
24.4 48.1
1.0 3.6

48.5 61.3
18.0 31.6
9.2 21.8
2.0 2.9
o 14.8

15.4 23.0
10.5 15.7

80th
percentile

12.5
129.4

7.5
79.4
43.0
46.7

5.1
33.3
37.3
44.0

Easlern Central Eastern
Minnesola Wisconsin Michigan

300-1.0
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1.0 599 5S5 495 643 21. 105 166 230 lakes in subpopulation

57 99 30 77 45 22 21 18 lakes in sample

92 90 88 S6 84
Longitude (degrees)

butions of sulfate, particularly in subregion 2C, does not
appear to be caused by lower-than-expected concentrations
in the drainage lakes. Possible explanations for the ap
parent depletion of sulfate in the Wisconsin drainage lakes
include (a) greater hydraulic residence time (Table m, thus
providing increased opportunity for in-lake reduction, (b)
uptake of sulfur by the terrestrial vegetation, (c) sulfate
reduction in the extensive wetlands in the area, and (d)
sulfate adsorption in the soils. Without additional sup
porting data, it is not possible to further evaluate this
question within the scope of this paper.

These data prompt the primary question: Can one use
lake survey chemistry to infer a cause (acidic deposition)
with an effect (the presence of acidic lakes)? Without
adequate consideration of other potentially confounding
factors, the answer must be "no". Factors that could
differentially influence the chemistry of lakes across the
upper Midwest include contribution of organic acids,
watershed processes such as sulfate adsorption and
weathering of sulfide sources, and in-lake processes such
as sulfate reduction.

Given the relatively high concentrations of DOC ob
served in the upper Midwest, it is reasonable to expect that
acidic lakes might be the result of organic acids. Popu
lation estimates of selected variables for acidic lakes (Table
V) illustrate that these lakes have low to moderate DOC,
and most could not be characterized as dystrophic lakes.
These acidic lakes are primarily small, shallow seepage
lakes with low base cations, low aluminum, and moderate
sulfate concentrations. The organic acid concentrations
were estimated both by use of anion deficit and by com
putation of organic acid with the empirical model by Oliver
et al. (8); the results of both estimates indicate most of the
acid anion in the acidic lakes is sulfate.

Because the net effect of in-lake processes, such as
sulfate/nitrate reduction or cation exchange, is to promote
alkalinity generation, they are very important in explaining
the absence, but not the presence, of acidic lakes. How
ever, watershed sources of sulfate, such as sulfide ores, are
of potential concern in such an analysis. Thus, in defining
the subpopulation of interest, we sought to restrict the
analysis to lakes with minimal terrestrial watershed con
tributions.

The criterion used to select lakes that receive minimal
watershed contributions (surface runoff or groundwater
input) was conductance, an indirect measure of total ionic
concentration. Hawkinson and Verry (35) used a criterion
of 30 /lS/cm to distinguish between "perched" and
"nonperched" lakes in western Minnesota. Although the
proportions of meteoric and watershed contributions in a
lake of this conductance will vary, depending on the pre
cipitation, evaporation, groundwater, and runoff, a water
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fig... 8. Population estimates (20th, 50th, and 80th percentiles) of
!he ratio ANC/[Ca + Mg] computed for subpopulations of lakes defined
at intervals of 10 longitude. Only lakes with specific conductanca ~

30 I'S/cm are included in these estimates. Hydrogen ion deposnion
data are derived from National Atmospheric Deposition Program sta
tions for December 1980 tlYoug, November 1982 as reported by <lass
and Loucks (19). Stations, from west to east, are Spooner, WI,
Fernberg, MN, Trout Lake, WI, and Douglas Lake, MI.

budget for Vandercook Lake in northcentral Wisconsin
(24) indicates that this lake, with conductance of 20 /lS/ cm,
receives approximately 97% of its input from direct pre
cipitation.

Of the four subregions in the upper Midwest delineated
for the ELS, two subregions contain lake populations that
show much greater homogeneity in chemistry than lakes
in the other two subregions. Comparison of interquintile
differences for many variables shows that northeastern
Minnesota and northcentral Wisconsin have lakes that
display a narrower range of chemical characteristics than
do lakes in the upper peninsula of Michigan and the upper
Great Lakes area. The upper peninsula of Michigan spans
a distance of nearly 600 km, and the upper Great Lakes
area spans the entire three-state region. Unlike north
eastern Minnesota and northcentral Wisconsin, which are
within well-defined geomorphic units, the other two
subregions cross major physiographic provinces, evident
in the substantial differences in glacial and bedrock geo
logic features. In addition, subregions 2B and 2D lie along
the depositional gradient, making analyses of relationships
with atmospheric deposition difficult to interpret. Thus,
the results indicate that subregions 2B and 2D are too
heterogeneous, and are unsatisfactory for analyses of
spatial patterns in lake chemistry. Rogalla et al. (36) also
found that high lake-to-lake variability in watershed/lake
processes for the upper Midwest obscured possible patterns
in estimated loss of ANC. The problem of relating lake
chemistry to the depositional gradient in the upper Mid
west is circumvented if estimates of the number and
characteristics of the lakes are computed for subpopula
tions along this longitudinal transect.

Iflake acidification is primarily a substitution (titration)
of sulfate for bicarbonate and if the supply of base cations
(represented by the dominant cations calcium and mag
nesium) is low relative to the strong acid inputs, we would
expect to observe a loss of ANC along a gradient of acid
deposition. Indeed, population estimates of the quantity
ANC/[Ca + Mg) for low-conductivity lakes across the
upper Midwest show close agreement with the hydrogen
ion deposition (Figure 6). The decreasing value of the ratio
from west to east for this subpopulation of low-conduc
tivity lakes corresponding with an increase in hydrogen ion
deposition suggests a substantial loss of ANC in the lakes



along the eastern portion of the depositional gradient. This
pattern was previously observed by Glass and Loucks (19),
Schnoor et aI. (13), and Nichols and McRoberts (28). Low
ratios of ANCjlCa + Mg) also can be exhibited where
organic acids represent a large proportion of the anions.
However, DOC concentrations across the upper Midwest
generally decrease from west to east. The median DOC
value for lakes in extreme eastern Michigan is 6.5 mgjL,
yet it is only 3.3 mgjL at longitude 85° (Michigan), and
DOC increases to 10.2 mgjL at longitude 92° (Minnesota).

The results of the ELS illustrate that spatial patterns
in lake chemistry in the upper Midwest are complex and
that the use of current subregion boundaries, particularly
for subregions 2B and 2D, is not optimal for relating de
position and lake chemistry. However, the flexible nature
of the survey design makes it possible to poststratify the
data into more meaningful subpopulations for further
analyses.

Clearly, this analysis of the Eastern Lake Survey does
not provide unequivocal evidence for anthropogenic acid
ification of lakes in the upper Midwest. For example,
paleolimnological investigations of lakes in the upper
Midwest and analyses of historical lake chemistry data
from Wisconsin do not corroborate a recent trend in lake
acidification (37). Preliminary paleolimnological results
for 4 lakes in the upper Midwest (38) suggest little change
in pH during the past 200 years. Krug et al. (39) have
suggested that many freshwaters of the world are humic,
implying that they are naturally acidic. With input of
acidic deposition, sulfate could have replaced organics as
the dominant anion, resulting in a chemical signature of
the lakes similar to that of a lake that has lost bicarbonate
(with no compensatory weathering of base cations). This
explanation is not entirely satisfactory because we observe
no acidic lakes in those areas of the upper Midwest where
sulfate deposition is low (e.g., Minnesota). However, the
results show that the distribution of acidic lakes cannot
be attributed solely to organic anions. The results also
show that the class of lakes that might be expected to
acidify first, namely, the shallow, dilute lakes, exhibit
chemical characteristics consistent with anthropogenic
acidification. Thus, the distribution of acidic lakes in the
upper Midwest is most consistent with acidification caused
by atmospheric deposition.
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Chemical and Physical Characteristics of Lakes in the Southeastern United
States

Joseph M. Ellers, ·.t Dixon H. Landera,t and David F. Brakke§

Northrop Services, Inc., 200 S.W. 35th Street, Corvallis, Oregon 97333, U.S. Environmental Protection Agency, 200 s.w.
35th Street, Corvallis, Oregon 97333, and Institute for Watershed Studies, Western Washington University, Bellingham,
Washington 98225

• A survey of the chemical status of 252 lakes, repre
senting an estimated 2424 lakes, was conducted in the
Southern Blue Ridge province and in Florida during Fall
1984. This survey was part of the Eastern Lake Survey
designed to quantify the number of acidic lakes and lakes
with low acid neutralizing capacity (ANC) with surface
area greater than 4 ha. Of the 102 lakes sampled in the
Southern Blue Ridge, none were acidic (ANC :$; 0) and only
1.4% of the population of 258 lakes were estimated to have
low ANC (:$;50 "equiv/L). In contrast, an estimated 22%
of the lakes in the Florida subregion were acidic, and
35.3% were estimated to have low ANC. Almost 90% of
the lakes in the Southern Blue Ridge were reservoirs.
These lakes generally had moderate ANC values (median
=250 "equivIL) and had low concentrations of aluminum,
dissolved organic carbon (DOC), and sulfate compared to
those of Florida, the upper Midwest, and the Northeast.
The lakes in the Southern Blue Ridge showed a high de
gree of chemical homogeneity relative to those of other
regions in the East. In contrast, the chemistry of lakes in
Florida exhibited a high degree of heterogeneity, indicating
the presence of several distinct subpopulations. Florida
had the highest proportion of acidic lakes in the East, some
of which had moderately high concentrations of aluminum,
DOC, and sulfate. Some of the Florida lakes are naturally
acidic from organic acids. However, the many clear water,
acidic lakes exhibit chemical characteristics that are not
inconsistent with a hypothesis of acidification from de
position. The geographic separation of the Southern Blue
Ridge from Florida and the strong contrasts in physical
and chemical characteristics of the respective subregions
require that they be treated as distinct regions.

Sample from the Southeast
This paper describes the physical and chemical status

of lakes in the southeastern United States, on the basis
of results of a survey by the U.S. Environmental Protection
Agency. The purpose and approach are the same as those
for the Northeast (1) and upper Midwest (2), and the
methods are described elsewhere (3, 4). The population
of lakes represented here is limited to lakes generally ~4

ha in surface area, and the chemical status from this Fall

t Northrop Services, Inc.
I U.S. Environmental Protection Agency.
I Institute for Watershed Studies.

Table I. Subregional and Regional Summaries of
Estimated Target Population Size (N), Estimated Target
Population Area (.4 ), and the Standard Errors (SE) of
These Estimates, Eastern Lake Survey-Phase I

lakes ;!;2000 ha'
subregion nb N. SE(N.) A. SE(A,)

Southern Blue Ridge (3A) 94 258 20.5 24272 4797
Florida (3B) 148 2098 212.6 66169 10158

'Subscript s denotes a subpopulation, in this case those lakes in
the target population ;!;2000 ha. bNumber of lakes sampled.

1984 sampling represents an "index" but not a complete
characterization of annual lake chemistry.

The two study areas from which the lakes were selected
in the Southeast include most of the Southern Blue Ridge
Province (3A) and much of Florida (3B) (Figure la). The
Florida subregion also includes a portion of Georgia where
10 lakes were sampled within the Okefenokee Swamp.
Sampling intensity differed substantially because there are
few lakes present in the Southern Blue Ridge and a great
number present in Florida (Figure Ib). Consequently, 36%
of the lakes in subregion 3A were sampled compared to
only 7% for subregion 3B (Table I). This difference in
sampling intensity contributes to larger standard errors
in population estimates for Florida compared to the
Southern Blue Ridge. Population estimates are presented
here only for the portion of the target population with
surface area :$; 2000 ha because several very large lakes
have a disproportionate influence on the population es
timates for lake area. This decision had no significant
impact on the percentages of lakes as presented in this
analysis.

Results

Unlike the Northeast (1) and upper Midwest (2) where
the study areas were contiguous, the Southeast is repre
sented by two disjunct subregions separated by approxi
mately 300 km. The subregions have different climates
and dissimilar physiographies that result in major dis
tinctions in lake characteristics. Consequently, the sub
regional estimates for the Southern Blue Ridge (3A) and
Florida (3B) are not combined into "regional" population
estimates as was done for the Northeast and upper Mid
west.
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Figure 2. Cumulative frequency distributions [F(x)1for ANC In the
Southeast: Southern Blue Ridge (A); Florida (B).
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Figure 3, Population estimates (20th, 50th, and 80th percentiles) of
pH, ANC, ea2+, S042-, DOC, and extractable aluminum for subregions
in the Southern Blue Ridge (A) and Florida (B).

have reservoirs). Hydraulic residence times were not
computed for lakes in Florida because of considerable
uncertainty in delineating watershed boundaries and be
cause typical assumptions used in computing watershed
runoff (Le., that groundwater and surface watershed di
vides are defined by the same topographic boundaries)
were violated.

Chemical Characteristics. No acidic (ANC :$ 0) lakes
were sampled in the Southern Blue Ridge, whereas Florida
had the greatest number (iii = 463) and highest percentage
(22%) of acidic lakes of any subregion in the Eastern Lake
Survey (3; Figure 2). The cumulative distributions show
that over 35% of the lakes in Florida had ANC :$ 50
I'equiv/L compared to about 1% for the Southern Blue
Ridge. The distribution for ANC in Florida shows a
change in slope at approximately 80 I'equiv/L, suggesting
that at least two distinct groups of lakes are present. In
contrast, the lakes in the Southern Blue Ridge appear to
represent a continuum of ANC concentrations. A survey
of 61 streams in the Southern Blue Ridge during Spring
1985 showed an ANC distribution similar to that observed
for the lakes (7), and again, no acid waters were sampled.

Although it is helpful to examine the cumulative dis
tributions for all variables, medians and quintiJes generally
provide an adequate basis for comparison. Population
estimates of the 20th. 50th, and 80th percentiles are
presented for several important variables relative to acid
deposition effects (Figure 3). Figure 3 shows that, re
gardless of what variable is considered, the chemistry of
lakes in the Southern Blue Ridge is far more homogeneous
than that for Florida. The first quintile (QI = 20th per
centile) and median ANC values for Florida lakes were the
lowest estimated from the survey, whereas the QI ANC
value for the Southern Blue Ridge was the highest esti
mated for any subregion in the East.

DOC concentrations in many Florida lakes were high,
with a median value comparable to that observed in
northeastern Minnesota (2). Unlike Minnesota, Florida
possesses a moderate number of clear water lakes with
DOC values as low as 0.3 mg/L. The lakes in the Southern
Blue Ridge had the lowest DOC concentrations of any
eastern subregion, generally 50% less than those in the
Northeast (4).

FIgure 1. Locations of lakes sampled in the Southeast as part of the
Eastern Lake Survey (a). Lakes are coded by their measured ANC
values: (e) :$0, (0) 0-50, and (+) >50 l'equlv/L. Locations of all
lakes present on 1:250 OOO-scale USGS maps (b).

Physical Characteristics. The lakes in the two
southeastern subregions are very different in most physical
respects (Table II). The lakes of the Southern Blue Ridge
(3A) are located in the southern Applachian Mountains
at a median elevation of 265 m; the lakes of Florida (3B)
are part of the Southern Coastal Plain and have a median
elevation of 21 m (6). The lakes in the Southern Blue
Ridge are generally smaller than those in Florida, but the
presence of several very large reservoirs causes the popu
lation estimate for total lake area to be high. Almost 90%
of the lakes in subregion 3A are reservoirs. which is re
flected in the high estimates for watershed area and
watershed:lake area ratio. while hydraulic residence time
is generally short. Most of the lakes in subregion 3B are
seepage lakes, and no Florida reservoirs were sampled (it
would be incorrect to infer from this that Florida does not
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Table II. Median Physical Characteristics of Lakes in the Southeast and Percentage of Lakes by Hydrologic Type

subregion

Southern Blue Ridge (3A)
Florida (3B)

subregion

Southern Blue Ridge (3A)
Florida (3B)

lake
area, ha

10.8
17.3

drainage

7.0
21.5

watershed
area, ha

682
115

watershed/
lake ratio

44.2
5.5

lake type'

seepage

o
65.8

closed

2.7
12.6

depth,
m"

4.8
2.7

hydraulic
residence
time, yrb

0.10

reservoir

89.9
o

"Site depth where the sample was taken. bResidence time computed only for drainage lakes and reservoirs in the Southern Blue Ridge.
'Determined on the basis of mapped information with the nomenclature of Wetzel (5).

Table III. Median Chemical Characteristics of Lakes in the Southeast

Southern Florida Southern Florida
variables Blue Ridge (3A) (3B) variables Blue Ridge (3A) (3B)

cations, /Lequiv/L metals, /Lg/L
calcium 105 238 iron 83 19
magnesium 76 160 manganese 53 4
sodium 103 198 aluminum (total) 82 44
potassium 39 22 aluminum (ext) 2 4
ammonium 2.2 1.4 clarity

anions, J,tequiv/L true color, PCU 36 37
bicarbonatea 236 76 turbidity, NTU 3.9 0.9
sulfate 32 94 Secchi disk, md 1.8 1.9
organicb 0 98 DOC, mg/L 1.9 8.6
organicC 20 78 other
chloride 66 222 conductance, }l8jcm 38.5 90.8
nitrate 3.1 1.0 silica, mg/L 9.0 0.3
fluoride 2.2 2.7 total P, /Lg/L 7 12

DlC, mg/L 3.7 1.7

"Computed from open-system pH and dissolved inorganic carbon (8). bDefined as the anion deficit [~(Ca2+ + Mg2+ + K+ + Na+ + NH:
+ H+) - ~(HCO,- + CO?- + Cl- + NO,- + SO;- + F" + OW)]. 'Computed with the model by Oliver et al. (9). dCalculated for only those
lakes where Secchi disk depth < site depth.

Calcium concentrations were low in both subregion 3A
and subregion 3B; only lakes in northcentral Wisconsin
had lower concentrations in the East (2). Sulfate con
centrations in the Southern Blue Ridge were the lowest
observed in the East, whereas Florida had the highest
sulfate estimates at the 80th percentile. Extractable alu
minum concentrations (computed only for clear water
lakes: color::S 30 PCU) were extremely low for the
Southern Blue Ridge where no lakes exceeded 100 Ilg/L
(4). Over 4% of the clear water lakes in Florida had ex
tractable aluminum concentrations exceeding 100 Ilg/L,
a proportion exceeded only by lakes in the Adirondacks
(12.1 %; 4).

One of the beneficial aspects of the Eastern Lake Survey
is that samples were analyzed for a large number of pa
rameters that are useful for a more complete evaluation
of acid deposition impacts and for assessing the chemical
status for a variety of environmental concerns. Median
values for most variables measured in the survey show that
lakes in Florida have greater ion concentrations than those
in the Southern Blue Ridge (Table III). Notable excep
tions are potassium, bicarbonate, and metals (Fe, Mn, total
AI), where lakes in the Southern Blue Ridge have the
greatest concentrations.

The color of the lakes in subregion 3A appears high,
especially in relation to the low DOC values observed here.
The high turbidity for subregion 3A suggests that the high
color is, in part, related to particulates, probably derived
from the clay soils of the area (10). Particulates are also
likely to be responsible for the high total Al concentrations
because extractable Al (largely monomeric AI) values were
low, as were DOC concentrations. Although the survey was
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not conducted in a season optimal for evaluating nutrient
concentrations, the results indicate that lakes in the
Southern Blue Ridge have approximately 2-3 times greater
nitrate and ammonium concentrations than most subre
gions in the East (4). In contrast, the total phosphorus
concentrations in subregion 3A were among the lowest
observed for the survey. The low phosphorus concentra
tions may be related to adsorption of the phosphorus on
particulates. The concentrations of nitrate and ammonium
for Florida lakes, and phosphorus estimates, which were
high compared to those of the Southern Blue Ridge, were
comparable to other subregions in the East (4). Another
striking difference in lake chemistry between the two sub
regions is observed for silica, where the median concen
tration in the Southern Blue Ridge was 30 times greater
than in Florida. Such a difference highlights the impor
tance of weathering of clay soils in the Southern Blue
Ridge, whereas little silica is released from the relatively
unreactive sandy soils in Florida.

Magnesium concentrations were approximately 25-50%
less than calcium concentrations in these two subregions.
The interquintile differences (Qd =Q. - Ql), an indication
of subregional heterogeneity, were low in subregion 3A
relative to those in subregion 3B. Median concentrations
of iron, manganese, and total aluminum in the Southern
Blue Ridge were the highest observed in the eastern United
States. The large watersheds of these lakes (watershed:lake
area = 44:1) provide considerable opportunity for con
tribution of metals.

The median concentrations of major ions for the
southeastern subregions shown in Table III provide a
glimpse of the characteristics of these lakes but give no
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FIgure 5. Cumulative frequency distributions 01 sullate lor seepage
(- -) and drainage (-) lakes in Florida.

~e 4. Major cations and anions lor lakes with ANC ~ 200 1'8<l'JIv/l
in the two subregions (A and B) in the Southeast. One reservoir. Lake
Ocoee was removed from the data set lor the Southern Blue Ridge
because 01 abnormaly high concentrations 01 calcium and sUlate (both
> 700 l'eQuiv/L; 11). The method 01 smoothing lor each ion was the
IML lunction spline In SAS software (12) wnh a smoothing parameter
012 (Lwt,), where wt is the specilic weight lor stratum i. The per
centages of lakes represented by ANC intervals are shown as histo
grams across the top 01 the spHne plots. Contributions 01 cations such
as Ar+, Fen+, Mnn+, and NH/ and anions such as N03" and F-, which
are Important In some lakes, are excluded here to increase the clarny
of the presentation.

indication of the variability in lake chemistry. A more
insightful examination of the lake chemistry can be ob
tained by simultaneously showing concentrations of anions
and cations as is done here for lakes with ANC ~ 200
I'equivjL (Figure 4). The spline plots (13) for the Southern
Blue Ridge show that the lakes with ANC ~ 200 I'equivjL
have a remarkably stable ionic composition. Concentra
tions of most ions increase proportionally as a function of
ANC concentration. Sodium and chloride concentrations
are higher than expected given the distance from the coast,
suggesting terrestrial sources. Although road salt is used

to some extent in this area (14), the relatively stable pro
portions of these two ions suggests that natural watershed
sources are primarily responsible for the observed con
centrations.

The ionic composition of the low ANC lakes in Florida
(Figure 4B) is radically different from that observed in the
Southern Blue Ridge. First, the total concentration of ions
is considerably greater than that in the Southern Blue
Ridge. Second, the relative abundance and actual con
centrations of the major ions are highly variable in Florida
lakes, providing additional support for the heterogeneity
of the Florida lakes. The sodium and chloride ions, which
are dominant throughout much of the ANC range, are
derived from both deposition of marine aerosols and from
weathering of ancient marine deposits. The major spikes
in sulfate at ANC near -10,30, and 170 l'equivjL are
coincident with comparable spikes in magnesium, indica
tive of terrestrial weathering. Potassium is typically less
than 25 I'equivjL in acidic lakes with minimal watershed
disturbance.

Organic acid contributions in Florida lakes are relatively
small for these low-ANC lakes, but concentrations of DOC
are much greater in the higher ANC lakes as evidenced by
the median DOC of 8.6 mgjL. Because the plot was scaled
from -50 to 200 ANC, the ion composition of the 10 lakes
sampled in the Okefenokee Swamp is not displayed. The
ANC values for these lakes ranged from ~3 to -209
I'equivjL with pH values from 4.33 to 3.81. The extremely
acidic conditions result from the presence of strong organic
acids (DOC ranged from 25.9 to 48.2 mgjL), whereas
sulfate did not exceed 13 I'equivjL.

Hydrologic characterization has played an important
role in distinguishing chemical differences in lakes. In the
Northeast (1) and the upper Midwest (2), seepage lakes
were generally found to have lower concentrations of
sulfate than drainage lakes. Differences in concentrations
of ANC and DOC were also observed between the two lake
classes. In the Southern Blue Ridge, only 10% of the lakes
within the study frame are natural; the remaining ones are
reservoirs. Thus, there is little to be gained by further
evaluating hydrologic classes of lakes in subregion 3A. In
Florida, most of the iakes originate from sinkhole activity,
but the hydrogeologic setting of these lakes is such that
it is uncertain what the drainage lake classification rep
resents. The topographic relief in Florida is very low;
consequently, the watersheds contributing to drainage
lakes are poorly defined and changeable, depending on
variations in annual precipitation. Nevertheless, when
sulfate concentrations are compared between the lake
types in Florida, seepage lakes are found to have lower
concentrations than drainage lakes (Figure 5). This pat-
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position in these lakes can be discounted. The lakes in the
panhandle of Florida were also low-calcium, acidic lakes
but had low to moderate DOC values. These are seepage
lakes located in highly weathered ancient dunes and are
believed to act as groundwater discharge systems (19). The
lakes in the panhandle exhibit chemical characteristics that
generate the greatest interest with respect to possible im
pact from acidic deposition. Base cation and DOC con
centrations are low, and an estimated 80% of the 260 lakes
are acidic. The lakes in the Gulf Coast area (western
Florida peninsula) were generally high ANC systems and
merit little attention with respect to acidification. Lakes
in the northcentral and southcentral peninsula of Florida
had DOC concentrations similar to each other, but lakes
in the southcentral peninsula contained higher concen
trations of most major ions.

Most of the acidic lakes in Florida are seepage lakes and
presumably they receive much of their water directly from
meteoric sources. However, a small volume of groundwater
input can provide substantial ANC to these lakes. Po
tassium concentrations exceeding 25 ILequiv/L may offer
a chemical signature for identifying those lakes receiving
groundwater influx sufficient to maintain positive ANC
in the lake.

Superimposed on this complex geographic variability,
low relief, and large number of seepage lakes is a high
incidence of anthropogenic disturbance in the watersheds.
Of the 159 total lakes sampled in Florida, all but 37 were
judged to have substantial shoreline or watershed dis
turbances. The Janduse disturbance appeared greatest in
the southcentral peninsula where orange groves commonly
were cultivated to the lakeshore. Application of fertilizers
or irrigation with water drawn from underlying aquifers,
in part, may explain the high sulfate concentrations of
lakes in this area. In addition, natural breaches in the
Floridan aquifer may also contribute to elevated sulfate
by influx of groundwater to the lakes.

Excluding chloride and assuming that anion deficit is
a reasonable surrogate for unmeasured organic acids, ap
proximately half of the acidic lakes in Florida have organic
acids as the dominant anion. The remaining acidic lakes
in Florida are generally clear water seepage lakes with
sulfate as the dominant acid anion. Chloride is found in
concentrations proportional to those of sodium, and there
appears to be little basis for acidification by neutral salts
in these lakes (20,21). Assuming chloride is a conservative
ion and that groundwater contributions to the acidic lakes
are minimal, the acidic status of these Florida lakes can
be explained by evaporative concentration of relatively low
rates of acidic deposition. For undeveloped lakes in the
panhandle and the northcentral peninsula, Baker et al. (21)
found that lake chemistry is consistent with acidification
by atmospheric deposition, which also is in agreement with
the observations from an earlier study (20). However, it
is unlikely that the mechanism(s) of acidification of clear
water lakes in Florida and the linkage to atmospheric
deposition will be satisfactorily understood until the hy
drologic pathways are better known. It appears that slight
differences in groundwater flowpaths can have large in
fluences on lake chemistry. In view of the large declines
in the potentiometric surface of the Floridan aquifer (I9),
the influence of human activities in modifying these
groundwater flowpaths may be particularly important in
the Florida lakes.
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Discussion
The results of the survey illustrate that the lakes of the

Southern Blue Ridge and Florida have major physical and
chemical differences that preclude presenting the results
in a southeastern regional summary. Population estimates
for a group of lakes are most meaningful if there are geo
graphic or chemical features in common. The contrasts
in chemistry and physical characteristics are greater be
tween these two subregions than those observed both
among and within other regions in the East. Whereas the
lakes in the Southern Blue Ridge have a distinct and
uniform chemical signature, lakes in Florida are highly
diverse and are difficult to characterize as a single popu
lation.

With respect to deposition, the Southern Blue Ridge
receives somewhat higher loadings of sulfate than Florida
(I5), yet the proportions of acidic lakes in these two sub
regions differ greatly (0 and 22%, respectively). A hy
pothesis proposed to explain the absence of acidic lakes
in the Southern Blue Ridge is that soils are adsorhing
sulfate with a concomitant weathering of bicarbonate (16).
This hypothesis is supported by data on watershed in
put/output budgets, which show a net accumulation of
sulfur in the watersheds (I7, 18). Presumably, as the
sulfate adsorption capacity of the soils is exhausted, sulfate
will become mobilized with a corresponding loss of bi
carbonate in the surface waters (16). Because the bi
carbonate concentrations in the Southern Blue Ridge lakes
are relatively high, only a small proportion of the lakes
likely would be at risk to complete loss of ANC.

For Florida, the results are more enigmatic. Twenty-two
percent of the lakes are acidic despite a sulfate deposition
loading substantially less than that observed in the Adi
rondacks (I5), a subregion with only half as many acidic
lakes. The first step in understanding this apparent in
consistency in subregion 3B is to recognize that Florida
consists of several distinct subpopulations of lakes, as
delineated in Linthurst et al. (4). Population estimates
for the five subpopulations recognized in these data in
dicate major differences among the geographic areas
(Figure 6). The most distinctive group of lakes is the
Okefenokee Swamp, which is characterized by extremes
of organic acids (median DOC =35.7 mg/L) and sulfate
(median sulfate = 5 ILequiv/L). However, the 10 lakes in
the Okefenokee Swamp represent a small minority of the
estimated 2098 lakes in the Florida subregion. The acidic
lakes in the Okefenokee Swamp contained very high DOC
concentrations, and any possible relationship to acid de-

Flgw'8 8. Population estimates (20th, 50th, and 80th percentiles) of
pH, ANC, ea2+, 50;-, and DOC computed for sOOpopuIations of lakes
defined as the Okefenokee Swamp (A), the Florida panhandle (8), Gulf
Coast (e), northcentral peninsula (0), and the southcentral peninsula
(E). The estimated number of lakes represented within each of these
subpopulations Is 10, 260, 581, 963, and 51.

tern is evident up to 200 ILequiv/L, above which point there
is no longer an indication of a difference in sulfate con
centrations.
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Acidification of Lakes In the Eastern United States and Southern Norway: A
Comparisont

Richard F. Wright

Norwegian Institute for Water Research, Box 33, 0313 Oslo, Norway

• Synoptic surveys of lake chemistry in the eastern United
States and in Norway span comparable gradients in acid
deposition. Sulfate levels in lakes of both areas (less
natural background) reflect inputs of sulfate from the
atmosphere. Lake acidification and acid lakes occur in
both regions. Levels of nonmarine Ca plus Mg provide a
better measure of lake sensitivity than alkalinity. Alka
linity may be low due to high sensitivity or as a result of
acidification. Lakes become acidic (alkalinity <0; pH <5.3)
when nonmarine sulfate levels (less natural background)
are greater than nonmarine Ca plus Mg. Nitrate levels are
highest in lakes receiving the highest acid deposition, but
N03 generally accounts for <10% of strong acid anions.
A much higher percentage of lakes in southern Norway are
acidic compared to the eastern United States because a
larger fraction of the Norwegian lakes are inherently more
sensitive.

Introduction
The 1984 synoptic survey of water chemistry of 1615

lakes in the eastern United States (I) provides data similar
to those obtained from synoptic surveys conducted in the
mid-1970s in Norway (2, 3). These regions span similar
gradients in acid deposition.

In the eastern United States wet deposition of sulfate
ranges from <10 kg of SO. ha-1 yr-1 in northwestern
Minnesota to >30 kg of SO. ha-1 yr-1 in the Adirondack
Mountains of New York (4). This range is comparable to
that in southern Norway where wet deposition is <10 kg
of SO. ha-1 yr-l inland and exceeds 30 kg of SO. ha-1 yr-1

along the south coast (5). Dry deposition, of course, comes
in addition.

Major-ion chemistry relationships observed in Norwe
gian lakes led to the development of several general con
cepts regarding sensitivity and acidification of softwater
lakes (6-8). Here I apply these concepts to lakes in the
eastern United States and compare the major-ion chem
istry and acidification of lakes in the eastern United States
and southern Norway. I confine my analysis to lakes in
glaciated regions of the United States, as these are most
comparable to those of Norway.

The Data
Linthurst et al. (1) describe the lake selection, sampling,

analysis, and quality control procedures of the 1984
Eastern Lake Survey. Of the 1615 lakes sampled, 1360 lie
in glaciated regions. Some of these lakes exhibit chemical
characteristics indicative of significant inputs of pollutants
from within the catchment. Such inputs confound the
evaluation of atmospheric deposition. Inputs of domestic
sewage are indicated by high levels of phosphorus; lakes
with total P levels >30 ILg of P /L were thus excluded.
Inputs of road-deicing salts are indicated by high levels
of chloride. Lakes excluded were those in the upper
midwest (region 2) with Cllevels >50 ILequiv/L, in the
Adirondacks and central New England (regions 1A and 1C)
with Cllevels > 100 ILequiv/L, in the Catskills and Poconos

'This research is a contribution from the National Surface Water
Survey of the Aquatic Effects Research Program.

and in Maine (regions 1B and 1D) with Cl levels >300
ILequiv/L, and in southern New England (region 1D) with
Cllevels >500 ILequiv/L. These limits for both P and Cl
were set by inspection of the data (Table I). Many of
these excluded lakes are also "outliers" with respect to
other parameters such as alkalinity, base cations, SO., and
N03•

The Norwegian data used for comparison come from the
1974-1975 survey of 716 lakes in southernmost Norway (3).
Lakes in seven townships along a transect from Bykle 200
km in the interior to Mandal on the coast span a gradient
in acid deposition similar to that in the United States from
Minnesota to New York. The Norwegian data were
grouped by township to give a data set comparable to the
U.S. data grouped by subregion (Table II).

I define alkalinity here as the difference between the
sum of charges of strong base cations (L[BC]) minus the
sum of charges of strong acid anions (L [AA]) (9):

alk = L[BC] - L[AA]
= ([Na+] + [K+] + [Ca2+] + [Mg2+] + [NH.+]) -

([SOl-] + [N03-] + [Ct])

From the ionic balance it can be shown that alkalinity
defined in this manner is identical with

alk = [C032-] + [OW] + [HC03-] +
[organic anions] - [H+] - L[AJ+]

where L[AI+j is the sum of positively charged aluminum
species and units are again ILequiv/L. Softwater lakes have
negligible [C032-j and [OH-j. Clearwater lakes have
negligible concentrations of organic anions. In such lakes
alkalinity reduces to

alk = [HC03-j - [W] - L[AI+]

Results and Discussion
Sea Salts. In both the United States and Norway,

concentrations of Na in lakes are highly correlated to
concentrations of Cl (Tables I and II), and the concen
trations of both ions are generally highest in coastal lakes.
Exceptions are lakes receiving inputs from road-deicing
salts. Linear regressions of Na on Cl for lakes in the
northeastern United States (subregions lA-IE) yield
slopes of 0.8-{).9 (1), which is close to the ratio in seawater
of 0.86. For the entire set of 700 Norwegian lakes the slope
is 0.85 (3).

This points to atmospheric inputs of seawater salts as
a major source of Na and Cl. Weathering and ion exchange
comprise a second source of Na to these lakes. The
magnitude of this second source appears independent of
distance from the coast as Na* + K* concentrations are
similar in all subregions in the United States and town
ships in Norway (Tables I and II).

To examine lake acidification and to compare inland
with coastal lakes, it is necessary to subtract out the seasalt
component. This can be done by assuming that all Cl
comes from seasalts and that the ionic ratios of other major
ions are as in seawater. The concentrations in excess of
the seasalt contribution are denoted here by asterisks.

Base Cations. Softwater lakes in areas not receiving
significant acid deposition are commonly [Ca*]-[Mg*]-
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Table I. Numbers and Chemical Characteristics of Lakes Grouped by Region and Subregion in the 1984 Eastern Lake
Survey"

region and subregion
target

popuistion

no. of lakes

sampled
leas

outliers

mean * SD, lLequiv/1.
Ca" + Mg" Na" + K" SO," NO,'

2*4
2*5
1 * 1
2*4
1 * 1

116 * 25
146 * 49
94 * 27

108 * 44
69 * 24

34 * 22
27 * 22
44 * 15
43 * 26
44 * 15

241 * 168
327 * 52
282 * 261
200 * 54
261 * 67

131
102
108

76
170

155
144
164
127
178

1290
1506
1494
1325
1542

region 1: Northeast
(lA) Adirondacks
(IB) Catskills + Poconos
(lC) central New England
(lD) southern New England
(IE) Maine

region 2: Upper Midwest
(2A) northeastern Minnesota 1499 150 136 323 * 149 44 * 12 66 * 27 2 * 2
(2B) upper Michigan 1050 146 132 672 * 543 32 * 19 79 * 35 1 * 2
(2C) north-central Wisconsin 1510 155 128 284 * 250 30 * 17 62 * 22 1 * 2
(2D) upper Great Lakes area 4514 141 100 879 * 894 51 * 37 58 * 46 1 * 2

"Lakes with total P levels >30 equiv ofP/i. were excluded as were lskes with high Cllevels (>50 equiv/L in Region 2; >100 equiv/L in
subregions Al and 1C; >300 equiv/1. in subregions 1B and IE; >500 equiv/1. in subregion lD). The data are weighted by alkalinity class in
the original sample. See ref 1 for details.

Table II. Numbers and Chemical Characteristics of Lakes by Township Sampled in the 1974-1975 Survey in Southernmost
Norway (3)

FIgure 2. Map of southerm1ost Norway showing six townships included
In this comparison (data from ref 3). Shading indicates mean non
marine sulfate concentrations above background level of 10 I'equlvIL.
Also shown are volume-weighted annual mean H+ concentrations in
precipttation (expressed as pH) from 1974 to 1975 (from ref 2).

subregions [Na*] + [K*] levels average about 30--40
I'equivfL, only 10% or less of average [Ca*] + [Mg*], and
are not significantly correlated to alkalinity.

Acidification. Inputs of sulfur from the atmosphere
are generally reflected in elevated sulfate concentrations
in surface waters (2,8, 11). Lakes in the 1984 Eastern Lake

NO,'

16 * 5
4*3
7*4
5*5
8*3
4*2

121 * 16
90 * 12
39 * 10
50 * 18
33 * 9
23 * 7

16 * 5
12 * 8
14 * 5
15 * 9
9*3

14 * 8

mean * SD, lLequiv/1.
Na' + K' SO,,

to so. /Leq/I

D 0·25

~25.50

1lIIIIII50-75

.>75

no. of
lakes

township code (165 total) CaD + Mg"

Mandai Ma 11 106 * 51
Audnedal Au 10 72 * 39
Aseral As 45 24 * 9
Bygland Bg 39 28 * 15
Valle Va 32 30 * 9
Bykle Bk 28 22 * 11

Figure 1. Map of eastern Unned States showing regions and subr&
gions included In this analysis of the 1984 Eastern Lake SLrVey (data
from ref 1). Shading indicates rooan nonmarine suffate concentrations
above background level of 30 I'equlvIL (northeastern Minnesota, 40
l'equIv/L). Also shown are volume-weiglted annual mean H+ con
centrations in preclpttation (expressed as pH) In 1980 (from ref 13).
The data are weiglted by alkalintty class in the original sample (12).

[HC031waters (10). Na* and K* concentrations are gen
erally minor relative to Ca* and Mg> concentrations (8).

These generalizations also hold for the 1984 U.S. lake
survey. In northeastern Minnesota (subregion 2A) alka
linity is highly correlated to [Ca*] + [Mg*] (1). In all
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do not playa major role. Exceptions to this general pattern
include some very highly colored lakes in which organic
anions are significant and some lakes in regions receiving
high deposition of nitrogen compounds. Neither the
Eastern Lake Survey nor the Norwegian survey includes
an appreciable number of such lakes.

Nitrate levels in lakes in the U.S. survey as well as
Norway seldom exceed 10% of SO, levels on an equivalent
basis. There is some indication that atmospheric depos
ition results in elevated nitrate levels in these lakes, how
ever, for lakes in regions receiving high deposition (exam
ple: Adirondacks in the United States and Mandal in
Norway) also exhibit higher N03 concentrations.

Lake acidification involves [SO.*I on the one hand and
alkalinity ([HC031- [W] - DAI+)) and [Ca*] + [Mg*]
on the other. The acidification equation

([Ca*] + [Mg*] - alkalinity) =
([SO.*] - background [SO,*])

thus provides two quantitative measures of acidification.
This equation is simply a consequence of the ionic balance

Ie

"C-
O>
:J.
~ 100'"-'<
.!l!

c3
Vl

BY~

>< 1B

200

oto-------;J;so,-----------,-,'oo:;:-----L

SO, precipitation lJeq/1

Figure 3. Mean and stendard deviation of sulfate concentrations by
sUbregion (Un"ed Stetes) or township (Norway) In preclp~tlon and
lakes. See Tables I and II for codes (date from ref 1 and 3). The
U.S. date are weighted by alkalin"v class.

Survey as well as in the 1974-1975 Norwegian survey ex
hibit this relationship (Figures 1-3). Sulfate concentra
tions in lakes are generally higher than those in wet pre
cipitation because of additional sulfur inputs from dry
deposition of gases and aerosols and the concentrating
effect due to evapotranspiration. The slope of this rela
tionship is about 2.

Atmospheric inputs of sulfate of anthropogenic origin
come in addition to a natural background level of [SO/].
Background [SO.*I may be of atmospheric source or from
weathering within the catchment. Background levels are
generally low and of regional character (8). Here I use as
background [SO,*] of 30 I'equiv/L for lakes in the United
States (40 I'equiv/L for northeastern Minnesota) and 10
I'equiv/L for Norway. These levels are estimated from
lake chemistry data from regions not receiving significant
acid deposition. Background [SO.*I in Minnesota is ap
parently higher due to inputs of terrestrial dusts (12).
Sulfate concentrations (above background) increase along
the gradient from Minnesota to New York and similarly
from central Norway to the south coast (Figures 1 and 2).

Increases in lakewater sulfate due to acid deposition
must necessarily be accompanied by an equivalent decrease
in another anion or an increase in one or more cations.
Empirical lake data from Europe and North America in
dicate that acidification involves the loss of alkalinity and
an increase in Ca* + Mg* concentrations (6, 8). Other
major ions such as Na*, K*, NH" N03, and organic anions
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Figure 6. Frequency histogams 01 nonmarine SO. and nonmarine Ca
+ Mg concentrations in Bykle and Mandai townships in Norway. The
gadient in acid deposition from low levels inland (Bykle) to high levels
at the coast (Mandai) is reflected in SO." concentrations In the lakes.
Acid lakes are indicated by solid shading.

(Figure 5). In northeastern Minnesota where net S04*
levels averages about 25 I'equivJL, no lake sampled had
a Ca* + Mg* level below 25 I'equivJL, and thus no acid
lakes were found. Farther east in north-central Wisconsin,
net SO/ levels average about 30 I'equivJL and exceed the
threshold in the most sensitive lakes; these thus have
negative alkalinity.

The same situation holds for Norway. When the net
SO/ level exceeds the Ca* + Mg* level, lakes are acid with
pH <5.3 (Figure 6). A larger fraction of the Norwegian
lakes are acid because they are inherently more sensitive
than the U.S. lakes.

The major-ion chemistry of lakes in eastern United
States and southern Norway indicates that acidification
of lakes entails similar chemical changes in both regions.
Sulfate concentrations in lakes closely reflect sulfur de
position from the atmosphere. The gradient in lakewater
sulfate from Minnesota to New York is similar to that in
Norway from 200 km inland to the south coast. This
sulfate gradient is accompanied by a gradient in lake
acidification as defined as [Ca*] + [Mg*] less alkalinity.
Other ions are of minor importance or do not exhibit
significant regional distributions.

In areas of Norway that receive acid deposition similar
to areas in the United States, such as Mandal on the south
coast and the Adirondack Mountains of New York, the
degree of acidification is similar. In both areas lakes with
Ca* + Mg* levels below about 100 I'equivJL are acidified
to pH <5.3.

Acidification of softwater lakes entails characteristic
changes in major-ion chemistry. In glaciated regions the

120 160 200 240 280

'l~~o 40 80 120 160 200 240

lJeq/l

lAAdironctacks

ea"+ Mg"

VSTfb I I P-,---Cbfl
40 80 120 160 200 240 280 > 300

FIgure 5. Frequency hlstogams 01 nonmarine SO. and nonmarine Ca
+ Mg concentrations In lakes 01 subregions 2C (north-central WIs
consin) and lA (Adi'ondacks). The gadlent In sulfur deposition aaoss
the northern UnKed States Is rellected In sUfate concentrallons In lakes
with the highest mean levels In the mld-Atlantic states. Acid lakes
(alkalinity <0; pH <5.3) are Indicated by solid shading. These are
sensltive lakes (low Ca" + Mg" levels) at which the SO." level exceeds
the t1Yeshokt level 01 Ca" + Mg". The data are weig1ted by al<alinlty
class (1).

in which the sea-salt component is removed and minor ions
are neglected (8). The left-hand side is termed"Aalk" and
right-hand side "net [S04*1" (6, 8).

The acidification equation links the chemical parameters
[Ca*] + [Mg*], alkalinity, and [S04*]' Alkalinity will be
negative (pH <5.3), if net [S04*] > [Ca*] + [Mg*].

Grouped by subregion or township, both the U.S. data
and Norwegian data fit the acidification equation (Figure
4). As sulfate levels (less background) increase so does
the difference ([Ca*] + [Mg*]) - alkalinity. The latter may
reflect an increase in [Ca*] + [Mg*] or a decrease in al
kalinity; these synoptic data provide no direct information
as to changes over time. The close relationship between
net [S04*] and ~alk for lakes in both the United States
and Norway indicates that sea-salt correction and neglect
of minor ions can be made when evaluating acidification.

Ca* + Mg* levels provide a better estimate of original
lake sensitivity than alkalinity. Alkalinity can be low
because of high sensitivity, as is the case in relatively un
impacted lakes in inland Norway (Bykle). Alkalinity can
also be low in the case of moderately sensitive lakes that
have been acidified by acid deposition, as is the case for
lakes on the south coast (Mandal). Although Ca* + Mg*
levels increase as a result of acid deposition, this increase
is probably smallest in low Ca* + Mg* level lakes (i.e.,
sensitive lakes) and thus does not greatly affect the sen
sitivity classification of such lakes.

When the net S04* level is greater than the Ca* + Mg*
level, a threshold is exceeded at which the lake becomes
acid. As acid deposition increases over the west-to-east
gradient from Minnesota to New York, lakes with higher
and higher Ca* + Mg* levels become acid (pH <5.3)
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key factors are sulfate deposition, sea-salt inputs, and lake
sensitivity. These simplified chemical relationships allow
comparison of lake acidification between widely-separated
regions and provide a starting point for empirical pre
dictive models of lake acidification.
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Lakes Survey
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• U.S. Environmental Protection Agency Eastern Lakes
Survey titration data are used to obtain concentration-pK.
distributions for high-quality data. Acid and base titration
data for waters with dissolved organic carbon (DOC)
greater than 3 mg of C/L are assessed with a multivariable
regression technique. The resulting averages normalized
to DOC are used to define an average organic cocktail.
This mixture can reduce the pH below 5 for carbonato
systems of alkalinity equal to 200 I'equiv/L when the DOC
is greater than 7 mg of C/L or for alkalinities equal to
50-100 I'equiv/L for a DOC of 4 mg of C/L. Alkalinities
of 2000 I'equiv/L are barely affected by 10 mg of C/L DOC
levels.

Introduction

The role of organic acids in dilute surface waters is a
topic of considerable interest, especially with respect to
their possible role in surface water acidification (1-5).
Some studies consider naturally occurring organic acids
as simple mixtures with discrete dissociation constants
(pK.) (6, 7), whereas Perdue and Lytle (8) proposed a
model of normally distributed pK. values. In the past few
years, various spectral affinity techniques have been used
to produce concentration-pK curves, assuming that the
system can be modeled by a summation of monoprotic
reactions (9, 10). For example, Leuenberger and Schindler
(11) recently applied a least-squares integral spectrometry
analysis to characterize the concentration-pK. distribution
of fulvic acid.

The U.S. EPA National Surface Water Survey (NSWS)
carried out acid and base titrations of a large number of

lakes in their Eastern Lakes survey (ELS) (12). In addi
tion, dissolved inorganic carbon (DIC) and pH were ana
lyzed so that carbonate alkalinity might be estimated. and
dissolved organic carbon (DOC) was also analyzed, allowing
distinction of high-organic waters. Quite rigid quality
assurance checks on protolyte parameters were used to
isolate and further assess high-quality data (13).

The principal objective of this paper is to characterize
the non-carbonato protolytes in waters relatively rich in
organic matter, with data from the ELS. These waters are
defined as having >3 mg ofC/L DOC, the level where color
is usually apparent (14).

Theory

The ion balance expression can be written for an
aqueous system consisting of carbonato and other mono
protic ([Ot)i) species as

L[M) - LlA) = ANC = Alk + LlOtl; (1)

where L[M) and L[A] are the sums of charges of strong
base cations and acidic anions and ANC is the acid neu
tralizing capacity. Alk = alkalinity = [HC03) + 2[C03]

+ [OH] - [H); for the ith other species, HO~ = H+ + Ot-i,
with Ci =[HOt]i + [Ot]i and K i =[W)[On/[HOt]i' The
concentrations all are relative to the initial solution con
centration V•.

Equation 1 can be modified for acid or base titration by
addition of the strong acid anion and strong base cation
concentration terms. Thus

(LlM)- L[A]}V. + Tbvb =
V,L[Otl; + V,(Alk) + T.v. (2)
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sidered achieved if a relative standard deviation of 10%
or 10 ",equivIL for values less than 200 ",equivIL was
obtained. The ANC value determined by Gran analysis
was used in the calculations.

The final C,pK, array was obtained by an iterative
procedure. Initially an array is obtained for a pK interval
of 0.5 in the range of 0.5 pK unit beyond the pH bounds.
Then four iterative fitting steps, each consisting of elim
ination of concentrations less than zero (zero was defined
as <2 X 10-<> M) and addition of pK's at the pH values for
the two largest absolute deviations of measured and fitted
functions, were carried out. A standardized matrix in
version procedure (16) was used to obtain the requisite
accuracy. The final summary was made for those results
showing only a multiple linear regression coefficient of
>0.95 and with no negative C;'s. Approximately half of
the data were usable for the final assessment.

<3.5 4.0 5.0 6.0 7.0
pKj

Figure 1. Percent distribution of p~ values determined for the ELS.
Acid and base tltrations are shown and Independently are summed to
100%. The dashed line shows the suggested distribution of pK's for
simple carboxylic acids (15).

Figure 2. Concentration distributions for pK Intervals determined for
the ELS. The vertical lines represent the relative standard deviation.
The shaded areas reflect regions where carbonato contrlbullon would
be significant and hence normalization to DOC would not apply.

Results
Both total titration data and titration data with the

carbonato contribution removed were assessed. Data with
carbonato contribution removed gave poor results, how
ever, probably due to the loss of CO2 during titration.
Therefore, only results for all protolytes are presented.

Results are tabulated as a frequency distribution of pKi
values (Figure 1) and as a CJDOC versus pKj distribution
(Figure 2). Both acid and base titration data were used
to calculate the summaries. The pKi distribution of car
boxylic acids (15) is also given in Figure 1 for comparison.
The pKi distribution for the ELS and that for measured
carboxylic acids would probably be similar if the carbonato
component at pKi of about 6 and 10 could be removed. It
does appear, however, that the maximum acidic pKj es-

Choosing values of K" Km, and discrete intervals (~pK),

eq 5 can be written as a multivariable linear equation (zero
intercept), which can be solved by regression techniques:

L:[Ot]j =C,X, + C2X 2 + ... + CmXm (6)

Equation 7 is solved for C,Ki values with eq 6. In this
case, a concentration value corresponding to a pK "" 6.3
should result, reflecting the first dissociation of carbonic
acid. Alk can be determined from this concentration value
and the initial solution pH (eq 4), which in turn can be
compared to the alkalinity obtained from the DIC-pH
pairs.

where

Thus values of C, to Cm are solved for corresponding values
of K, to K m (pK, to pKm).

Alternatively the carbonato contribution can be deter
mined as one of the [Otjij terms of eq 3. Thus, eq 3 be
comes

where T. and Tb are acid and base titrant concentrations
(equiv/L) and v. and Vb are cumulative acid and base
titrant volumes (L). Rearranging eq 2 to solve for L:[Ot]i
and substituting eq 1 into eq 2 results in

L:[Ot]ij =ANC - (Alk)j + TbVbj/V. - T.v.JV. (3)

Equation 3 is valid at any titrant condition j.
Equation 3 is solved for each titrant condition by sub

stituting in the value for ANC obtained either by the
difference in analytical data for strong base cations ([Na]
+ [K] + [Cal + [Mg] + [NH4]) minus strong base anions
([S04] + [N03] + [Cl]) or from a Gran analysis for ANC,
the value for alkalinity obtained by DIC-pHj data, the
titrant concentrations (T) and volumes (v), and the sample
volume, V•. Equation 4 gives the value for (Alk)j, where

DIC([H]jK, + 2K,K2) K w

(Alk)j = 12010([Hll + [H]jK, + K,K
2

) + [H]} - [H]}

(4)

DIC is dissolved inorganic carbon (mg of C/L), K" K2, and
K w are the first and second dissociation constants for
carbonic acid and the dissociation constant for water, re
spectively, for the temperature and ionic strength condi
tion.

Thus for each titrant point a value of L:[Otjij can be
obtained by substituting eq 4 into eq 3. L:[Otlii can be
expanded as

Methods and Materials

Selected data from the NSWS ELS were used in a
compilation of C,pKj statistics. Approximately 650 data
sets, representing high-quality data with DOC concentra
tion greater than 3 mg of CIL, were chosen. The data were
considered high quality if three consistent alkalinities were
obtained from three DIC-pH measurements and were less
than or equal to two consistent ANC estimates. ANC was
determined from a Gran analysis of the acid titration data
and from the difference of ([NH4j + [Na] + [K] + [Cal
+ [Mg]) - ([S04] + [Cl] + [N03]). Consistency was con-
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Table I. An Average Organic Acid Cocktail Cor the ELS
9

timation for ELS is 0.5 lower than the distribution of
simple carboxylic acids. This analysis, however, agrees
quite well with the assessment of Perdue et aI. (8), who
found a mean pK of 3.7 for analysis of southeastern
Georgia aquatic humic matter. Thus naturally occurring
aquatic humic matter can be quite acidic.

The acidic Ci/DOC distribution for the ELS has an
average of about 20 jtequiv/mg, being near the upper end
of other estimates (I7, 18). On the other hand, the basic
Ci/DOC ratios, ignoring the carbonato regions, average
about 4. The average value of 135, determined for the pKi
interval of 3.5--4.0, is quite high, but this value represents
only a small fraction of the protolytes in any given sample.

An average organic acid cocktail for the ELS is calcu
lated with the results of Figure 1 to weigh the concentra
tion data in Figure 2. Table I gives the Ci/DOC values
for the acidic pKi range of <6.0. This limit was imposed
in order to suppress the effect of the carbonato protolytes.
The final weighted concentration/DOC values can be
construed to give a one-value estimate similar to that
suggested by Oliver et aI. (I8). Thus, DOC is used as a
surrogate for the total organic acid concentration with a
fixed pK,Ci distribution.

(AI

(81

5

9

8

pH

pH

4L---~--J5"":::"-----&---

D.o.e. (mg elL)

5

pK concn/DOC,
median jlmol/mg of C

4.75 2.2
5.25 5.0
5.75 0.4

pK concn/DOC,
median jlmol/mg of C

3.25 7.9
3.75 13.5
4.25 6.7

Titration of a Carbonato System with Organic Acids

A "back of the envelope" calculation is made for the pH
effect of mixing various hypothetical carbonato systems
with an organic protolyte. For this calculation, one as
sumes an initial carbonato system (pH, alkalinity) and
mixes with various amounts of average ELS organic acid
(Table I). The total concentration of organic acid is
represented by DOC. The resultant pH is determined
from this mixture as a function of DOC. Ion balance
considerations are used to obtain' the resulting H ion
concentration for pHs less than 7 and relative to initial
alkalinity:

where Ct and K1 are the carbonato concentration and the
first dissociation constant and Cd and K d are the DOC
normalized organic acid concentrations and constants given
in Table I. The calculation proceeds as follows. From an
initial pH and alkalinity, Ct and Peol are calculated. [H)
is determined by trial and error solution of eq 8, assuming
either a closed system (Ct is constant) or a fixed Peo,.
Figure 3a shows the results of this calculation for a con
stant Ct, and Figure 3b shows the results for a constant
Pco·

The calculations show that the pH values of low-alka
linity waters «100 jtequiv/L) are reduced below a pH of
5 for <4 mg of C/L DOC acid equivalent. This conclusion
implies that slightly colored low-alkalinity waters can be
acidified by organic acids. Higher alkalinity waters would
be influenced by higher DOC concentrations (>7 mg of
C/L), and "hard" waters (~2000 jtequiv/L alkalinity) are
not affected. The pH suppression is less sensitive to low
DOC additions for a constant Peo, assumption as would

4L---~--+5~-----~--

D.O.e (mg elL)

Figure 3. pH decreases as a lunction 01 added average as "organic
acid" (Table I), expressed as DOC lor an asstmption 01 (a) constant
carbonate concentration and (b) constant Pco,. Innial carbonato
assumptions lor which calculations are made are as loIlows: (1) pH
8.4, All< = 2000 jtequiv/L, C, = 2020 jlM, Pco, = 10-3.3 alm; (2) pH
7, All< = 200 jtequiv/L; C, = 244 JlM, Pco, = 10-2.9 atm; (3) pH 6.5,
AIk = 100 JlequivlL, C, = 170 p.M, Pro, = 10-2.• alm; (4) pH 6.5, All<
= 50 p.equiv/L, C, = 85 JlM, Pco, = 10-3·0 atm.

be expected.
Registry No. C, 7440-44-0.
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Evaluation of the Role of Sea Salt Inputs in the Long-Term Acidification of
Coastal New England Lakest
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Oregon 97333

• Input of neutral salt (NaCl) from sea spray, followed
by Na+-H+ exchange within the soil exchange complex,
has been proposed as an important factor in surface water
acidification of coastal areas. This hypothesis was tested
on a regional basis by comparing the Na:Cl ratio of lake
water with that of precipitation for the coastal lakes in
cluded in the U.S. Environmental Protection Agency
Eastern Lake Survey-I in New England. The precipitation
Na:Cl ratio closely approximated that of seawater at
monitoring stations located within approximately 20 km
of the coast. Few lakes in this coastal region exhibited a
Na:Cl ratio less than that observed in precipitation. Those
lakes that were acidic (ANC S 0) showed no tendency
toward a lowered Na:Cl ratio. Sodium contribution from,
rather than retention by, watershed soils was suggested
by the data from these lakes. Although episodic acidifi
cation of runoff due to NaCI deposition may occur, there
is little support for the neutral salt effect being an im
portant long-term acidifying process in Northeastern lakes.

Introduction

The neutral salt effect is a well-known soil phenomenon
whereby the pH of an electrolytic solution is altered as it
percolates through a soil column. The effect is due to ion
exchange on soil surfaces and can lead to either a retention
or a release of H+ depending on soil pH, bonding energy
of the salt cation or anion, and the salt content of both the
soil and added electrolytic solution (1, 3). This process
is potentially relevant to surface water acidification, since
a decrease in leachate pH may occur from very acidic soils.
On neutral soils this effect is small due to increasing
bonding energy of H\ with subsequent reduction in ion
exchange (1). Wiklander (1) suggested that several reac
tions are important in acidification of leachate:

R-H + Na+ + Cl- ~ R-Na + H+ + Cl- (1)

R-A1(OH)2 + Na+ + Cl- ~ R-Na + AI(OH)t + Cl
(2)

'This research is a contribution from the National Surface Water
Survey of the EPA Aquatic Effects Research Program.

I Northrop Services, Inc.
I Syracuse University.
I U.S. EPA Environmental Research Laboratory.

AI(OHh+ + Cl- + H20 ~ AI(OHh + W + Cl- (3)

AI(OHh+ + H+ ~ A1(OH)2+ + H20 (4)

where R indicates a negatively charged functional group
within the soil exchange complex. Inputs of neutral salt
result in acidification of leachate draining acidic soils (eq
1 and 3), but base saturation and soil pH are increased.
Equation 4, which consumes H\ is more significant in
circumneutral soils.

Several researchers have speculated that the neutral salt
effect could be an important factor contributing to the
acidification of surface waters in parts of Scandanavia and
North America (2, 4). Krug et al. (4) argued that many
areas experiencing acidification are coastal and that
electrolyte concentrations in precipitation are more im
portant than acidity (pH) in the acidification of surface
waters. Further interest in this phenomenon has been
stimulated by recent results in Acadia National Park,
Maine, where Kahl et al. (5) have presented evidence for
NaCI acidification of stream water in a coastal catchment
on an event basis.

Episodic acidification of stream water had previously
been linked with NaCI inputs in the Breidvikdalen
catchment of coastal western Norway (6). Particularly
during sea salt enriched autumn rainstorms, water draining
acidic soils within this catchment was acidified coincident
with Na+ retention. Soil retention of Na+, however, was
evidently a short-term phenomenon since there was close
agreement between atmospheric input and drainage water
output budgets of Na+ on an annual basis. Seip (7) ex
amined these studies and others in the Norwegian SNSF
Project. He concluded that, on the basis of input/output
budgets, correlations between Na+ and Cl- in runoff, and
laboratory studies, Na+ is readily transported through soil
compared to Ca2+ and Mg2+, and the acidification of
drainage waters due to retention of Na+ from sea salt
should be small in most cases.

The relative importance of natural and anthropogenic
causes of surface water acidification has been the focus of
intense debate in recent years. A strong positive correla
tion has been established between precipitation chemistry
and surface water chemistry in many areas, although it is
difficult to prove a causal relationship (7). Contributions
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to surface water acidification from natural sources, such
as marine salt deposition, are therefore relevant. Issues
of natural sources of acidification are particularly impor
tant in view of recent efforts throughout the northern
hemisphere to curb emissions of acidifying sulfur com
pounds.

In order to evaluate the possible regional importance of
watershed Na+ retention leading to H+ enrichment, it is
first necessary to obtain an index of Na+ input. The Na:Cl
ratio of precipitation provides such an index for coastal
areas, where Na:Cl in precipitation very closely approxi
mates that of seawater (0.86) (6,8, 9). Variability in this
relationship increases further inland. The predominant
source of Cl- in coastal precipitation is sea spray. A small
amount may originate from anthropogenic emissions, but
this quantity is apparently negligible compared to back
ground coastal levels (10, 11). Watershed sources of Cl
are also generally negligible (12). Thus, because the input
ratios are reasonably well established, the Na:Cl ratio of
surface waters provides a means to evaluate NaCI-induced
acidification of coastal sites.

An extensive data base has recently been developed by
the U.S. Environmental Protection Agency in those regions
of the eastern U.S. which are expected to contain signif
icant numbers of lakes with low acid-neutralizing capacity
(ANC) (13). Phase I of the Eastern Lake Survey (ELS-I),
conducted in autumn 1984, employed a statistical (prob
ability) sampling design such that regional extrapolations
with known uncertainty could be performed to estimate
the number ;)f acidic and low ANC lakes. The statistical
sampling design and large data base provide a unique
opportunity to evaluate the regional influence of NaCI on
lake acidification, as well as other related issues. The
survey detennined that there were a number of acidic lakes
(ANC $ 0 jLequiv L-1) in coastal areas and that concen
trations of sodium and chloride decreased rapidly with
distance from the coast (14). These observations suggest
the potential for the acidification of low-alkalinity lakes
in coastal areas. The purpose of this paper is to estimate,
with ELS-I data, the number of coastal lakes in the
northeastern U.S. that have become acidic because of Na+
retention and to evaluate the role of NaCI in lake acidi
fication processes. We examined NaCI acidification in the
context of chronic effects on water chemistry using data
from the autumn index sample.. These data are not,
however, suitable for investigating potential episodic effects
of NaCI deposition from sea spray.

Methods
Scope. Coastal precipitation chemistry data were made

available through existing precipitation monitoring net
works, NADP/NTN and MAP3S (15, 16). Data were used
from 21 monitoring stations located within 100 km of the
east coast in order to establish Na:Cl wet input ratios as
a function of distance from coast.

Phase I of the Eastern Lake Survey (ELS-I) provided
the lake chemistry data used in this study (13). In ELS-I,
three regions were sampled which had been identified as
having significant numbers of low ANC lakes by use of the
map developed by Omernik and Powers: the Northeast
(1), Upper Midwest (2), and Southeast (3) (17). Each
region was further subdivided into two or more subregions
on the basis of geographic homogeneity and physiography.

Evaluation of potential sea salt acidification was nec
essarily restricted to coastal lakes where (1) NaCI depos
ition is significant and (2) the Na:Cl ratio in precipitation
is reasonably constant (6, 8, 9). On the basis of our ex
amination of coastal precipitation chemistry data (see, e.g.,
Figure 2), the pattern of concentrations of Na+ and Cl- in
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Figure 1. Map of EL5-I region 1 showing locations of the 144 lakes
Included in the analysis of potential neutral salt acidification of lake
water.

lakes (14), and these earlier studies, we limited this in
vestigation to lakes within 20 km of the coast. In this
coastal strip, Na:Cl precipitation ratios should approximate
that of seawater (± analytical error) and watersheds ex
perience the highest loading of sea salt. If evidence of
surface water acidification by Na+ retention cannot be
demonstrated for acid-sensitive coastal lakes, it is unlikely
to be meaningful further inland as a regional phenomenon.

Portions of two ELS-I regions coincided with the 20-km
zone selected for investigation: coastal New England (in
region 1) and Florida/southeast Georgia (in region 3). The
Florida subregion (3B) contained the largest number of
acidic lakes of any subregion. Lakes in this subregion,
however, were generally farther from the coast; only 21 of
the 150 lakes sampled were located within 20 km of the
coast. Furthermore, lakes in subregion 3B exhibited a
positive relationship between [Na+] and distance to sea
water (13, 18). This suggests a substantial Na+ contribu
tion from the watersheds, more specifically from shallow
groundwater sources (18). Therefore, subregion 3B was
excluded from our investigation, and further analyses were
limited to coastal areas of region 1 (the Northeast) of the
Eastern Lake Survey.

Lake Selection. Subregions were stratified by alka
linity map classes according to a preliminary version of the
regional surface water alkalinity map prepared by Omernik
and Kinney (19). The designated alkalinity strata were
<100 jLequiv L-1, 100-200 jLequiv L-1, and >200 jLequiv L-1.
Approximately 50 lakes were randomly selected from each
of the three map classes in each subregion and assigned
a weighting factor on the basis of the frame population of
each map class (universe of lakes considered for study in
ELS-I, essentially including all lakes ~4 ha, with specific
conductance $1500 JLS em-I, and not locally influenced by
intense anthropogenic activities). A total of 768 lakes were
sampled in the Northeast, of which 144 were within 20 km
of the coast (Figure 1).

Sampling. Northeastern lakes were sampled by heli
copter between 10 October and 18 November 1984 at a
depth of 1.5 m in the deepest part of the lake. In most
cases, sampling coincided with the period of complete
mixing following fall turnover. Preliminary processing of



samples for water chemistry, including pH, was accom
plished at a nearby mobile field laboratory. Subsequent
analyses at an analytical laboratory included ANC (aci
dimetric titration with modified Gran analysis), Cl- (ion
chromatography), and Na+ (flame atomic adsorption
spectroscopy). Details on sampling, analytical metho
dologies, statistical design, and QA/QC protocols were
provided by Linthurst et al. (13), Best et al. (20), and
Hillman et al. (21) and summarized in Landers et al. (22).

Data Treatment. Precipitation chemistry data from
NADP/NTN and MAP3S networks were analyzed by
analysis of variance and linear regression of the Na:Cl ratio
in precipitation as a function of distance from coast.
Results of these analyses were used in delineating the
coastal zone in which Na:Cl input ratios could be char
acterized and evaluating wet input ratios relative to lake
ratios in the selected coastal zone.

The lake water Na:Cl ratio was determined for all lakes
in region 1 within 20 km of the coast. The relationship
between potential Na+ retention and lake acidity was
evaluated by linear regression of both ANC and pH as a
function of the ratio of Na+to Cl- in lake water. Analyses
were performed for the following subgroups of ELS-I lakes
in region 1: 0-5, 0-10, 6--10, and 11-20 km from the coast.
A key assumption in this analysis was that chloride is
conservative in the coastal watersheds under investigation.
The assumption of conservative Cl- behavior has been
shown to be valid on the basis of soil column studies (23),
sediment microcosm studies (24), and ion budgets (25-27).
Bayley et al. (28) recently concluded that Cl- retention is
significant in some soils and wetlands in the Experimental
Lakes Area (ELA) in Ontario. However, Cl- deposition is
very low at ELA, yielding typical lake Cl- concentrations
~ 15 lLequiv L-I, more than an order of magnitude less
than that of the typical lakes included in this study.
Retention of a small amount of Cl- or minor analytical
error would thus greatly influence ELA budget calcula
tions. Implicit in this analysis were the additional as
sumptions that (1) the precipitation input Na:Cl ratio
could be well established for coastal Northeast lakes and
(2) Na+ retention in watershed soils (leading to H+ release
and consequent leachate acidification) would be reflected
in a decreased Na:Cl ratio of coastal lake water as com
pared to established precipitation input ratios.

Road salt is a potential complicating factor in the in
terpretation of the sea salt effect, because lakes with high
sodium and chloride were found at considerable distance
inland from the coast (13). A subset of coastal lakes was
therefore selected which were determined to be without
paved roads in their watersheds on the basis of examina
tion of U.S.G.S. topographic maps (1:250000). Analyses
were repeated for this subset of lakes.

We used the following relationship to quantify the extent
of acidification by retention of Na+ from sea salt inputs:

sea salt acidification = [Cl-](0.86) - [Na+] (5)

This expression compares the theoretical Na+ concentra
tion calculated from measured Cl- (assuming conservative
behavior and the Na:Cl of seawater [0.86]) with measured
Na+ values. The difference between theoretical Na+ (on
the basis of measured Cn and measured Na+ is an esti
mate of drainage water acidification due to Na+ retention,
if the input ratio equals that of sea water. We compared
sea salt acidification to ANC by linear regression analysis.

Results and Discussion

Data from coastal precipitation stations indicated that
the ionic composition of coastal precipitation closely ap-
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Figure 2. Na:CI ratio in precipnation as a function of distance to the
seacoast. Data are from the 21 NADPINTN and MAP3S precipnBtion
monitoring stations for the period 1979-1984. The seawater ratio
Na:CI = 0.86 is provided as a reference.

proximated that of seawater. Weighted annual means of
the Na:Cl ratio of precipitation for all NADP/NTN and
MAP3S monitoring stations within 100 km of the east
coast are presented in Figure 2 for the period 1979-1984.
The Na:Cl ratio of precipitation closely approximated that
of seawater only for stations in close proximity to the coast.
Further inland, the Na:Cl ratio in precipitation becomes
more uncertain due to contributions of excess Na+ from
the soil (29), enhanced inland transport of Cl- relative to
Na+ [possibly due to loss of Cl- from NaCl particles by
volatilization (30)], and local anthropogenic sources of Cl
(e.g., combustion of leaded gasoline). These factors become
significant only as coastal NaClloads diminish (31, 11).
Salt deposition as a function of coastal proximity is con
founded by road salt in New England, but the minimum
Na+ concentration in ELS-I lakes declined abruptly be
tween 20 and 40 km from the coast, approaching a back·
ground concentration of 30 lLequiv L-I (Figure 3; 13). This
trend agrees with the observations of Ogden (8) that 80%
of the marine aerosol in Nova Scotia was deposited within
20 km of the coast. Chloride patterns tend to be similar
to those for Na+ (13), although background concentrations
are not reached until 75-100 km inland (32). The data in
Figure 2 include 8 precipitation monitoring stations located
within 20 km of the coast with a total of 28 annual mean
measurements during 1979-1984. Mean and standard
deviation for this subset were 0.83 and 0.04, respectively.
Analysis of variance for this subset revealed a significant
(P <0.05) trend of decreasing Na:Cl with coastal distance
(slope = -0.003, intercept = 0.85, R2 = 0.20). However,
the slope of this relationship is relatively small, yielding
minor variations in estimates for precipitation Na:Cl based
on distance from the coast for stations within the 20-km
coastal zone (95% CI = 0.75-0.86).

Few lakes in coastal New England had Na:Cl ratios less
than those measured by coastal precipitation monitoring
stations (12% had Na:Cl < 0.86, Figures 4 and 5). Rather,
most lakes contained proportionately higher sodium con
centrations than were observed in precipitation, due to
weathering reactions in the watersheds. For those lakes
that did exhibit low Na:Cl ratios (although still within the
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ANC = a + b (Na:CI) 0-5 60 0.159 0.6917
6-10 33 2.151 0.1523
0-10 94 1.284 0.2600

11-20 51 3.052 0.0868
pH = a + b (Na:CI) 0-5 60 1.453 0.2329

6-10 33 0.939 0.3399
0-10 94 4.338 0.0400'

11-20 51 0.252 0.6181

'Significant at P ,; 0.05.

Table I. Results of Regression Analyses for Acidity as a
Function of the Molar Na:CI Ratio for Coastal New
England Lakes

function of Na:CI ratio was not significant for lakes in
closer proximity to the coast (:55 km), further suggesting
watershed sources of Na+ due to weathering rather than
retention. Results similar to those presented in Table I
were obtained when analyses were restricted to drainage
lakes only or to lakes without paved roads in their wat
ersheds (presumably no road salt). Similar results were
also obtained when analyses were performed within in
dividual alkalinity map strata. Those relationships that
were significant derived their significance from high
pHIANC waters with Na:CI > 1.1.

The lack of a significant relationship between ANC and
Na:CI ratio does not by itself, however, demonstrate that
Na+ retention has not occurred in the drainages of some
lakes. Because lakes vary in their acid/base characteristics,
a decrease in ANC due to Na+ retention would be inde
pendent of initial lake water ANC. But if Na+ retention
was a significant regional process, causing lakes to become
acidic (ANC :5 0 I'equiv L-1), we should find a cluster of
acidic lakes with Na:CI ratios less than the observed input
ratio. None of the acidic lakes in coastal New England
showed an Na:CI ratio less than the observed ratio in
precipitation :l: one standard deviation (0.83 :l: 0.04)
(Figures 4 and 5). An analagous situation exists between
SOl- and ANC. Although lake SOl- concentration was
not found to be negatively correlated with ANC for the
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Figure 5. pH as a functiOn of the Na:CI molar ratio In ELS-I region
1 lakes 0-10 km from the seacoast. One outlier was deleted at Na:CI
= 7.
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range expected on the basis of wet input), there was no
clear pattern of concomitant low ANC or pH (Figures 4,
5).

Results of regression analyses are presented in Table I.
ANC and pH as a function of the Na:CI ratio for lakes :510
km from the coast are graphically depicted in Figures 4
and 5, respectively. Only one regression was significant
at p < 0.05, that of pH = a + b(Na:CI) for lakes within 10
km (Table I, Figure 5). Examination of Figure 5, however,
reveals that the significance is derived from the right side
of the graph (Na:CI > 1.1), suggesting excess Na+ inputs
in many lakes with pH over 6.0. In the event of neutral
salt acidification, we would observe a decreased Na:CI
(below the input ratio) for low-pH lakes. Such a rela
tionship is. not evident in Figure 5. Also, the pH as a
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Figure 3. Lake water sodium concentration (pequlv L-ll versus lake
distance (km) from coast for regiOn 1, Eastern Lake Survey-Phase I
[from Unthurst et al. (13)).
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full data set of Northeastern lakes, almost all low ANC
lakes in the Northeast had SOl- as the major anion (13,
14). This is taken as strong circumstantial evidence for
SOlo-induced acidification.

For the 18 lakes within 20 km of the coast that exhibited
Na:Clless than 0.86, the magnitude of sea salt acidification
(eq 5) showed a mean ± standard deviation of 28 ± 34
jtequiv L-1. Of these lakes potentially acidified by sea salt
influence, the mean ANC was 240 ± 246 jtequiv L-l. Half
of these lakes had ANC values greater than 150 jtequiv L-1

and therefore only nine of the low Na:Cllakes could be
significantly acidified by sea salt contribution. Linear
regression analysis of the low Na:Cllakes demonstrated
a weak positive correlation between ANC and sea salt
acidification IANC =131 jtequiv L-1 + 2.8(sea salt acidi
fication); n = 18; R2 = 0.15], indicating that the extent of
acidification by Na+ retention was generally greatest in
high ANC lakes. In the low ANC lakes ($50 jtequiv L-l),
the potential effect was small in magnitude, but of some
significance, showing a mean potential sea salt acidification
of 25 jtequiv L-1. These calculations should be viewed ss
approximations because small errors in the analytical de
termination of Na+ or Cl- result in large uncertainty in
estimating possible sea salt acidification. Furthermore,
the mean observed Na:Cl ratio of coastal precipitation
(0.83) was somewhat less than the marine ratio of 0.86
(Figure 2).

Sodium ions are, in general, weakly bound in soils (33,
1) and have been reported to move readily through coastal
catchments (25). It seems reasonable to assume that soils
in coastal watersheds of the Northeast would be approx
imately at steady state with respect to long-term patterns
of NaCI deposition. Long-term acidification due to cation
exchange involving marine sources of Na+ therefore seems
unlikely in the absence of major climatic changes affecting
NaCI deposition. Similar conclusions were reached by
Overrein et al. (25) in Norway. Seip (34) also emphasized
that long-term accumulation of sodium will not occur in
a stable terrestrial system.

Mg:Cl ratios were also evaluated because Mg2+ may have
a higher retention on acidic soils than does Na+ (33), al
though the Mg2+ concentration in seawater is only 23%
of the Na+ concentration on an equivalent basis. We did
not find evidence of Mg2+ retention in watershed soils of
drainage lakes. Three lakes within 20 km of the coast had
a Mg2+ deficit> 100 jtequiv L-t, calculated as

Mg2+ deficit = ICl-](0.196) - [Mg2+] (6)

where concentrations are in jtequiv L-1. All three of these
lakes were of the seepage (no outlet, no inlet) or spring
(outlet, no inlet) type. Six coastal lakes had a Mg:Cl
equivalent ratio less than that of seawater (0.196) and ANC
$ 50 jtequiv L-1. Only three of these were drainage lakes,
and they all had a Mg2+ deficit less than 24 jtequiv L-l.
Thus, we find no evidence supporting chronic Mg2+ re
tention in Northeastern coastal drainage systems.

We emphasize that samples were collected for this study
during fall mixing and should be interpreted as an index
of water chemistry on an annual basis only. These results,
therefore, only apply for long-term evaluation of water
chemistry. Episodic pH depressions caused by high inputs
of sea salts can be a significant short-term acidifying
phenomenon, as suggested by the research of Skartveit (6)
and Kahl et al. (5) on stream systems. Sutcliffe et al. (35)
demonstrated that sea salt deposition may show marked
seasonal trends, and Skartveit (6) showed that as much
as 30% of the annual wet Cl- deposition can occur on just
five to six episode days. Repeated neutral salt episodes
would not, however, lead to long-term acidification. Once

a coastal terrestrial system has reached steady state with
respect to long-term Na+ deposition, leachate would ac
tually be less acidic than in an otherwise sintilar noncoastal
site because the soil has become less acidic in response to
higher Na+ saturation. Further research is needed to
evaluate the potential effects of episodic sea salt inputs
on low-alkalinity coastal surface waters. There is no ev
idence to suggest, however, that the group of low-alkalinity,
low-pH lakes identified in coastal areas of region 1 by the
ELS-I fall survey (13) have become acidic as a result of
the neutral salt phenomenon. Na+ deposition declines
sharply inland of 20 km, as do lake water concentrations
of Na+ and Cl- (13, 14). Therefore, there is little support
for the neutral salt effect having caused a significant in
crease in the number of acidic Northeastern lakes.
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Reactions That Modify Chemistry In Lakes of the National Surface Water
Survey

Sllln Lee and Jerald L. Schnoor"

Department of CivH and Environmental Engineering, University of Iowa, Iowa City, Iowa 52242

• A simple mass balance equation was used to determine
the important reactions that occur in selected lake wat
ersheds of the Adirondack Park, the Southern Blue Ridge
Province of the Appalachian Mountains, and a portion of
northern Florida. The mass balance requires only three
input parameters: precipitation ion concentration, lake
ion concentration, and an evapoconcentration factor ap
pliable to the watershed. It was determined that the most
important alkalizing reaction in all three study areas was
the production of base cations (Caz+, Mg2+, and Na+) by
ion exchange and chemical weathering, followed by sulfate
adsorption in the Southern Blue Ridge watersheds and
nitrate assimilation/reduction in the Adirondack Park.
Dry deposition of sulfate was important to the sulfate
balance in the Adirondack watersheds and was of the same
order of magnitude as wet precipitation inputs. Chloride
ion could not be used to provide an independent check on
the mass balance methodology because unmeasured
sources such as dry deposition and mineral dissolution
appeared to be significant, especially in the Southern Blue
Ridge Province and Florida watersheds.

Introduction
The chemistry of lake water in dilute or headwater

ecosystems is an admixture of precipitation solutes, dry
deposition, and biogeochemical reaction products of the
land and water (1). Precipitation water is modified as it
passes through the canopy by leaching of vegetation and
dissolution of dry deposited materials (2). Throughfall
water is further affected by decomposition and minerali
zation products of leaf litter and organic soil (3). In the
upper soil horizons, ion-exchange reactions, ammonia as
similation by vegetation, and microbially mediated nitri
fication reactions are likely to occur (4). As the water
percolates into the lower soil horizons, it becomes pro
gressively more neutralized Oess acidic) by sulfate exchange
reactions and chemical weathering (dissolution) of minerals
in the glacial till and bedrock (5-7). Lake chemistry
represents a mixture of precipitation, runoff water, in-

terflow, and groundwater chemistry. Within the lake,
further reactions modify the chemistry, including nitrate
and ammonium assimilation by plants and reactions at the
sediment-water interface (e.g., cation exchange and sulfate
reduction; ref 8-10).

Lakes that have been acidified by acid deposition are
those lacking carbonate minerals and characterized by
sensitive hydrological settings (1). Schnoor and Stumm
(1) presented various reactions that modify the H+ balance
in waters. Table I shows the stoichiometry of some of these
processes. The overall change in alkalinity (or acid neu
tralizing capacity, ANC) of a lake can be calculated from
the stoichiometry of the weathering reactions, ion ex
change, redox reactions, and biological production and
respiration. In some instances, acidic deposition may be
sufficient to disturb an existing H+ balance and cause the
acidification of a lake. A quantitative example is provided
by the hydrogen ion budget in the Hubbard Brook Eco
system by Driscoll and Likens (11).

The purpose of this study was to assess (on a large-scale
regional basis) which reactions are most important in
controlling the acid-base chemistry of lakes, on the basis
of a mass balance approach for major ions. There are two
data sets that were used for the study. In 1984, the Eastern
Lakes Survey of the National Surface Water Survey
(NSWS) was begun by the U.S. EPA (12, 13) in order to
assess the present acidity status of surface waters and to
establish a base line for temporal variability associated
with these surface waters. The second data base, of the
Acid Deposition System (ADS) for Statistical Reporting,
is a collection of precipitation chemistry data to monitor
atmospheric deposition trends in the U.S. (14). The ADS
data base was used to determine the chemistry of wet
deposition to lakes of the NSWS in the eastern U.S. Lake
chemistry was determined from the NSWS in order to
estimate the net reaction or change of major cation and
anion concentrations (Caz+, Mgz+, K+, Na+, NH/, N03-,

Cl-, SOl-). A simple mass balance equation was then used
to calculate the magnitude of important processes that
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Table I. Typical Processes Which Modify the Alkalinity Balance in Surface Waters

changes in alkalinity,
equiv/mol reacted

typical weathering reactions
calcite: CaC03 (8) + H+ - Ca2+ HC03-

anorthite: CaAl,si,Os(8) + 2H+ + H,O - Ca'+ + AI,si,O.(OH>.(s)
potassium feld8par: KAlSi30s(8) + H+ + 4'j,H,O - K+ + 2H,8iO, + '/,Al,si,O,(OH>.(8)
olivine: MgFe8iO,(s) + 4H+ - Mg2+ + Fe2+ + H,8iO,
albite: 2NaAl8i30 8(s) + 2H+ + 9H,O - 2 Na+ + 4H,8iO, + Al,8i,O,(OH>.(s)

ion exchange/sorption
8u1fate sorption: 2ROH + 80;- - R,sO, + 20H
Na exchange: NaR + H+ - HR + Na+
Ca exchange: CaR, + 2H+ - 2HR + Ca2+

redox processes (microbial mediation)
nitrification: NH: + 20, - N03- + H,O + 2H+
denitrification: 5CH,O + 4N03- + 4H+ - 5CO, + 2N, + 7H,O
80;- reduction: 80;- + 2CH,O + 2H+ - 2CO, + H,8 + H,O
ammonia assimilation: NH: + 4CO, + HC03- + H,O (sun) - C,H,NO, + 50,
nitrate assimilation: N03- + 5CO, + 4H,O (8un) - C,H,NO, + 70, + OW

+2
+2
+1
+4
+2

+2
+1
+2

-2
+1
+2
-1
+1

modify chemistry for each lake, and these are summarized
on a regional basis.

National Surface Water Survey (NSWS)

The National Surface Water Survey was begun in the
fall of 1984 with the Eastern Lakes Survey (phase I). Fall
was chosen because thermal stratification is small at that
time and chemical variations between the surface water
and bottom water of a lake are reduced. Water chemistry
variables in the survey included acidity, acid neutralizing
capacity (ANC), extractable aluminm, total aluminum,
dissolved ammonium, dissolved inorganic carbon, dissolved
organic carbon, dissolved calcium, dissolved chloride, true
color, total dissolved fluoride, dissolved iron, dissolved
magnesium, dissolved manganese, dissolved nitrate, pH,
total phosphorus, dissolved potassium, secchi disk tran
sparency, dissolved silica, dissolved sodium, dissolved
sulfate, specific conductance, and turbidity. A description
of the analytical techniques and procedures is provided
by the U.S. Environmental Protection Agency (12, 13).
Quality assurance and quality control procedures on sam
pling and analytical techniques were quite rigorous (12,
13).

Selection of the final target population of lakes for in
clusion within the Eastern Lake Survey-Phase I was a
stepwise process. First, a population of lakes represented
on 1:250000 U.S. Geological Survey (USGS) maps was
identified. USGS maps of this scale generally include only
those lakes greater than approximately 4 ha (hectares) in
area. Therefore, lakes smaller than 4 ha were not included
in the survey. Some lakes were subsequently identified
as "nonlakes", such as wetlands or flowing water, and were
eliminated from consideration.

The remaining lakes defined the preliminary target
population for the Eastern Lake Survey-Phase I. These
lakes were identified within subregions. Subregions were
delineated on the basis of similarities in surrounding
physical geography, land-use characteristics, and available
water quality information. The initial target population
of lakes was further reduced to a final target population
after ELS-Phase I field work began. An effort was made
to eliminate lakes that were obviously impacted by an
thropogenic factors (agriculture, urban development, sew
age treatment discharges, or mine tailings) and those that
had appeared on maps but which were found to be no
longer in existence. Also eliminated from sampling were
inaccessible lakes: lakes on which it was impossible to land
a helicopter, lakes to which access permission was denied,
or lakes which were found to be frozen.

o Precipitation

MonitoriftO St.tion

• Study Ar••

_ - Regton Boundar y

Figure 1. Location of study area.

The sampling protocol was designed to sample only lakes
greater than 1.5-m depth which were mixed during fall
turnover. However, a few shallow lakes (less than 1.5 m
in depth) were sampled if a sample free of sediment could
be obtained. Likewise, thermally stratified lakes were
sampled and identified if turnover had not yet occurred.
A few lakes were dropped with specific conductance values
greater than 1500 p.S/ cm.

Methodology
Study Area Selection. As shown in Figure 1, three

study areas were selected from the NSWS subregions: the
Adirondack Park of New York, the southern Blue Ridge
Province, and the northern portion of Florida and extreme
southern Georgia. The Adirondack Park of New York
includes some lakes which have been affected by acidic
deposition (15, 16), and the Southern Blue Ridge Province
has soils which are reported to adsorb/exchange sulfate
and thereby to neutralize acid deposition (18). The third
study area in contrast is Florida with a distinct marine
influence and proximity. These areas were selected be
cause they are quite different geologically and hydrolog
ically and have decreasing acid deposition from north to
south.

All NSWS lakes were selected which were within a
lOO-mile radius from a National Atmospheric Deposition
Program (NADP) monitoring station. It was assumed that
precipitation chemistry was roughly similar within each
area (Adirondack Park, Southern Blue Ridge) or within
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Table II. Mean Concentrations of Major Ions and Their Standard Deviations for Lakes in Each Study Area

major ions, I'equiv/L

study area Ca'+ Mg'+ K+ Na+ NH: SO; NO,- Cl-

Adirondack Park (n = 147) 195 ± 194 67 ± 70 8.8 ± 6.3 62 ± 97 2.1 ± 1.9 119 ± 26 2.3 ± 3.7 44 ± 122
Southern Blue Ridge (n = 73) 133 ± 236 60 ± 47 28 ± 20 127 ± 322 3.2 ± 4.2 53 ± 123 6.9 ± 19 86 ± 326
Florida (n = 61) 576 ± 803 403 ± 630 91 ± 143 494 ± 1790 4.8 ± 13 342 ± 558 4.8 ± 9.1 623 ± 2190

a 1oo-mile radius (Florida). This assumption restricts the
area and number of lakes selected in each subregion. Since
there is only one precipitation monitoring station (Hunt
ington, NY) in the Adirondack Park, it was assumed that
all of the lakes (located between 43°07'40" N < latitude
< 44°50'00" Nand 73°22'30" W < longitude < 75°15'30"
W) receive a uniform precipitation chemistry. It is known
that the actual chemistry and pH of precipitation follows
a gradient from southwest or northeast through the Adi
rondacks, but the NADP precipitation monitoring station
is near the center of the area and was taken to be an
acceptable average. (The volume-weighted pH of precip
itation at the NADP station in Huntington, NY, is 4.43,
while that in the southwest is pH ~4.2 and in the north
east pH ~4.5.) The number of lakes selected in the
Adirondack Park was 147. In the case of the Southern
Blue Ridge Province, there were two available precipitation
monitoring stations. Seventy-three lakes were selected in
the Southern Blue Ridge (73 out of 112 in the NSWS data
set) which were between 34°10'00" N < latitude < 37°_
10'00" Nand 82°30'00" W < longitude < 85°30'00" W.
This area includes northeastern Georgia, western North
Carolina, northwestern South Carolina, and eastern Ten
nes~ee. The state of Florida has one NADP precipitation
statIOn at Bradford Forest. The study area was restricted
between 28°28'30" N < latitude < 31°28'30" Nand 80°
42'00" W < longitude < 83°40'00" W on the basis of
1oo-mile radius selection criterion. The number of lakes
selected in this region was 61 out of 141 in the NSWS data
set.

Variables in the Data Base. The NSWS data set
contains four watershed descriptors (lake surface area, lake
watershed area, lake elevation, and lake depth) and 43
water chemistry parameters, with 1619 observations in 18
states. The NSWS deposition and land-use data set con
tains three wet deposition parameter values (H+, SOl+,
and NO."), annual precipitation, annual runoff data from
map contour, and 11 land-use variables with 769 obser
vations in nine states. The ADS 1984 annual data sum
mary contains nine precipitation chemistry parameters
(Ca2+, Mg2+, K+, Na+, NH/, NO.", Cl", SOl", H+, and pH)
with 65 measuring stations in 30 states. Since both data
sets ~ontain the major eight ions (Ca2+, Mg2+, K+, Na+,
NH4 , NOa", Cl", and SOlo), the NSWS data set was
utilized for lake chemistry, while the NADP data set was
used for wet precipitation chemistry.

Major ion concentrations of precipitation for the Adi
rondack Park and the state of Florida were precipitation
volume-weighted mean values from 1984. In the case of
the Southern Blue Ridge, the volume-weighted mean of
two stations (1984 volume-weighted mean precipitation
chemistry values) was used.

Steady-State Mass Balance. The basic mass balance
equation around a control volume (the watershed) for
various ion species can be written as

accumulation = inputs - outputs ± reactions (1)

where the positive sign (+) on the reaction term indicates
production of the ion and the negative sign (-) indicates
consumption or uptake of the ion in the watershed. The
left-hand side of eq 1 will be equal to zero at steady state.
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After rearrangement of the equation, it can be expressed
as

±reactions = outputs - inputs (2)

or for a watershed that contains a lake discharge as

reactions = QC'ake - [Cprecip (3)

where Q = annual runoff (cm/yr), [= annual precipitation
(cm/yr), C1ake = .ion concentration of the lake ()LequivIL),
and Cpreci~ = IOn concentration of the precipitation
()LequivILj.

Dividing eq 3 by Qyields

RXN = reactions = - (4)
Q Clake FCprecip

where F = evapoconcentration factor =[I Q and RXN =
net reaction ()LequivIL). In this formulation, it was as
sumed that the watershed basin is "tight" hydrologically
(i.e., that all outflow goes out through the lake).
Groundwater export or import to the watershed is assumed
~egligi.ble. Equation 4 indicates the quantitative rela
tIOnship between precipitation ion concentration and
surface water ion concentration. Each major cation (Ca2+
Mg2+, K+, Na+, NH/) and anion (SOl", NO.", Cn w~
eValuat:ed with eq 4 to quantify production or consumption
of the IO~S. If the RXN term was close to zero, it meant
that the IOn was almost conservative. If the RXN term
was positive, it meant that the watershed produced the ion
by some process, and if it was negative, the ion was con
sumed by some process or processes, either in the terres
trial or aquatic portion of the watershed.

Three variables in eq 4 were obtained from the data
bases. Ion concentrations in the lakes (Clake) were taken
from the NSWS data base. Precipitation chemistry for
each ion (Cprecip) was obtained from the ADS data base as
vol~me-we!ghted average in 1984 at the NADP precipi
tatIOn statIOns. The evapoconcentration factor for the
wa!ershed (F) .w~s ~stimated from the annual average
estimated preCIpitatIOn and potential runoff data in the
NSWS land-use data base (12). Evapoconcentration fac
tors were variable from lake to lake and from region to
region. In the Adirondack Park, the evapoconcentration
facto~ was .1.7 ± 0.5 (n = 147); in the Southern Blue Ridge
Provmce, It was 2.2 ± 0.6 (n = 73); in the Florida wat
ersheds, it was 9.4 ± 6.1 (n = 61). The Florida lakes
included many seepage lakes with very small surface water
discharges (Q) and quite large evapoconcentration factors.
In t~ese cases, the assumptions of the model (eq 4) could
be VIOlated, and the results contain a large uncertainty.

Results and Discussion
The mean lake chemistry for each of the study areas is

presented in Table II. The sum of the cation concen
trations does not equal the sum of the anion concentrations
(electroneutrality) du~ !O the statistical procedure (using
mea~ values). In a~dltlOn, some lakes show a deficiency
of anions due to the mfluence of organic anions in solution
whi~h ar~ not measured directly. In all three study areas,
calcIUm IS the largest cation concentration. Calcium is
generated by canopy leaching, ion exchange, mineralization
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Figure 4. Calcium reaction histogram using eq 4 lor each study area.

eluded in eq 4, the distribution of reaction terms (RXN)
in Figure 3 would have been shifted to the left.

In contrast to the unmeasured sulfate source in the
Adirondack Park, the Southern Blue Ridge Province
(SBR) had a sulfate loss (RXN term) of -24 to -54 .
I'equivIL as the most frequently occurring result (Figure
3b). This is caused by the sorption of sulfate anions (and
subsequent generation of equivalent alkalinity, Table I)
in the soils of the SBR watersheds (18-21). Forty-two lake
watersheds in the Florida study area also showed a loss
of sulfate (Figure 3c,d), but the magnitJ'de of the reaction
was greater due to a larger input of marine sulfate pre
cipitation. Florida lakes are anomalous in that there were
also several lakes which showed a large generation Qf
sulfate in the watershed, probably due to the exchange and
leaching of sulfate ions from sedimentary deposits with
high sulfate contents.

Figure 4 gives the results for Ca2+of the RXN term (eq
4) via a frequency histogram of lakes in each study area.
In the Adirondacks of Figure 4a, the distribution shows
that all lakes produce calcium within the watershed by the
processes previously discussed (ion exchange, leaching,
minera1ization, weathering). The greatest number oflakes
produced 40-120 I'equivIL calcium. Nineteen lakes pro
duced more than 300 I'equivIL calcium, probably indi
cating the presence of some carbonate minerals or readily
weatherable Ca-rich plagioclase, such as anorthosite be
drock, in the watershed. Slightly less calcium was pro
duced in the SBR lakes, with most lakes producing 20-100
lLflQuivIL (Figure 4b). Florida had 22 lakes out of 61 (36%)
which produced a large amount of calcium in the wat
ershed, indicating carbonate geology (Figure 4c). The
production of calcium and alkalinity by chemical weath-
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FIgure 2. Precipitation chemistry (volume-weighted mean value 01
1984). Bar diagrams lor study area from acid deposition system (ADS)
date base (14).

of organic material in the soil and litter, and chemical
weathering. Chemical weathering of rock-forming minerals
is the ultimate source of calcium, in addition to atmos
pheric transport of wet and dry deposition. The other
major cations (Mg2+, Na+, K+) have similar sources as
calcium, although Na+ is especially prevalent in some
samples from Florida and the Southern Blue Ridge
Province. Sulfate is the predominant anion in the Adi
rondack Park, while chloride is predominant in the
Southern Blue Ridge and Florida. Nitrate and ammonium
concentrations are remarkably low in most lakes, presum
ably because of the assimilatory uptake of these nutrients
by terrestrial vegetation and aquatic algae.

Figure 2 is a bar diagram representation of the annual
volume-weighted average ion concentrations in precipita
tion for each study area. The concentration of sulfate iIi
precipitation was greatest in the Adirondack Park (37
I'equivIL) in 1984, compared to the Southern Blue Ridge
Province (32 I'equivIL) and Florida (29 I'equivIL).
Likewise, hydrogen ion concentrations were greatest in the
Adirondack Park (38lLflQuivIL), compared to the Southern
Blue Ridge Province (25 I'equivIL) and Florida (21
l'equiv/L). There were significantly greater ammonium
and nitrate concentrations in the Adirondack Park than
in the other study areas. Sodium and chloride ions were
greatest in the Florida lakes due to the marine influence
on precipitation and aerosol deposition.

Frequency histograms for the results of the mass balance
eq 4 are shown in Figure 3 for the three study areas. In
Figure 3a, it can be seen that there are a large number of
lakes which have a positive RXN term for eq 4. The most
frequently occurring sulfate RXN term had a magnitude
of 50--70 I'equivIL with a midpoint at 60 I'equivIL. This
result supports one of two hypotheses: either (1) dry de
position of sulfur and sulfate (which is unaccounted in eq
4) has contributed to the measured sulfate concentrations
in these lakes, or (2) there exists a large sulfate-generating
mechanism in the watershed such as sulfide mineral oxi
dation. Since sulfide minerals are a relatively small pro
portion of the total in the Adirondack Park and contact
deposits are not prevalent in the study area, it is likely that
the first hypothesis is the source of the sulfate. The result
indicates that dry deposition of sulfate in the Adirondack
Park is of the same magnitude as wet deposition, in ac
cordance with measurements in literature references (17).
If dry deposition had been measured accurately and in-
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Figwe 5. Chloride reaction histogram using eq 4 for each study area.

Figure 8. Ion reaction histogram for Adirondack Park, NY, using eq
4.

ering is a major reaction controlling the acid/base balance
in dilute surface waters (22).

Chloride ions are a good means to check the metho
dology and evapoconcentration factors which were calcu
lated from the NSWS land-use data base. Chloride should
serve as a conservative tracer in watersheds without marine
deposits or chloride inputs. Figure 5a shows that the
methodology seems to work quite well on watersheds in
the Adirondack Park-106lakes out of 144 were centered
around 0 I'equiv/L as the reaction midpoint. However,
the remaining 38 lakes seem to have some source of
chloride. If the evapoconcentration factor were substan
tially underestimated, this would cause an apparent source
of chlorides. A small amount of chloride is deposited by
dry processes (ca. 12-27 I'equiv/L), but significant inputs
of road salt, septic tank discharges, or mineral weathering
would be necessary to account for chloride RXN terms
from 45 to 210 I'equiv/L. In the Southern Blue Ridge
Province, it is likely that dry deposition accounts for most
of the RXN term between 8 and 24 I'equiv/L. However,
highly weathered soils of this nonglaciated region contain
some chloride-exchanging clays (Figure 5b). Further ev
idence of marine influence in watersheds of the Florida
study area is shown in Figure 5c, where some very sig
nificant sources of chlorides were evident from dry de
position (50-100 I'equiv/L) and, especially, dissolution of
ancient marine deposits in the watershed.

The reactions of other major ions (Mg2+, Na+, NH,+, and
N03-) in watersheds of the Adirondack Park are shown in
Figure 6. The most frequently occurring RXN term of
eq 4 for magnesium ions was 13-37 I'equiv/L and for so
dium ions was 15-45 I'equiv/L. Magnesium ions are
produced in the watersheds by ion exchange and chemical
weathering of mafic minerals, particularly pyroxenes and
amphiboles. Sodium ions come from sodium plagioclase

Error Analysis

There are three input parameters in eq 4: Ciske' Cpredp,

and F. Among these three parameters, the evapoconcen
tration factor (F) is the most sensitive parameter. How
ever, Cpreeip could be as important as the evapoconcen
tration factor ifdry deposition of the ions, especially sulfate
ion, and the uncertainty of measuring the deposition
concentration of the ions are considered. On the basis of
available data, the uncertainty in the evapoconcentration
factor was ±0.5 for the Adirondack Park and ±0.6 for SBR;
for the precipitation concentration, it would be approxi
mately ±500/0 of the mean; and for the lake concentration
it would be about ±100/0 analytical error. The error
analysis was performed only for the evapoconcentration
factor, the most sensitive parameter. Florida lakes were
excluded from the analysis because they include many
seepage lakes and are influenced by marine aerosol de
position.

For the lakes in the Adirondack Park, the summation
of all the alkalizing reactions minus the summation of all
acidifying reactions in the watershed was utilized with the
regional standard deviation (0.5) of the evapoconcentration
factor. If the evapoconcentration factor were increased 0.5
for each of the lakes in the region, 1210 lakes out of 1230

minerals and, to a lesser extent, dry deposition.
Ammonium oxidation or assimilation is an acidifying

influence in the watersheds. Conversely, nitrate reduction
or assimilation is alkalizing. Both ions are consumed in
the watersheds of the Adirondack Park, but since nitrate
is of a higher concentration in precipitation than ammo
nium (21 I'equiv/L compared to 10 I'equiv/L), the con
sumption of nitrate is approximately 20-52 I'equiv/L,
while ammonia is only 8--27 I'equiv/L. Thus, the net effect
of the nitrogen cycle in the Adirondack watersheds is al
kalizing, given the precipitation inputs.

The summation of all the alkalizing reactions minus the
summation of all acidifying reactions in the watershed can
be determined with eq 4. In eq 4, Ciske is the Gran alka
linity concentration in the lake, while Cpredp is negative
alkalinity, Le., H+ - acidity of precipitation from pH
measurements. Results are shown in Figure 7. Weighting
factors were assigned for each lake on the basis of alka
linity-derived map units. This allows the Adirondacks
study area to be scaled up to represent all the lakes in the
NSWS subregion. Most watersheds (1120 out of 1230)
have the capacity to supply more than 50 I'equiv/L alka
linity, equivalent to precipitation with pH 4.6 and an
evapoconcentration factor (F) of 2.0. However, there are
some extremely sensitive watersheds (110 out of 1230) that
do not have the capability to neutralize precipitation which
is more acidic than pH 4.6. Thus, all of these lakes are
presently acidic (ANC less than zero).

Ie) ADIRONDACK PARK IN-1.')(ill ADIRONDACK PARK IN '013)
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had the capacity to supply more than 50 lLequiv/L alka
linity. On the other hand, if the evapoconcentration factor
was decreased 0.5 for each of the lakes in the region, still
85% of the lakes (1055 out of 1230) had the capacity to
produce more than 50 lLequiv/L alkalinity. This result
indicates that the regional error due to the variation in the
evapoconcentration factors of each of the lakes in the re
gion would not significantly change the results of the re
gional summation of the reactions.

For the lakes in the SBR, the sulfate sorption RXN,
which is the most important reaction in the region, was
tested with the regional standard deviation (0.6) of the
evapoconcentration factor to appreciate the importance
of the variation of the evapoconcentration factor in the
SBR. When each of the lakes in the region used the mean
evapoconcentration factor, as shown in Figure 3b, the most
frequently occurring sulfate RXN was -40 lLequiv/L. If
the evapoconcentration factor were increased 0.6 for each
of the lakes in the region, -64 lLequiv/L was the most
frequent sulfate RXN, and 94% of the lakes (69 out of 73)
adsorbed the sulfate anion in the soils of the SBR wat
ershed. On the other hand, if the evapoconcentration
factor were decreased 0.6 for each of the lakes in the region,
the most frequently occurring sulfate RXN was -16
lLequiv/L, and 14 out of 73 lakes produced sulfate instead
of sorbing sulfate in the watershed. This result indicates
that the uncertainty of the evapoconcentration factor of
each of the lakes in the region might alter the regional
conclusion of the study, that sulfate is sorbed in most
watersheds of the Southern Blue Ridge at a level of 38.5
:l:: 29.7 lLequiv/L.

Conclusions
A number of reactions are important to the alkalinity

balance in watersheds of the National Surface Water
Survey. Specific conclusions of this research follow:

(1) The mass balance methodology (eq 4) works well for
determining the various reactions for each ion in lake
watersheds. However, the interpretation of results is
complicated by dry deposition when only wet precipitation
inputs are used in the model equation.

(2) Dry deposition of sulfate amounts to 10-70 lLequiv/L
of inputs to the Adirondack Park watersheds, which is of
the same magnitude as wet precipitation inputs.

(3) Calcium production (mostly by chemical weathering
and ion exchange) is by far the largest source of neutral
ization of acid deposition in the majority of the watersheds
in the Adirondack Park, Southern Blue Ridge Province,
and Florida. Other base cations are produced (Mg2+, Na+)
and are also important to the acid/base budgets.

(4) Chloride ion is essentially conservative in the Adi
rondack Park (except for a few lakes with other distinct
sources). Dry deposition of chloride and perhaps ion ex
change/dissolution are sources in the Southern Blue Ridge
and Florida lakes.

(5) Since nitrate and ammonium ion inputs in these
watersheds are largely assimilated by terrestrial and
aquatic plants, the net effect on the acid/base balance
depends on the relative deposition of each ion in the
watershed. In the Adirondack Park, nitrate assimilation
and reduction exceed ammonium assimilation and oxida
tion such that the net effect is alkalizing to the watersheds.
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• Parametric probability distribution functions are de
termined for regional lake chemistry in four subregions of
the Eastern Lake Survey (ELS) of the U.S. EPA National
Surface Water Survey. The subregions are the Adiron
dacks, northeastern Minnesota, northcentral Wisconsin,
and the Southern Blue Ridge Province. ANC data are fit
with a three-parameter lognormal distribution, and the
distributions of pH and total base cations are derived from
physically based relationships estimated for each region.
The parametric distribution functions provide very good
representations of observed data in each area, with the
exception of northcentral Wisconsin, where bimodal ANC
and base cation distributions are observed, suggesting the
need for a mixture of distributions. The derived distri
butions of pH allow for interregional comparison, with
unimodal pH distributions in unacidified areas and bi
modal pH distributions in regions impacted by acid de
position. Future research of regional variations in water
chemistry is proposed in the context of the correlation
structure of large-scale spatial variations of soil and geo
logic properties.

Introduction
The value of analyzing regional distributions of lake

chemistry is demonstrated in the accompanying papers of
Landers et al. (1), Brakke et al. (2), and Eilers et al. (3,
4). The accompanying papers present cumulative fre
quency distributions of physical and chemical parameters
of lakes in regions of the Eastern Lake Survey (ELS) of
the National Surface Water Survey (NSWS), providing
insight into the underlying gee- and biochemical processes
affecting water quality in each region. This paper extends
the analysis of regional distributions by providing methods
for fitting parametric probability models to the observed
frequency distributions. A consistent set of probability
distribution functions is fitted and derived from regional
data for acid neutralizing capacity (ANC), pH, and total
base cations.

Cumulative frequency distributions provide a complete
numerical and graphical description of the observed dis
tributions of chemical and physical characteristics of lakes
in a region. Why then the need for parametric distribution
functions? As indicated by Mackay and Patterson (5) in
their discussion of spatial concentration distributions, "It
is useful and instructive to fit equations to these distri
butions so that changes with time or space can be ascer
tained rigorously." This rigor is realized here in three
particular ways. First, mathematical distribution functions
provide a compact, albeit approximate, representation of
the chemical distributions. Second, the form of the
equations and the values of associated parameters provide
insight into important chemical processes in a region, in
cluding the extent of acidification and major buffering
relationships. This insight is amplified when common
functional forms are found to provide good representations
in a number of regions, suggesting a commonality of pro
cesses. Finally, the fitted distributions can be used as input
to acidification models which directly predict shifts in
regional distributions of lake chemistry resulting from
changes in the level of acid deposition. A direct distri
bution model of this type is demonstrated by Small and
Sutton (6).

Small and Sutton (6) utilize a three-parameter lognormal
distribution to represent the regional distribution of ANC.
Shifts in the distribution resulting from changes in acid
deposition are predicted by applying empirical weathering
models to the moments of the ANC distribution. The
resulting pH distribution is derived with a semiempirical
pH-ANC relationship. Application of the method is
demonstrated by Small and Sutton (6) with a sample of
lakes in the Adirondack Park region of New York State;
however, it is not known how representative these lakes
are of the overall population in the region.

In this paper the methods for fitting chemical distri
butions presented by Small and Sutton (6) are extended
by (i) incorporating population weighting factors in pa
rameter estimation (now possible with the stratified ELS
data sets), (ii) developing a method for including residuals
of the pH-ANC relationship in the pH distribution
function, and (iii) deriving a three-parameter lognormal
distribution for base cations based on a simple relationship
with ANC.

Application of the methods is illustrated for four sub
regions in the ELS: the Adirondacks (IA), northeastern
Minnesota (2A), northcentral Wisconsin (2C), and the
Southern Blue Ridge Province (3A). The regions were
selected because they are relatively small and thus some
what homogeneous in terms of the level of deposition
within a region. The presence of a relatively uniform level
of deposition is one of the criteria for aquatic receptor
regions in the methodology of Small and Sutton (6). While
intraregional gradients in deposition do exist in the se
lected subregions (e.g., from southwest to northeast in the
Adirondacks), they are not as large as in other ELS sub
regions which extend over larger geographic areas. The
four subregions together span a wide range of deposition
magnitudes and geological and soil characteristics. As such
they provide an appropriate basis for demonstrating and
comparing fitted and derived distribution functions.

ANC Distribution

The regional distribution of ANC is represented by a
three-parameter lognormal function. The probability
density function (pdO is given by (7)

fANC<anc)

1 {-[In (anc - 8) - ~F}
exp anc ~ 8

(anc - 8)"'y2; 2",2
=0 anc < 8 (1)

where anc denotes a particular value of the random var
iable ANC and 8, ~, and rJ> are the parameters of the dis
tribution. The cumulative distribution function (cdO is
given by

FANC<anc) = Prob[ANC ~ anc] (2)

and is computed numerically or from tables by noting that
In (anc - 8) is normally distributed with mean ~ and
standard deviation "'.

Parameter estimation follows the method given in Small
and Sutton (6) with modifications to account for the
stratified design of the sample and the resulting availability
of a population weighting factor, Wi, for each lake in the
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Table I. Fitted Parameters for Regional Data Sets

subregion

(IA) Adirondacks (2A) NE Minn (2C) NC Wise (3A) S Blue Ridge

(A) sample size, n 155 150 155 102
(B) ANC lognormal parameters

8, "equiv/L -41.0 23.0 -50.0 -18.0
~ 4.96 5.13 5.30 5.62
<I> 1.07 0.97 1.08 0.63

(C) pH-ANC relationship
a 5.24 6.02 5.4 5.22
c, "equiv/L 9.37 49.27 12.77 9.96
d, "equiv/L 11.02 29.81 7.58 7.35
q, 0.29 0.31' 0.41 0.40

(D) BC-ANC relationship
reduced sample size 144 144 145 94
ex, "equiv/L 131 120 99.3 24.1
/3 1.22 1.01 1.02 1.34
R' 0.93 0.96 0.98 0.79

'Computed with the NC Wisconsin pH-ANC relationship.

region. The lognormal distribution is thus fitted to be
representative of the overall population.

The parameter 8 is first estimated according to the
method of Stedinger (8):

where i* denotes all lakes in the region with ANC :S anc
and Wmin is the minimum population weighting factor in
the survey. The inclusion of Wmin in the denominator is
a minor adjustment to provide for an appropriate plotting
position. The estimates of ~ and '" are computed from the
weighted mean and variance of In (anc - 8):

Table II. Parameters of Mixture Distribution for
Northcentral Wisconsin ANC

subpopulation fraction of population parameters

no-inlet lakes 0.748 lognormal
8 = -36 "equiv/L
~ = 4.8
<I> = 1.11

inlet lakes 0.252 uniform
m =588 "equiv/L
h = 617 "equiv/L

fitted cumulative probabilities-has a value ranging from
0.13 to 0.11 for sample sizes ranging from n =102 to n =
155 (significance level 0.05). The maximum differences
between observed and fitted distributions are less than
these values for the three regions. While the overall fits
are good, there is a clustering of lakes in the ANC range
200-250 lLequiv/L in each of the three regions shown in
Figure I, resulting in a distinct discontinuity in the ob
served cdrs relative to the fitted distributions. This
clustering can result from the increased buffer capacity
provided by the carbonic acid system over this ANC range
(e.g., ref 9).

In the remaining region, northcentral Wisconsin, the
fitted lognormal deviates significantly from the observed
distribution. The latter exhibits a distinct bimodality and
a heavy upper tail. To attempt to identify a more repre
sentative parametric distribution, the use of a mixture of
distributions is explored. Mixtures of distributions arise
when data are sampled from two or more distinct sub
populations. For a mixture of two distributions of ANC,
the overall pdf is expressed as

fANC(anc) =pJI,ANdanc) + (1 - pl)f2,ANdanc) (7)

where PI is the fraction of the population in the first
subpopulation with pdf ft,ANdanc) and 1 - PI is the fraction
in the second subpopulation with pdf f2,ANdanc). A par
allel expression describes the overall cdf.

The approach taken to identifying subpopulations in the
northcentral Wisconsin data set utilizes classications by
hydrologic lake type. Hydrologic lake type classifications
are based on the presence of inlets and outlets to the lake:
drainage lakes include outlets, closed lakes have no outlet,
and seepage lakes have neither inlets nor outlets. While
the hydrologic lake type is known to play an important role
in aquatic acidification in general (e.g., ref 10), its im
portance in northern Wisconsin has been particularly
noted because of the flat topography (11).

(6)

(5)

(4)

(3)

n

LWi In (anci - 8)
"" i-I
~=:.....::...-_--

n

LWi
i-I

i

L Wi'
F(anc) = i'(ANC';anc)

n

LWi + Wmin
i=l

I:W;[ln (anci - 8) - ~F
~2 = :...i~.::I _

n

LWi
i=l

Results. The estimated lognormal parameters for the
four regions are summarized in Table I, and the fitted and
observed cdrs are compared in Figure 1 for three of the
regions: the Adirondacks, Southern Blue Ridge Province,
and northeastern Minnesota. In these and all subsequent
figures each lake is represented by a square with an area
proportional to its population weighting factor, Wi' Very
good agreement between the fitted and observed distri
butions is indicated for these regions. As a quantitative
measure of fit, the Kolmogorov-Smirnov statistic-the
maximum expected difference between the observed and

• anc(l)anc(n) - ancO.52
8 = ---'-'--'-'----'-'-

anc(l) + anc(n) - 2ancO.5

where anc(l) is the minimum, anc(n) is the maximum, and
anOo.5 is the median of n regional observations. The median
is computed as the value of anc where the observed cu
mulative frequency distribution is equal to 0.5. The ob
served cumulative frequency distribution is calculated as
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data indicate a distinct absence of lakes in the ANC range
200-250 I'equivfL.

The mixture distribution shown in Figure 2 provides an
improved overall fit to the data relative to the single log
normal; however, significant differences remain. The use
of more advanced statistical procedures for mixture clas
sification and estimation (13) can lead to further im
provements in the fit of the observed distribution, and
these techniques should be pursured for the northcentral
Wisconsin region. Given this, it must be recalled that the
ELS lakes are sampled from finite populations. While the
sample sizes are generally small relative to the parent
populations so that the confidence levels of estimators are
unaffected, the reality of finite populations modifies our
thinking about the nature of the underlying distributions.
The particular geochemical features of a region lead to a
particular, finite set of lakes, and it is these lakes with
which we are concerned. In certain areas, such as north
central Wisconsin, the geologic features are distinct, and
the resulting distribution of lake chemistry may not be
readily captured by a simple probability model.

pH Distribution
The ANC distribution provides a useful characterization

of the acidification status of lakes in a region. However,
for certain evaluations, such as the determination of fIShery
status, pH may be a preferred indicator. It is thus useful
to develop a parametric form for the regional pH distri-
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figure 1. Comparison of fitted three-parameter lognormal and ob
served cumulative distributions of ANC. (In this and all figures, size
of square proportional to population weighting factor.)

Identification of distinct subpopulations in northcentral
Wisconsin was found to be most effective by separating
lakes with no inlets from those with inlets. As indicated
in Table II, the sample includes 123 lakes with no inlets
representing 75% of the population weight in the survey
and 32 lakes with inlets representing 25% of the popula
tion weight. The ANC distribution for lakes without inlets
was fit with a three-parameter lognormal in the method
previously described, while the ANC for inlet lakes was
fit with a uniform distribution with midpoint m and
half-range h by use of the maximum likelihood procedure
presented in Johnson and Kotz (12).

The estimated parameters of the ANC mixture distri
bution for northcentral Wisconsin are summarized in Table
II. The fitted and observed distributions are compared
in Figure 2 for each of the subpopulations and the overall
distribution. Also shown is the single lognormal distri
bution determined from the parameters in Table I. Note
that in contrast to the other three regions, the observed
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figure 3. Observed and filled pH-ANC relationship.

bution, especially one that takes advantage of the known
chemical relationship between ANC and pH. This is
particularly important when applying regional acidification
models that utilize ANC as the predictive variable (e.g.,
ref 14-19). The availability of such a relationship allows
predicted shifts in the regional ANC distribution to be
translated into corresponding shifts in the regional pH.

This section presents the framework for a parametric
regional pH distribution derived from the regional ANC
distribution. The parameters of the pH distribution in
clude the parameters of the pH-ANC relationship as well
as the parameters of the ANC distribution. Two forms of
the derived pH distribution are presented. The first is a
mathematically straightforward solution utilizing the
predicted pH-ANC relationship directly. The second is
a more complex form incorporating the deviation of pre
dicted and observed pH in the pH-ANC relationship, re
quiring an additional parameter.

The regional pH-ANC relationship is given by

. (ANC-d)pH =a + b arcsmh --c-- (8)

where arcsinh() denotes the inverse hyperbolic sine
function (20) and a, b, c, and d are parameters of the
relationship. Small and Sutton (21) demonstrate that eq
8 can be derived from fundamental chemical principles,
though approximations are required to account for the
effect of weak acids. They also discuss interpretation of
the parameters as approximations for regionally repre
sentative dissolved CO2 saturation relative to atmospheric
CO2 and concentrations of weak acid anions. To estimate
eq 8, the parameter b is fixed at 0.4343 (l/ln 10) and a,
c, and d are estimated by weighted, nonlinear least-squares
regression (22). The regression weights are the population

weighting factors from the ELS survey.
Results. The estimated parameters for the four ELS

subregions are given in Table I, section C. Also shown is
the standard error of the predicted pH, given by rI,. The
fitted functions are compared to the observed pH-ANC
data in Figure 3.

The results in Table I and Figure 3 indicate a consistent
and effective set of estimated relationships, with one ex
ception. The parameters estimated for northeastern
Minnesota are very different from those estimated for the
other subregions. Furthermore, although the predicted pH
matches the observed data over the range of observed pH
and ANC, the relationship outside this range, at low ANC,
predicts values of pH which are too high given our physical
understanding and experience with the pH-ANC rela
tionship. It would be inappropriate to use this relationship
to predict the downward shift in the regional distribution
of pH should increased acidification in the area occur.

To address this problem, the fitted relationship for
northcentral Wisconsin is also plotted with the north
eastern Minnesota data in Figure 3. The relationships are
virtually identical over the range of observed pH and ANC,
but the Wisconsin relationship follows the expected tra
jectory at lower ANC. The northcentral Wisconsin pH
ANC relationship is thus used for all subsequent analyses
of the northeastern Minnesota data set. Because the es
timation problem results from the lack of data at low ANC
and pH, caution may also be appropriate in the use of the
Southern Blue Ridge Province relationship, which is based
on a data set similarly limited, though a more effective set
of parameter values appears to have been estimated for
this region.

Direct Derivation of pH Distribution. Because the
pH-ANC relationship in eq 8 is monotonically increasing,
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(9)

(10)

where if> [1 is the cdf of the standardized normal variate
and pH(anc) is determined from eq 12. To obtain an
expression suitable for numerical integration, the variable
substitution

(14)
In (anc - 8) - ~

x=
y2¢

function of ANC, although some small variations are ap
parent, such as the wider range of residuals indicated at
lower ANC values for northcentral Wisconsin and possibly
the northeastern Minnesota data set.

Given the above characterization of pH residuals, the
pH distribution can be determined as the conditional
distribution of pH + E integrated over possible values of
ANC. Assuming the normal distribution for E, this is given .
by

f. = [ pH - pH(anc) ]
FpH(pH) = anc=8 if> (1, fANdanc) d anc

(13)

where anc(pH) is calculated from the inverse of eq 8:

(
pH - a)

ANC =d + c sinh -b-

the cdf of regional pH can be computed directly from the
cdf of ANC:

This ignores the effect of pH-ANC residuals, which are
addressed in the following section, but allows for a direct
and simple computation of the pH distribution.

Application of eq 9 to the four ELS subregions is dem
onstrated in Figure 4, indicated by the dashed lines.
Generally good fits are obtained. Further discussion of the
derived cdfs is deferred until after the formulation and
application of the model incorporating residual deviation
from the pH-ANC relationship.

Derivation of pH Distribution with pH-ANC Re
siduals. To account for the inexact nature of the pH
prediction in eq 8, the relationship can be expressed as

The residuals, E, for each region are plotted as a function
of ANC in Figure 5. In each case the residuals are well
represented by a normal distribution with a mean zero and
standard deviation (1" given in Table I. Furthermore, the
distribution of E appears to be relatively constant as a

where

anc(x) =8 + exp(y2x¢ + ~) (16)

Equation 15 is solved by Hermite quadrature integration
(20, p 924). While the cdf of eq 15 is expressed in a com-

is made. Substituting eq 1 and 14 into eq 13

FpH(pH) =
1 f= [ pH - pH[anc(x)] ]y;;: x=-= if> (1, exp(-x

2
) dx (15)

(11)

(12)

pH = pH + E

where pH is the observed value and pH is the value pre
dicted by the estimated equation for each region:

. . (ANC-a)pH =Ii + b arcsinh --e--
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respectively. For the simple formulation a closed-form
expression also exists for the pdf (6):

{pH(pH) =~ cosh (PH
b
- a) X

,,{[+-6+':,(~))-·r}/
[ d - 8 + c sinh (PH

b
- a) ]</>-J2; (17)

The pdfs resulting from application of eq 17 are pres
ented in Figure 6. The shapes of the distributions are

1.5

N. C. Wisconsin
1.0

00"
ill '/,rI 0

0
-:; 0.5

Q 9
0

:I i1::
0

0
DO

:s! ':l~:J; QOo
a .. ....

ill 0.0
0llli!l':'"O%'b 0 Bo 0

'" :J °0 0 ~':l °oJ'::t:: Ill'o.
::= -0.5 'll'B'" o ' 0

"-
~ ° Q

-1.0 °

-I.::)
900 -100 100 JOO 500 700 900

ANC (J..Lequiv./l)

1.5

N. E. Minnesot a
1.0

0
0

0
l:
"

0')
:I

0

" 0

'iii 0 0
00 Q

'" Q 0::t::
~

DO

"5. -05

"-1.0

-!-::)

gOO -100 100 JOO 500 700 gOO

ANC (J..Lequiv./l)

1.5

Adirondacks
10

0

<Jl

1 0.5
ePa

:s! o §
0 a

<Jl 0.0
e> 0%::t:: 0

0

:t: -0.5 0 a
::>. .g 0 0 0

0

-1.0

-1.5
-100 100 JOO 500 700

ANC (J..Lequiv./l)

1.5
0

1.0 S. Blue Ridge
ill

0

-:; 0.5
:I , ,",',; ~ 0 o Q

,jP" Q
'(;j 00

Q.lns:ajl~ :i9 Q

'" I ~,""d' Q, 0::t:: Q~ ~o 0 0" 0 Q
0

"5. -0.5 o ~' 0

-10

-15 L..-__-"-__....J. '-__...L..__-J

-100 100 JOO 500 700

ANC (J..Lequiv./l)
Figure 5. Residuals of fitled pH-ANC relationship.

plicated mathematical form, it includes, like eq 9, the three
lognormal parameters of the ANC distribution and the four
parameters of the pH-ANC relationship. An additional
parameter, 17" is required.

Comparison of Derived Distributions. The derived
distributions of pH determined from eq 15 are shown in
Figure 4, indicated by the solid lines. Comparing these
results to those obtained with eq 9 demonstrates that the
inclusion of the residual effect spreads the distribution
downward and upward at the respective lower and upper
tails. This is as expected. Relative to the observed data,
both eq 9 and eq 15 provide good representations, but the
latter is not consistently superior to the former despite the
presence of an additional parameter. In the Adirondacks,
both eq 9 and 15 provide an excellent representation of
the data throughout the pH distribution. In the Southern
Blue Ridge Province the simple model (eq 9) is superior
at high pH while neither model is very accurate at low pH.
Equation 9 underestimates the probability of low pH in
the Southern Blue Ridge Province while eq 15 overesti
mates the probability of low pH. In northeastern Min
nesota eq 9 provides a better fit at high pH while eq 15
is better at low pH. In northcentral Wisconsin, both
provide a generally good prediction, though not quite as
good as in the case of the Adirondacks. Given the sig·
nificant increase in mathematical complexity required to
implement eq 15 relative to eq 9 and the comparable
predictive success of the two approaches, the use of the
simpler model ignoring the effect of pH-ANC residuals
appears justified.

Interregional Comparison of pH Distributions. To
examine the extent of acidification in different regions, it
is useful to compare the probability density functions of
pH. The pdf can be calculated as the numerical derivative
of eq 9 or eq 15, for the simple or complex formulations,
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For the inlet lakes of northcentral Wisconsin where a

where BC is the sum of the base cations (/tequiv/L), a is
the intercept, /:I is the slope, and 'I is the residual error of
the linear regression. In a manner analogous to pH, the
distribution of BC can be derived directly from ANC if the
effect of the residual ('1) is ignored. In particular, if ANC
has a three-parameter lognormal distribution with param
eters 8, ~, and <P, then BC given by eq 18 has a three-pa
rameter lognormal distribution with parameters

(20)m l = a + 13m

Discussion

The results presented in this paper indicate that a
consistent set of fitted and derived distribution functions
can be used to represent empiricially observed variations

Results. Base cation distribution parameters were
derived for each of the four ELS subregions with regression
techniques. While the desired relationship between base
cations and ANC is linear, the highly skewed (Le., log
normal) nature of the variables violates the statistical
assumptions of classical linear regression. To partially
address this problem and to provide a more faithful rep
resentation of the predominant linear relationship, an in
itial, weighted linear regression was performed for each
region: Observations identified by the Minitab statistical
package (32) as outliers due to high residuals or large
influence on the estimated relationship were removed for
a second regression analysis. Removed observations gen
erally had very high ANC and/or high base cation con
centrations.

The results of the second weighted linear regression
analysis are summarized in Table I, section D. The esti
mated values of a and {3 are within expected ranges with
a greater than 0 and /:I near 1 or greater. The highest value
of a is obtained for the Adirondacks where the level of acid
deposition is the greatest, though the value of a for
northcentral Wisconsin is not higher than that for north
east Minnesota, suggesting region-specific differences in
geochemistry. The value of a for the Southern Blue Ridge
Province is much smaller than that in the other regions.
This may be indicative of the importance of sulfate ad
sorption for controlling acidification in this region, as op
posed to base cation exchange and weathering which
predominate in the other regions. Note that because the
distributions of ANC and BC values in the reduced sample
sets still deviate significantly from normality, the values
of R2 in Table I should be interpreted with caution.

The derived lognormal distributions (and mixed dis
tribution in the case of northcentral Wisconsin) for base
cations are compared to the observed distributions in
Figure 7. A very good agreement is indicated. The lower
extent of the base cation distribution in the Adirondacks
and northeastern Minnesota would be better represented
if the effect of BC-ANC residuals were incorporated in the
model; however, this improvement would probably be too
small to justify the added mathematical complexity. Note
that the northcentral Wisconsin base cation distribution
has a shape similar to that of ANC and is not accurately
represented by the derived mixture distribution.

In applying the method for derived base cation distri
butions it is important to remember that a and {3 are not
fixed, independent of deposition. This is important to
recognize when predicted changes in ANC distributions
derived from regional lake acidification models are used
to infer changes in base cation distributions. Similarly,
if acidification results in a modification of the activity of
weak organic acids, then the values of the parameters of
the pH-ANC relationship (eq 8) may also change as
acidification or recovery occurs. In analyses performed to
date (6), the parameters in eq 8 have been assumed to be
constant; however, a complete regional lake acidification
model must incorporate possible changes in their values,
as well as changes in the BC-ANC relationship reflected
in the values of a and {3.

uniform ANC distribution is assumed, the derived base
cation distribution is uniform with parameters

(19)

(18)

<P1 = <P

BC = a + /:IANC + '1

Base Cation Distribution

It is widely recognized that base cation concentrations,
especially calcium, play an important role in fish viability
and response to acidification (e.g., ref 23-25). It is thus
useful to consider parametric forms of regional base cation
distributions and their relationship with other chemical
variables.

The concentration of base cations and ANC in a lake
are closely linked (26-28). Prior to the onset of acidic
deposition, electroneutrality requires that the sum of the
base cations (Ca2+ + Mg2+ + Na+ + K+) be very nearly
equal to the predomiriant anion: bicarbonate ion, the
major source of ANC. Small differences in the sum of the
base cation and ANC concentration can be due to back
ground sulfate, other low-level ions, or sea-salt effects. As
acidification proceeds, the ANC of a lake is reduced. The
reduction of ANC is buffered in the watershed by neu
tralization processes including chemical weathering, cation
exchange, and oxidation-reduction, which result in the
generation of base cations (29). Effective neutralization
of aci9ic deposition can occur due to in-lake processes
including exchange of H+ and Ca2+ in lake sediments and
biological reduction of sulfate or nitrate in the water
column and sediments to form ANC (30, 31). While cation
exchange in sediments results in a net increase of base
cations, biological reduction does not.

The implications of the processes discussed above for
the base cation-ANC relationship are as follows. Prior to
acidification a plot of base cations vs ANC should yield
a fairly straight line with a slope near 1 and an intercept
near 0, depending on background sulfate and particular
geological features of the region. As acidification occurs,
lake ANC is reduced while base cations are generated. The
magnitudes of the respective shifts depend upon the rel
ative importance of chemical weathering, biological re
duction, etc. As such, increased deposition should increase
the intercept of the base cation-ANC relationship and may
modify the slope as well. As the lakes of a region may not
all be in equilibrium with the deposition input at any given
time, deviations from the linear relationship may occur.
However, assuming that these deviations are small so that
a straight-line relationship is maintained, the relationship
within a region for a given time can be represented by the
linear regression equation

particularly interesting, with bimodal pH distributions in
the Adirondacks and northcentral Wisconsin where sig
nificant acidification has occurred and unimodal pH dis
tributions in the largely unacidified regions of northeastern
Minnesota and the Southern Blue Ridge Province. Com
paring the acidified and unacidified regions, the results
suggest that in areas impacted by high acid deposition
there is a subgroup of lakes with a pH that is significantly
reduced, while another, larger group is for the most part
unaffected.
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Figure 7. Observed and derived cumulative distribution functions of total base cations (Ca2+ + Mg2+ + Na+ + K+).

in lake water chemistry in ELS regions. With the notable
exception of northcentral Wisconsin, regional ANC's are
well described by a three-parameter lognormal distribution.
Simple relationships between pH and ANC and between
base cations and ANC can then be used to derive accurate
regional distributions of pH and base cations. The prob
ability models are effective in that they provide a compact,
yet accurate representation of the observed empirical
distributions and can be used to provide input for both
Monte Carlo analysis and direct distribution models of
regional acidification. The question arises, however, is
there more to the underlying equations than a purely em
pirical fit? In the words of Mackay and Paterson (5), can
"the equation(s) be based on an understanding of the
fundamental causes of the variation". To address this
issue, attention can be largely focused on the joint log
normal equations for ANC and base cations, since the
distribution of pH is derived from ANC with relationships
based, at least in part, on physical principles.

The lognormal distribution is commonly found to rep
resent the variation of chemical concentrations in surface
waters (e.g., ref 33) and soil conditions, including hydraulic
and chemical properties (34-37). Of particular relevance
to the generation of base cations and ANC are spatial
variations in soil depth and the chemical composition of
soils (e.g., ref 38), including variations in the partial
pressure of carbon dioxide in soil gas (39, 40). These
variations occur across regions with certain random and
periodic patterns. Individual watersheds and their lakes
integrate these variations over subareas of a region, reo
suiting in a particular chemical profile for each lake. It
should thus be possible to relate the variations in lake
chemistry to a more fundamental description of the spatial
correlation structure of geochemical factors across a region.
This is an appropriate area for continued basic research

into the nature and causes of regional-scale variability of
lake water chemistry.

Conclusions
A consistent and effective set of parametric probability

functions are fitted to regional distributions of ANC, pH,
and total base cations in four of the ELS subregions.
Population weighting factors from the ELS are used in
parameter estimation to provide population-based equa
tions. A three-parameter lognormal distribution provides
an excellent representation of ANC in three of the regions,
the Adirondacks, Southern Blue Ridge Province, and
northeastern Minnesota, but cannot account for ANC
bimodality in northcentral Wisconsin. A preliminary at
tempt to identify a mixture of distributions for ANC in
northcentral Wisconsin on the basis of hydrologic lake type
(inlet vs no inlet lakes) improved the fit to only a small
extent, and further study of this region is needed.

Distributions of pH derived directly with a fitted pH
ANC relationship provide very good representations of
observed pH. Little improvement in agreement between
derived and observed pH distributions is obtained from
a mathematically more sophisticated formulation incor
porating residuals of the pH-ANC relationship, and as
such, use of the simpler equation appears to be justified.
Distributions of base cations derived from a linear base
cation-ANC relationship provide good regional repre
sentation, but it must be remembered that the parameters
of this relationship are expected to change with changing
levels of acid deposition. The parameter values of the
pH-ANC relationship may also change in response to
varying levels of acid deposition, although the full extent
and implications of this change are not well understood.

The shape and form of the chemical distributions pro
vide much insight into regional acidification and buffering
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processes. As an example, the derived distributions of pH
in unacidified regions are unimodal while the derived pH
distributions in acidified areas are bimodal, suggesting that
a subset of lakes in the latter are impacted while the re
maining lakes are largely unaffected in terms of pH.
Further study of the characteristics of the ANC, pH, and
base cation distributions is suggested in the broader con
text of the large-scale correlation structure of soil and
geologic properties.
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• Disposal of secondary sewage effluent by rapid infil
tration has produced a plume of contaminated ground
water over 3500 m long near Falmouth, MA. Approxi
mately 50 volatile organic compounds were detected and
identified in the plume, at concentrations ranging from 10
nglL to 500 p.g/L, by closed-loop stripping and purge
and-trap in conjuction with gas chromatography-mass
spectrometry. The dominant contaminants were di-, tri
and tetrachloroethene, 0- and p-dichlorobenzene, C\ to Cs
alkylbenzenes, 2,6-di-tert-butylbenzoquinone, and several
isomers of p-nonylphenol. The chloroethenes and chlo
robenzenes had the same general distribution as chloride
and boron and appear to be transported with little re
tardation. Less soluble compounds, such as nonylphenol
and di-tert-butylbenzoquinone, appear to be retarded
during subsurface transport by sorption processes. Al
though biodegradation of labile organic compounds occurs
near the infiltration beds, many trace compounds, in
cluding chlorinated benzenes, alkylbenzenes, and aliphatic
hydrocarbons, have persisted for more than 30 years in the
aquifer.

Introduction

Rapid infiltration of waste water into the subsurface is
frequently used for disposal of treated sewage. This
practice depends on direct passage of large quantities of
water through the unsaturated zone for renovation. Or
ganic compounds not removed during treatment and
percolation are introduced directly into groundwater where
additional attenuation may occur through chemical,
physical, and biological mechanisms (1-4). Biological
degradation and sorption are the dominant processes
controlling the fate of organic compounds during infil
tration and subsurface transport (5-10). Rapid infiltration
requires high-permeability sediments (11), a hydrologic
property that makes an aquifer susceptible to contami
nation. Sewage effluents disposed of by rapid infiltration
generally have undergone pretreatment and contain only
trace levels of volatile, nonpolar organic chemicals (6-9,
12, 13). However, because of the recalcitrant nature of
compounds that persist through treatment and inmtration,
attenuation within the aquifer where biological and
chemical activity is diminished may be negligible.

To evaluate the long-term impact of rapid infiltration
waste water disposal, we investigated the occurrence of
volatile organic compounds in a well-characterized plume
of sewage-contaminated groundwater. Volatile compounds
were selected for study because of their environmental
relevance and potential impact on human health, as well
as their relative ease of detection and identification. Be
cause of potentially low concentrations and the diversity
of compounds present, closed-loop stripping (CLS) in
conjunction with gas chromatography-mass spectrometry
(GC-MS) was used for qualitative screening. Purge-and-

trap (PT) GC-MS was used for quantification of volatile
compounds at concentrations>1.0 p.g/L.

Site Description

The study site is located at Otis Air Base, approximately
100 km southeast of Boston, MA (Figure 1). An extensive
plume of contaminated groundwater has resulted from
continuous disposal of secondary treated sewage effluent
into a shallow unconfined aquifer since 1936 (14). The
treated sewage, which has a trace organic composition
typical of municipal and domestic effluents (6-9. 12, 13),
is discharged to sand beds where it percolates 6.5 m to the
water table. The aquifer consists of 30-40 m of stratified
sand and gravel with an average hydraulic conductivity of
about 1.3 X 10-3 m/s and a porosity of about 35% (14).
The water table slopes to the south-southwest at 1.5 m/km
(Figure 0, and the groundwater flow velocity ranges from
0.3 to 1.0 m/day (14, 15).

Experimental Section

Sampling. The locations of wells (3.2-5.1-cm i.d. PVC
screened over 0.3-1.0-m intervals) and well clusters sam
pled in this study are shown in Figure 1. Samples were
collected by stainless steel submersible or peristaltic pumps
fitted with Teflon tubing. To minimize contact time with
casing material and to provide a native-water flush for the
pumps, at least 3 well volumes of water were evacuated
prior to sampling. During well evacuation, specific con
ductance was monitored, and samples were collected after
values stabilized. Samples for organic analysis were col
lected without headspace in precleaned glass bottles with
Teflon-lined caps and stored at 4°C. Samples for inor
ganic analysis were filtered (0.45 p.m) and stored in plastic
bottles. Sediment samples for organic carbon analysis were
collected by split-spoon core and frozen.

Analytical Methods. The sediment samples were
freeze-dried, passed through a 125-p.m sieve, and analyzed
for organic carbon (16). In the water samples, boron was
determined by directly coupled plasma emission spec
troscopy (17), chloride was determined by ion chroma
tography (17), dissolved organic carbon (DOC) was de
termined by high-temperature oxidation with coulometric
detection (16), and detergents were determined by meth
ylene blue active substance (MBAS) assay (18).

Volatile organic compounds were determined by PT (18)
and CLS (19-21) in conjunction with GC-MS. The CLS
apparatus was set up on site, and samples were processed
immediately after collection. Samples for PT were ana
lyzed within 30 days of collection. In both methods, ten
tative compound identification was based on computer
matching of sample mass spectra with those in the Na
tional Bureau of Standards Library. Identification of
target compounds was confirmed with authentic standards.
Surrogate standards (to monitor sample behavior) were
added at time of collection, and internal standards (for
quantitation) were added prior to GC-MS analysis. In the
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CLS method, concentrations were calculated against the
internal standard (l-chlorooctane) by using total ion peak
areas and assuming a relative response factor of 1. For PT
analysis, quantitation was based on extracted ion current
data with response factors determined from analysis of
standards.

FIgure 1. Map of study area showing water table configuration, di
rection of groundwater flow, and location of wells sampled during this
study,

Results and Discussion

Boron and Dissolved Organic Carbon. The extent
of groundwater contamination emanating from the sewage
disposal beds was determined by mapping the distribution
of boron. Boron was a good indicator of contamination
because (1) it was unique to the sewage source, (2) there
was a well-defined concentration gradient between con
taminated and uncontaminated groundwater, and (3) it
had the same distribution characteristics as the
·conservative" solute chloride (14,20). Under the pH
conditions of the aquifer (pH 5-7), dissolved boron occurs
as the neutral undissociated orthoboric acid species (22,
23), which should be transported with little sorption. Also,
boron does not undergo significant biochemical alteration
(23). The boron plume was approximately 3500 m long,
1100 m wide, and 30 m thick during the 1985 sampling
period (Figure 2).

Dissolved organic carbon had a similar distribution as
boron (Figure 2), indicating transport at the same relative
velocity. Two zones of elevated DOC were present: (1)

Kilometer

figure 2. Distribution of boron and dissolved organic carbon (DOC).
Figures based on data complied from samples collected July 1983 and
July 1985. Cross-section location shown In Figure 1. Vertical exag
geration = 25 X.

a wne near the infiltration beds, and (2) a zone centered
between wells F262 and F294. The high DOC concentra
tions near the beds represent labile organic substances that
are further degraded within the aquifer, as indicated by
the concentration decrease from 11 mgjL in the infiltration
ponds to 3 mgjL after 400 m of travel. Approximately
2000 m downgradient, DOC concentrations increase to 4
mgjL in a zone that coincides with elevated MBAS con
centrations (24). The zone of high MBAS consists of
relatively nonbiodegradable branched-chain alkyl
benzenesulfonic acid (ABS) anionic surfactants that were
introduced into the aquifer between approximately 1950
and 1965 (24,25). In 1965, more readily degradable lin-
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Table I. Volatile Organic Compounds Identified by CLS
and PT GC-MS Analysis of Contaminated Groundwater,
1984

concentration data. Because recoveries are less than 100%,
the data represent minimum concentrations in the aquifer.
The chlorinated ethenes were the only volatile compounds
detected by PT. However, the PT method provided more
accurate results for these compounds than CLS at con
centrations greater than 1-10 jJ.g/L (Table II), due to

Oxygen-Containing Compounds
dimethylethylphenol 20 c
octylphenol 360 c
p-nonylphenold 790 b
nonanal 20 b
decanal 20 c
undecanal 20 c
dodecanal 10 c
2,6-di-tert-butyl-p-benzoquinone 390 b
dimethylbutanol 70 c
methylhexanol 30 c
alkyl ester butanoic acid 150 c
dibutyl phthalate 450 b
alkyl ester propanoic acid 90
benzeneacetaldehyde 10

Nitrogen-Containing Compounds
methylquinoline 40
quinolinol 20
C, hexanamide 80
C, methanamine 10
C, quinolinone 40
methyltriazole 30

Sulfur-Containing Compounds
dimethyltrisulfide 10
C. tetrahydrothiophene 20

G Maximum. concentration for all samples. bBased on matching
spectra and retention time with standard. 'Based on NBS library
match. d Mixture of several isomers. 'Determined by PT analysis.

max concn,G
ngjL identity

c
c
c
c
c
b

b
b
b

b
c
b
b
b

b
b

2.8 x 10'
9.5 x 10'
1.0 X 10"

30

530
160
360
100
70
30

compound

alkyl compounds
trimethylpentaned

trimethylpentened

C, to C, cycJohexaned

C12 alkened

limonene
adamantane

halogenated compounds
dichloroethenet'
trichloroethene'
tetrachloroethene'
bromoadamantane

alkyl compounds
benzene 100
C, to C. benzened 1160
naphthalene 10
tetrahydronaphthalened 10
decahydronaphthalened 20
methylnaphthalened 10
C, to C, tetrahydronaphthalened 20
dihydro-lH-indene 20
C, to C, dihydro-H-indened 110
C, phenylmethylbenzene 100

halogenated compounds
chlorobenzene 20
chloromethylbenzene 50
m-dichlorobenzene 30
p-dichlorobenzene 600
o-dichlorobenzene 670
trichlorobenzene 10
iodobenzene 80
bromobenzene 10

Aliphatic Hydrocarbons

Aromatic Hydrocarbons

ear-chain alkylbenzenesulfonic acid (LAS) replaced ABS.
Surfactants that are biologically resistant under in situ
conditions (as indicated by their persistence in the aquifer)
account for 50% of the DOC in the downgradient portion
of the plume (20,24,25). Maximum DOC concentrations
in the contaminated groundwater were approximately 4.0
mg/L, whereas concentrations in the uncontaminated
groundwater were around 0.4 mg/L. Such low DOC levels
(only 10 times above background) are characteristic of
groundwater contamination at rapid infiltration sites (6,
9).

Occurrence and Distribution of Volatile Organic
Compounds. Over 100 chromatographic peaks were ob
served in many CLS samples collected from the plume.
Approximately 50 compounds occur with considerable
frequency and have been tentatively identified (Table I),
including alkyl and halogenated aliphatic hydrocarbons
(saturated and unsaturated), alkyl and halogenated aro
matic hydrocarbons, alkylphenols, and a variety of oxygen-,
nitrogen- and sulfur-containing substances. Many com
pounds listed in Table I have been reported at other rapid
infiltration sites (6-9, 13).

Dichloroethene (DCE), trichloroethene (TCE), and
tetrachloroethene (PCE) were the dominant volatile con
taminants in the groundwater and occurred at concen
trations orders of magnitude greater than the other volatile
compounds. However, the present-day effluent has ex
tremely low concentrations of DCE, TCE, and PCE. The
only other volatile compounds with concentrations ap
proaching 1 jJ.g/L in the groundwater were the dichloro
benzene isomers (DCB), nonylphenol isomers (NP), 2,6
di-tert-butylbenzoquinone (DTBB), and several phthalate
esters, all of which are present at significant concentrations
in the recent effluent. The total amount of volatile com
pounds recovered ranged from 1 to 50 jJ.g/L for CLS and
from 1 to 1000 ,.gIL for PT. Although the volatile carbon
compounds account for only a minor fraction of the total
carbon pool, the high levels of DCE, TCE, and PCE pose
a potential health risk.

Five target compounds (TCE, PCE, DCB, NP, and
DTBB) were selected to characterize the groundwater
contamination on the basis of (1) their pervasiveness in
sewage effluents, (2) their wide range of physicochemical
properties, and (3) their frequency of occurrence in the
plume. The probable source of TCE and PCE is their use
as degreasing solvents (26). Dichlorobenzene isomers are
components of toilet-bowl cleaners and other household
and industrial products (26). Although all three DCB
isomers (ortho, meta, para) were detected, 0- and p-DCB
were dominant. The source of NP (which occurs as a
mixture of approximately 15 isomers) is probably the
aerobic-anaerobic degradation of alkylphenol-polyeth
oxylate nonionic surfactants (27). The compound DTBB
results from the oxidation of 2,6-di-tert-butyphenol, a
widely used antioxidant (28).

Data for target compounds from well cluster F254 and
the sewage effluent are summarized in Table II. The CLS
method was used for broad-spectrum qualitative screening,
because of its capability to determine a wide range of
compounds at concentrations below 1 jJ.g/L. However,
because of limitations inherent in the internal standard
quantitation scheme (i.e., assuming a relative response
factor of 1 for all compounds detected), the concentrations
are semiquantitative. Likewise, the effect of variable re
coveries for the range of compounds determined, and the
effect on recoveries of having concentration differences of
5 orders of magnitude between low- and high-level com
pounds (Tables I and II), confuses interpretation of the
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Table II. Summary of Closed-Loop Stripping (CLS) and Purge-and-Trap (PT) Data for Sewage Effluent and Well F254"

sampling CLS PT

well no. date TCE PCE DCB DTBB NP TCE PCE

effluent 1983 nd nd 70 310 920 nd nd
F254-8 1983 nd nd nd nd nd nd nd

1984 30 100 nd 10 nd nd nd
F254-16 1983 160 1450 20 100 nd nd 2600

1984 80 200 50 150 40 nd 500
F254-22 1983 1500 1500 30 100 150 2600 6800

1984 1250 25320 160 560 1210 69800 981900
F254-32 1983 nd 390 120 20 30 16000 11100

1984 3590 5400 340 70 30 32300 32800
F254-42 1983 1150 20 nd 70 nd 5300 1600

1984 1200 170 nd 30 nd 5200 500
F254-51 1983 nd 70 nd 10 nd nd nd

1984 nd nd nd 10 nd 2700 500
F254-64 1983 nd nd nd 30 nd nd nd

1984 nd nd nd 50 nd nd nd

"TCE = trichloroethene; PCE = tetrachloroethene; DCB = sum of total dichlorobenzene isomers; DTBB = di-tert-butylbenzoquinone; NP
= sum of total nonylphenol isomers; nd = not detected. Concentrations are averages from replicate analysis in ng/L.

Table III. Summary of Data of Time-Series Closed-Loop Stripping Analysis at Well F254-72 (1984)'

concentrations

coeff
compoundb 2 mean SD var

trichloroethene 220 1100 540 620 445 0.72
2,3-dimethyl-2-butanol 10 70 50 43 30 0.70
trimethylpentane isomers 410 530 310 416 110 0.26
2-methyl-2-hexanol 10 30 20 20 10 0.50
tetrachloroethene 9320 16560 13640 13173 3642 0.28
C3 cyclohexane isomers 50 50 30 43 11 0.26
l-chlorohexanec 40 70 20 43 25 0.58
C2 benzene isomers 20 30 10 20 10 0.50
Ca benzene isomers 100 70 40 70 30 0.43
1,4-dichlorobenzene 100 80 70 83 15 0.18
1,2-dichlorobenzene 80 70 60 70 10 0.14
C. benzene isomers 120 90 60 90 30 0.33
2,3-dihydro-l,3-dimethyl-IH-indene 70 40 40 50 17 0.34
2-methylquinoline 40 30 40 36 5 0.14
l-chlorododecane' 70 80 10 53 37 0.70
2,6-di-tert-butyl-p-benzoquinone 310 150 390 283 122 0.43
methylpropylquinolinone 40 20 40 33 11 0.33
4-(I,I,3,3-tetramethylbutyl)phenol 360 80 120 186 151 0.81
nonylphenol isomers 1080 240 480 600 437 0.72

"Sample 1 collected 7/24; sample 2 collected 7/26; sample 3 collected 7/31. Samples 1 and 2 were stripped within 6 h of collection; sample
3 was stripped after 60 days. b Compounds listed in elution order; concentrations in ng/L. 'Surrogate standards.

saturation of the CLS charcoal trap. Because of the wide
range of compounds and concentrations encountered, both
CLS and PT were necessary to evaluate the occurrence of
volatile organics.

In addition to analytical variability, recovery of com
pounds from the aquifer was also influenced by well
pumping and sample collection procedures. Evaluation
of sampling devices used in this study showed that recovery
of TCE and PCE using the peristaltic pump was only 70%
that of the submersible pump (29). Both CLS and PT data
showed variability within the aquifer with time to be a
significant factor controlling compound concentrations (20,
29). Although similar concentrations were observed in
many wells sampled at I-year intervals, some wells (i.e.,
F254-22, Table II) showed considerable changes, illus
trating the dynamic nature of the plume.

Time-series CLS replicates were collected at several sites
to evaluate combined field and analytical variability.
Replicate data for well F254-22 are presented in Table III.
Overall precision for field samples was similar to that
obtained in laboratory studies. For the data in Table III,
60 days elapsed until sample 3 was stripped, whereas
samples 1 and 2 were stripped within 6 h of collection. A
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notable effect of storage was the loss of the surrogate
standards, although most contaminants were present at
concentrations within the range of variability determined
in replicate analysis without storage.

Evaluation of the sample and blank processing sequence
showed no memory effects between analyses of contami
nated samples, blanks, and uncontaminated samples. In
troduction of compounds during sample collection was
evaluated with groundwater from control wells, which was
similar to distilled water blanks. Samples from control
wells collected immediately after sampling contaminated
wells showed that carry-over from collection equipment
was negligible. Control wells also indicated no significant
leaching of contaminants from casing material.

Small-scale vertical variability in the occurrence and
concentrations of volatile compounds was complex, and
patterns varied considerably over distances of a few meters
(Table II). However, on a larger horizontal scale (100-1000
m), rather uniform zones of contamination were identified
(Figure 3). The maximum extent of TCE, PCE, DCB, and
DTBB occurrence was similar (3500 m), and each com
pound was detected in the farthest downgradient well
(F294) showing contamination by inorganic and bulk or-



A 8J A A WQI
;>0 t 300 r234 r262 I ?8L1 ";:>94 20 F300 r254 F?62 r282 F294

0
E ,

--1--",a;
> 20 20
Q)

-'
to
Q) 40 TCE and PCE 40 DTBB(f)

~ A 00 A' A~
A'

Q)
20 fJOO r254 r262 r282 1"294 20 r300 F254 F262 F282 f-294

>

::!

'"a:

::
0-

'" ~o 20
0

4(1

DCB Isomers
40 NP Isomers

~
-.10 .... l.lne of [qual Concenlration ~ F. !Huoni Conr.enlra!lor, [nq/l)

Wall r;lu,;lof

KIlometer

Flgwe 3. DistrDution 01 volalie organic target~, Concentrations in ng/L. Cross-section location shown in FIgIXe 1, Vel1ical exaggeration
= 25X,

ganic tracers. Although elevated TCE and peE concen
trations extend over 3500 m from the inftltration beds, the
center of mass for these compounds is located near well
F254, 2000 m upgradient from the front. The distribution
of combined DCB isomers shows a zone of maximum
concentration at well F282 (3200 m from the beds) that
coincides with the distribution of boron and DOC maxima
(Figure 2), as well as surfactant highs (24). The extent of
elevated DTBB (Figure 3) was slightly less than DCB,
TCE, and PCE, and maximum concentrations were con
fmed to the upgradient portion of the plume coincident
with the TCE and PCE maxima. Nonylphenol was re
stricted to the area near the inftltration beds and was not
detected beyond well F254 (1200 m). The zone of NP
approximately coincides with the region of maximum
DTBB, TCE, and PCE.

Subsurface Behavior. The observed distribution of
target compounds could result from (1) variations in source
composition reflecting changing trends in chemical usage,
(2) variations in bed loading, (3) sorptive interactions with
aquifer solids, (4) biological transformations, and (5) hy
drogeologic factors such as dispersion and changing flow
conditions, Dilution by mixing with uncontaminated
groundwater beneath the infiltration beds appears to be
minor, as indicated by similar concentrations of boron in
the effluent and the groundwater directly downgradient
from the beds,

The maximum extent of boron, DOC, MBAS, TCE,
PCE, and DeB contamination is consistent with estimated
distances of transport (assuming no retardation and an
average flow velocity of 0,3 mfday) if the compounds were
introduced in the early 19508, which roughly coincides with
the proliferation in organic chemical use. The similar
distribution of the DeB, DOC, MBAS, and boron maxima
indicate simultaneous introduction into the aquifer and
transport at approximately the same velocity, The ap
parent separation of the centers of mass for TCE and PCE

from DCB (Figure 3) suggests that DCB may be moving
at a faster rate, provided the compounds were introduced
into the system at the same time. Conversely, the com
pounds may be moving at the same rate but were intro
duced at different times. If DTBB and NP were intro
duced at the same time as these other compounds, their
limited distribution suggests that transport is being re
tarded,

Sorption. Separation of organic mixtures can result
from differential rates of movement within the aquifer, as
a function of the compounds' solubility characteristics and
the amount of organic carbon on the sediments (1--4). By
treating transport through the aquifer as a one-dimensional
process with constant flow in a homogeneous porous me
dium (1), an estimate of the retention behavior of an or
ganic compound can be obtained from the relation between
Kow (octanolfwater partition coefficient) and percent or
ganic carbon on the sediments (30-32), Assuming that the
<125-"m fraction of the aquifer material is most important
for sorption and that sorption follows a linear isotherm,
an average retardation factor (Rf,) for a given solute (z)
can be calculated by the equation of Schwarzenbach et al,
(10):

Rf, = r,!rw = 1 + 3,211",,(Kow,)o,72p (1 - E)!E

where rw =water residence time, r, =solute z residence
time, I = fraction of material <125 "m, loe = fraction or
ganic carbon on <125-"m material, p = grain density
(gfcm3), and E=total porosity, This equation is valid for
sediments with loe greater than 0,001 and assumes chemical
equilibrium conditions.

The loe of the <125-/tm sediment fraction varied spatially
with highest values (f"" =0.0075) generally occurring near
the beds. Sediments from control sites and the down
gradient part of the plume had I"" values ranging from
0.0001 to 0.0025. The I"" for sediments >125 "m was
<0,0001. The higher values near the beds reflect steady-
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state development of organic coatings on the sediments
over time, as a result of carbon loading from the secondary
effluent; thus, compounds in the downgradient portion of
the plume may have encountered lower levels of organic
carbon on the sediments near the beds and as a result may
not have been retained as strongly as recently introduced
compounds.

Retardation factors were calculated for the target com
pounds using the following aquifer properties: f =0.05,
foe = 0.001, p = 2.60 g/cm3, and E = 0.30. log Kow values
from the literature (33) were used for TCE (2.29), PCE
(2.88), and p-DCB (3.39), and values for DTBB (4.42) and
NP (4.70) were measured in our laboratory by methods
given in Chiou et al. (30). The predicted values were 1.0
for TCE, 1.1 for PCE, 1.3 for p-DCB, 2.5 for DTBB, and
3.4 for NP. Observed Rf values based on the maximum
distance of measurable concentrations of the target com
pounds normalized against the distribution of boron and
chloride were 1.0 for TCE, PCE, and p-DCB, 1.1 for
DTBB, and 2.4 for NP. Observed Rf values for the leading
edge of the zones of maximum concentrations were 2.4 for
TCE and PCE, 1.1 for p-DCB, 2.6 for DTBB, and 3.3 for
NP.

The predicted Rf values indicate that TCE and PCE
should move approximately 20% faster than p-DCB, which
is inconsistent with field observations that show the core
of TCE and PCE contamination to be upgradient from the
DCB maxima. These calculations support the hypothesis
that separation of the cores results from introduction of
TCE and PCE later than DCB rather than sorption pro
cesses. The restricted occurrence of NP could be due to
source or geochemical factors. Although the magnitude
of transport is consistent with introduction in the mid
19608 at the change from ABS to LAS surfactants (as
suming no retardation and an average flow velocity of 0.3
m/day, NP would have been transported approximately
2000 m since 1966), early detergent literature indicates that
alkylphenol-polyethoxylate surfactants have been in use
since the 19408 (34). On the basis of NP's predicted Rf,
it should have been transported approximately 1300 m if
introduced in 1945, which is consistent with observations
and suggests that NP distribution is controlled by sorption
processes. DTBB has a predicted Rf intermediate between
TeE and NP, which also matches observed distributions.
Despite retarding interactions, NP and DTBB have been
transported considerable distances. It is possible that the
transport of nonionic organic compounds is enhanced by
the presence of surfactants, especially in the downgradient
portion of the plume where their concentrations are
greatest.

Biological Processes. Several features of the trace
organic data indicate the influence of biological processes.
Many compounds such as DTBB, which is highly
branched, and NP, which is an end product of biological
treatment, would be expected to be resistant to biological
degradation under aquifer conditions. However, many
other compounds such as alkylbenzenes and non
halogenated aliphatic hydrocarbons are not as persistent
and should be capable of degradation within the aquifer.

When trace organic contaminants are introduced into
groundwater, which has a limited microbial population
with respect to the secondary treatment environment,
biological degradation rates are slow, particularly if suitable
nutrient substrates are not available (5). Although max
imum DOC values in the contaminated groundwater were
around 4 mg/L, much of the carbon consists of biologically
resistant surfactants (24, 25). Microbial activity in the
groundwater has been shown to be carbon limited in lab-
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oratory studies (35), although it is possible that oxygen is
also a limiting nutrient.

Tetrachloroethene can undergo microbially mediated
reductive dehalogenation in strongly reducing groundwater
to form TCE and DCE (36) but tends to persist under
aerobic to denitrifying conditions (lO, 37-39). Although
di-, trio, and tetrachloroethene were present in the plume,
insufficient data exist to evaluate whether they result from
biological processes or whether the homologues are due to
other factors such as mixed solvents. However, the pres
ence of oxygen (0.1-5.0 mg/L) throughout much of the
plume makes reductive dechlorination unlikely.

Concentrations of DCB, NP, and DTBB in the effluent
and contaminated groundwater near the beds were similar,
indicating little degradation during infiltration. In the
downgradient portion of the plume, concentrations of
many compounds (chlorinated aromatics, alkyl aromatics,
alkyl aliphatics) were equal to or greater than in the
present-day effluent. The persistence of potentially de
gradable substances such as DCB during 30 years of sub
surface transport (as indicated by association with ABS
surfactants and by consideration of flow velocities and
travel distances) contrasts with the findings of several
investigators, who report biological removal of p-DCB
during infiltration under oxygenated conditions (7, 8, 10,
37). However, others have shown no microbial utilization
of p-DCB under denitrifying conditions (37,39), such as
occur near the infiltration beds (35).

The long-term persistence of DCB and other potentially
degradable compounds (i.e., aromatic and aliphatic hy
drocarbons) present in the downgradient zone can be ex
plained by considering the dynamics of the groundwater
system. In the zone of denitrification near the infiltration
beds where DCB is persistent, readily utilizable DOC is
consumed. In the downgradient portion of the plume
where microaerophilic to aerobic conditions exist (dissolved
oxygen at well F282 ranged from 5.0 mg/L at the most
shallow depth to 0.2 mg/L in the zone of maximum DCB)
and DCB has the potential of being degraded, biologically
labile DOC has been depleted, and the system is carbon
limited. Thus, because of nutrient limitations, significant
degradation of trace levels of refractory organic compounds
has not occurred. The population of free-living bacteria
also decreases with distance from the beds, providing
further evidence that the system is nutrient limited (40).

Conclusions
A complex plume of over 50 volatile organic compounds

was identified in the groundwater at Otis Air Base by use
of CLS and PT in conjuction with GC-MS analysis. The
compounds DCB, DTBB, TCE, and PCE proved to be
good indicators of sewage contamination because they were
(1) relatively unique to the sewage source, (2) mobile in
the low organic carbon sediments, and (3) not readily
biodegradable. Distribution patterns in the aquifer show
that, once refractory compounds reach the saturated zone,'
many are transported at approximately the same rate as
groundwater flow. There appears to be retardation due
to sorption for poorly soluble compounds such as NP and
DTBB but not for TCE, PCE, and DCB. Sorption is
limited by the low organic carbon content of the sediments.
Many trace organic compounds have persisted for over 30
years as the result of their recalcitrant nature and nutrient
limitations within the aquifer.

Persistent organic compounds not removed by secondary
treatment have the potential to contaminate large quan
tities of groundwater when effluents are disposed of by
rapid infiltration into low-carbon, permeable aquifers. The
resulting contamination will present future problems be-



cause chemical and biological processes in the aquifer are
not capable of attenuating the pollutants under ambient
conditions.
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• The sources of the fme (dp < 3.5 /Lm) total and carbo
naceous aerosol mass at Duarte (near Los Angeles) were
resolved by principal component-stepwise regression
analysis of aerosol (elemental and ion) and gas concen
tration data that were randomly collected throughout 1983.
Major contributions to the fine aerosol mass were made
by motor vehicles (48%) and atmospheric (sulfate and
ozone chemistry) conversion processes (30%), and minor
contributions were made by soil dust (13%) and marine
aerosols (9%). Motor vehicles dominated (65%) the fine
carbonaceous aerosol mass followed by atmospheric pro
cesses (20%), soil dust (13%), and fuel oil fly ash (2%).
Secondary nitrogen-containing compounds were found to
be closely related to automobile emissions.

Introduction

Carbonaceous compounds constitute the largest fraction
of the ambient fine aerosol in large cities (Los Angeles,
New York, Denver, Albuquerque, Portland) (J-4). They
contain several toxic substances of major concern to human
health (5). Reactive hydrocarbons playa key role in
various atmospheric chemistry processes (for example, in
formation of nitrates and to a lesser extent in formation
of sulfates) (6, 7). Carbonaceous compounds in the aerosol
are responsible for a major part of the visibility degradation
observed in urban airsheds since they include light-ab
sorbing species (soot) and are often in the visibility-re
ducing particle size range [0.1 < dp < l/Lm (8)].

The development of reliable methods for source reso
lution of carbonaceous compounds will assist the devel
opment of rational strategies for the control of the emis
sions of carbonaceous compounds. A receptor modeling
procedure for source resolution of these compounds begins
with separation of the primary from the secondary com
ponents, and then the source contributions in each com
ponent are calculated. Particulates released from sources
constitute the primary aerosol component while particu
lates formed in the atmosphere by gas-to-particle con
version constitute the secondary aerosol component. The
primary j secondary separation has been estimated by
various means, including staged temperature combustion
(9, 10), sequential solvent extractions (1 I, 12), or liquid
chromatography (13). The latter two methods give a more
detailed breakdown of carbonaceous compounds into two,
three, or more groups according to their degree of polarity.
The major difficulty in the source resolution of individual
carbonaceous compounds is that only a small fraction of
them (usually about 5-10% by mass) can be identified as
individual chemical species (J3, 14). At present, the di
vision into primary and secondary fractions, organic and
black carbon, and the nonpolar (hydrocarbon), polynuclear
aromatic hydrocarbons (PAR), moderately polar, and polar
organic groups provides the most useful information.

With these types of classification, source apportionment
has been carried out by carbon balances (4, IS, 16) and

multiple linear regression (4, 17). Carbon balances use
source ratios of tracers to carbon and primary carbon
emission inventories (J8) to determine primary source
contributions at a receptor site. Secondary contributions
are determined either by difference (total minus primary
carbon) (15) or by scaling source thermograms to receptor
thermograms (JO). Primary carbon source contributions
are also determined by multiple linear regression (MLR)
of a large number of carbonaceous group concentrations
to the ambient concentrations of known source tracers.
Secondary carbon contributions can be determined either
by difference or by regression on secondary aerosol pre
cursor concentrations (Os, HNOs) at the receptor (17). At
present, the results from these methods are accompanied
by high uncertainties in the predicted source contributions
{J6, 17), limiting the application of these methods in the
development of air pollution control strategies.

The purpose of this paper is to quantitatively determine
the source contributions to the carbonaceous aerosol at a
Los Angeles site by principal component-iltepwise re
gression analysis (J9, 20). This method preserves all the
advantages of MLR and relaxes its requirement for unique
source tracers. Varimax-rotated principal component
analysis is applied to a set of gas and aerosol data to un
ravel the sources of variance of the data set. By exami
nation of the extent of correlations between principal
components and original aerosol variables, the nature
(primary sources or secondary atmospheric conversion
processes) of each component is determined. The validity
of the method is investigated by apportioning the fine
aerosol mass to the sample absolute scores of the principal
components (sources). Next, the method is used to ap
portion the thermally defmed fractions of the carbonaceous
aerosol to these components.

Experimental Methods
All aerosol samples were collected at Duarte, CA, a

suburban residential site located about 35 miles inland to
the east and downwind of metropolitan Los Angeles. Two
high-volume (Hi-vol) samplers were operated to collect fine
(dp < 3.5-/Lm) aerosols on 8 X 10 in. acid-washed prefired
quartz filters for organic thermographic analysis, total fine
aerosol mass, NOs", SOl", and NH/ analysis. A combi
nation of a cyclone with 7.2- and 3.5-/Lm impactor plates
was used for collection of the fine aerosol. The impactor
plates were lightly greased with Vaseline to prevent particle
bounce off. A Sierra Model 244 dichotomous sampler with
a single impaction stage with cut point dp < 3.5 /Lm was
used to collect fme aerosol for elemental inorganic analysis
by PIXE (proton induced X-ray emission spectroscopy).
All samplers were operated for 8 h (noon to 8 p.m.). The
airflow rates through the Hi-vol and dichotomous samplers
were 1133 and 16.7 Ljmin, respectively.

Thirty-five samples were collected on randomly selected
days throughout 1983. The carbonaceou- aerosol compo
nent was determined by thermal analysis (21): volatile
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Table I. Average Concentration of Fine (d. < 3.5 I'm)
Aerosol Components and Gases in Duarte, CA, in 1983

no. of
aerosol coneno x ± (J, samples

component ng/m' detected'

volatile C (VC) 3901 ± 2290 35
organic C (OC) 7242 ± 5101 35
black C (BC) 4350 ± 3308 35
Na 783 ± 334 35
Al 215 ± 167 26
Si 615 ± 372 34
P 205 ± 131 27
8 3907 ± 2479 35
K 175± 119 35
Ca 212 ± 112 35
Ti 58 ± 34 34
Mn 12 ± 9 30
Fe 404 ± 195 35
Ni 8±6 34
Cu 14 ± 9 34
Zn 116 ± 72 35
Br 90 ± 45 35
Sr 49 ± 33 32
Pb 558 ± 300 35
NH: 4518 ± 4193 35
NO.- 5311 ± 8038 35
80.'- 10061 ± 7656 35
mass 60129 ± 30892 35
0. (in pphm) 7 ± 4.4 35
NO, (in pphm) 6 ± 2.3 35
NO (in ppbm) 0.8 ± 0.9 29
CO (in ppm) 1.4 ± 0.7 34

a Arithmetic average concentrations and corresponding standard
deviations. 'Daily aerosol samples were collected over an 8-h pe
riod, and gas concentrations are the corresponding 8-h averages.

carbon (VC) (carbon volatilized below 250 'C), organic
carbon (OC) (carbon volatilized between 250 and 450 'C),
and black carbon (BC) (carbon volatilized above 450 'C).
All elemental concentrations in aerosol samples and blank
filters were analyzed by PIXE, except Na, which was de
termined by atomic absorption. The aerosol mass was
determined gravimetrically as the average of the duplicate
measurements on the quartz filters. Sulfate and nitrate
were analyzed by ion chromatography and NH.+ by in
dophenol blue colorimetry. No estimates of sampling
artifacts for nitrate or organic aerosols were made.

Mean gas concentrations were obtained from the nearby
air quality monitoring station at Azusa of the South Coast
Air Quality Management District (3 km away) by averaging
the reported hourly average gas concentrations over the
8-h sampling period (Table I). Elemental aerosol con
centrations were obtained after subtracting the average of
38 Teflon blank filter contributions from every sample
(Table I).

Statistical Methods

Principal component analysis followed by stepwise re
gression on the absolute principal component scores was
used to apportion fme aerosol mass and carbon-containing
aerosol components to their sources. Thurston and
Spengler (19) first employed this method to resolve the
sources of ambient fine (dp < 2.5 /Lm) and coarse (2.5 <
dp < 15 /Lm) aerosols in metropolitan Boston. According
to this procedure, the variance of a large set of intercor
related variables (for example, ambient gas and aerosol
component concentrations) is explained by a smaller set
of independent variables (principal components). These
components are linear combinations of the original vari
ables of the data set. The extent of correlations [0.70 <
,-2 < 0.99 (22)] between principal components and original

data variables is used to assign source identity to each one
of the principal components. To facilitate this task, the
principal components are transformed by varimax rotation
prior to their source assignment. Although, in principle,
an equal number of principal components to the number
of data variables is obtained, only a few principal com·
ponents are retained [eigenvalues larger than unity after
rotation (23)1for subsequent data analysis.

Once the sources explaining most of the variance of the
data have been determined, quantitative estimates of the
source contributions to the ambient concentrations of any
other air quality variable (not included in the data that
were used to generate the principal components) were
obtained by regressing it on the sample absolute scores of
the principal components. This procedure was used to
apportion fine particulate mass, volatile carbon, organic
carbon, and black carbon to their sources. The dependent
variable variance explained by each principal component
was also calculated as the percent of R2 of the stepwise
regression model. The numerical computations were
carried out according to the procedures FACTOR and
STEPWISE of the SAS statistical package (24).

Results and Discussion
The arithmetic mean concentrations and standard de

viations of the aerosol and gas variables in 35 randomly
collected 8-h samples in 1983 along with their frequency
of detection at Duarte, CA, are shown in Table I. Elements
with mean aerosol concentrations lower than the standard
deviations of their concentrations in the average blank
filter were excluded from subsequent analysis (Sr, Pl. Air
quality variables with low detection frequency (AI, Mn,
NO) were excluded from statistical analysis. Copper was
not included in the data since its concentration was af-·
fected by abrasion of the copper motor brushes from the
collocated Hi-vol samplers (25, 26).

A preliminary investigation of the sources of variance
of the data was made by examining the correlations be
tween the various air quality variables. High correlations
(r2 > 0.90) were found between Pb and Br, between VC
and OC, and between S and SOl'. Good correlations (,-2
> 0.80) were found among VC, OC, BC, Br, Pb, CO, and
N02, among Pb, NH/, and NOa', among S, SO.2., and
NH/, and among Si, Ca, and Fe. These results indicate
the importance of motor vehicle emissions and resuspen
sion of soil and secondary aerosol on determining the
variance of the data set.

Principal Component Analysis. Principal component
analysis revealed six principal components, explaining 92%
of the variance (Table 11). The first component correlates
well with Pb, Br, and CO, and it is attributed to cars using
gasoline and diesel fuels as well as other areawide sources
(tire tread, brake lining) with a spatial distribution similar
to that of motor vehicles (26). Interestingly enough, this
component also correlates quite well with nitrates and
nitrogen dioxide. As a result, this component could have
been assigned as a nitrate component. However, as it is
shown later in this paper, this component is responsible
for a major fraction of carbonaceous aerosol and especially
black carbon. Consequently, this component accounts for
primary particulate emissions from motor vehicles and
secondary nitrate aerosols. This indicates that ambient
nitrate concentrations are probably mostly influenced by
motor vehicle emissions. Our sampling site is located
downwind of the primary sources in Los Angeles and re
ceives a considerable amount of secondary aerosols. It is
possible that particles and nitrogen oxides released from
automobiles in the western and central part of the Los
Angeles basin reach our sampling site after a significant
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Table II. Loadings of Rotated Principal Components at Duarte, CA, 1983

motor soil sulfate ozone marine fuel oil
vehicles dust chemistry chemistry aerosol fly ash

Na -{).13 0.Q7 0.08 0.Q7 0.98" 0.05
8i 0.15 0.94 0.06 0.09 -{).12 0.02
8 0.19 0.08 0.94 0.20 0.09 0.07
K 0.19 0.58 0.06 0.23 0.16 0.14
Ca 0.Q7 0.92 -{).05 0.09 0.20 0.08
Ti 0.20 0.63 0.03 0.00 0.03 0.03
Fe 0.46 0.78 0.08 0.17 0.03 0.09
Ni 0.47 0.13 0.11 0.00 0.07 0.86
Zn 0.65 0.29 0.32 0.14 0.06 0.11
Br 0.80 0.28 0.31 0.23 -{).17 0.17
Pb 0.90 0.21 0.29 0.09 -{).12 0.14
CO 0.75 0.21 0.36 0.20 0.04 0.07
0, 0.04 0.25 0.39 0.87 0.10 0.01
NO, 0.86 0.16 0.05 0.09 0.04 0.30
NH: 0.67 0.00 0.72 -{).05 -{).09 0.08
NO,- 0.94 0.07 0.07 -{).23 -{).07 0.10
80,'- 0.18 -{).04 0.96 0.17 0.05 0.02

eigenvalue 5.1 3.5 2.9 1.1 1.1 1.0

• Underlined values indicate component loadings >0.70.

atmospheric conversion to nitrate and N02 has taken place
during the course of airflow. However, this hypothesis
needs to be rigorously investigated with more data that
would be free of possible sampling artifacts.

The second principal component highly correlates with
Si, Ca, and Fe, indicating crustal origin. The third prin
cipal component is assigned as a sulfate chemistry com
ponent since it highly correlates with S and SO.2-. This
component also correlates moderately with NH:, indi
cating that freshly generated H~. is probably neutralized
by ambient ammonia resulting in sulfates in the form of
(NHJ~O.or NH.HSO.. The fourth principal component
correlates well with 03' a product of atmospheric chemical
reactions and a known photochemistry precursor, and it
is assigned as ozone photochemistry. The fifth principal
component highly correlates with Na, which is a major
constituent of sea salt, and is assigned as a marine aerosol
component. The sixth principal component highly cor
relates with Ni, which has been used as a tracer for fuel
oil combustion in the Los Angeles basin (26). As a result,
the last component is assigned as a fuel oil component.

Source Resolution of Fine Aerosol Mass. The fine
aerosol mass was apportioned to the six principal com
ponents by stepwise regression at the 95% confidence level
(Table III). Motor vehicles are responsible for 48%, on
the average, of the total calculated fme mass in Duarte,
CA, in 1983. Soil dust constitutes 13% of the total fine
mass on the average. Atmospheric processes (sulfate
chemistry 20% and ozone photochemistry 10%) may
contribute up to 30% of the total fine mass. Marine
aerosol is responsible for 9% of total mass, while fuel oil
fly ash did not have a significant contribution to the fine
mass at the 95% confidence level. At the 90% confidence
level, however, fuel oil contributed 0.6 p.g/m3 or 0.9% of
the fine aerosol mass at Duarte.

The total calculated mass is within the standard devi
ation of the yearly average measured mass and 20% higher
than its mean. The determination coefficient R2 of the
regression model is excellent, 0.96. These results are in
agreement with the common perception of the source
contributions to the fme ambient aerosol at an inland Los
Angeles site that is strongly affected by photochemical
smog (15).

Source Resolution of Carbon-Containing Aerosol
Compounds. The success of principal component-step
wise regression analysis in resolving the sources of the fme
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Table III. Source Apportionment of Fine Aerosol Mass and
Carbonaceous Aerosol Components at Duarte, CA, 1983

motor fuel
vehicles soil sulfate ozone marine oil total

fine mass
I'g/m' 33.8 8.9 14.3 7.2 6.2 70.4
% 48 13 20 10 9

volatile C
I'g/m' 2.3 0.7 0.6 3.6
% 64 19 17

organic C
I'g/m' 5.6 2.5 0.7 1.7 10.5
% 53 24 7 16

black C
~/m' 4.1 0.3 4.4
% 93 7

total C
I'g/m' 12.0 2.5 1.4 2.3 0.3 18.5
% 65 13 8 12 2

aerosol mass gives confidence in using this method for
apportionment of the various carbonaceous aerosol com
ponents to their sources (Table III). For the volatile
carbon, three sources were found to have statistically
significant (p < 0.05) contributions. Motor vehicles were
responsible for 64% of the total calculated VC mass (and
accounted for 41 % of the variance, Table IV), and the rest
is attributed to atmospheric conversion processes. The
total calculated VC mass was close to the yearly average
measured volatile carbon mass. However, 28% of the VC
variance was not accounted for by these sources (R2 =
0.72).

Motor vehicles contributed about half of the calculated
organic carbon, OC, while the other half was made by
contributions that were evenly split between the soil dust
and the atmospheric conversion processes (R2 = 0.81).
Surprisingly, soil dust was found to contribute a significant
amount of organic carbon. Watson (27) reported that soil
may contain up to 15% carbon. With the results from the
source apportionment of the fme mass, carbon is found to
make up to 28% of the Duarte soil. The substantial
overprediction of the yearly average OC mass and the fact
that atmospheric processes and soil dust account for about
the same mass of OC indicate that the calculated soil
contribution to OC is probably too high.

Finally, motor vehicles are the major source of black
carbon {93% of the calculated BC mass, 62% of the BC



Table IV. Variance (Percent of H2) of the Regression Models Explained by the Principal Components from the Stability
Analysis Calculations-

motor vehicle8 soil sulfate ozone marine fuel oil total

fine mass 49" 4 33 9 1 0.96
(44-55)' (H) (28-40) (6-15) «(}-2)

volatile C 4 15 12 0.72
(3&-53) (1(}-25) (8-13)

organic C 50 11 3 17 0.81
(43-59) (6-13) «(}-6) (14-25)

black C 62 10 0.72
(58-67) (4-14)

- The procedure for the stability analysis calculations is as follows: One daily sample at a time is removed from the 35·sample data set,
and principal component analysis is performed on the remaining 34-sample data set. Stepwise regression analysis on the fine aerosol mass
and carbonaceous fractions is carried out, and the variance of the regression models explained by each component is recorded (28). The
previously removed sample is replaced in the data set, and the next daily sample is removed. The procedure is repeated (here for 35 times)
until all daily samples have been removed once. • Variance from the full 35-sample data set. 'Range of variance from the stability analysis
calculations.

variance), while the rest (7% of mass and 10% of BC
variance) come from the fuel oil fly ash component. The
low coefficient of determination (R2 = 0.72) of the re
gression model, however, indicated that other sources in
the Los Angeles basin also contribute to ambient BC
concentrations.

Overall, motor vehicles constitute the major source of
carbonaceous fine aerosol at Duarte, contributing 65% of
the total. Secondary carbonaceous aerosols account for
20% of the total or 26% of the nonblack carbonaceous
aerosol component. Gray et at (J) estimated by an entirely
different procedure that, over long averaging times,
16-22% of the total fine (dp < 2.1ILm) carbon or 27-38%
of the nonblack carbon at eastern Los Angeles sites re
ceiving substantial photochemical smog (like Duarte or
Azusa) might be due to secondary aerosol formation. The
results of this study are in good agreement with the above
estimates, considering the differences of the two data bases
[sampling (24 h) and thermal analysis techniques (9»). In
a similsr study in Detroit, Wolff et at (28) found that most
of the variance of the nonblack carbon was explained by
photochemistry. This was not the case in our study where
motor vehicles were found to dominate the variance of both
black and nonblack carbon components.

Stability Analysis. A limitation of this study is the
small number of samples that was used to derive the
principal components of the data set. Although multi
variate statistical methods have been often applied to
relatively small data sets [Detroit (20) and Shenandoah
Valley (29»), the stability of the results from these methods
has to be examined. Considering the number of the
present data variables, at least 60 samples are needed for
a stable structure of principal components (30).

The stability of the results of this study was explored
by removing one sample at a time and performing the
principal component-stepwise (p < 0.05) regression
analysis with 34 samples. Each time, the structure of the
resulting principal component was examined, and the
variance (percent of R2) of the dependent variables (fine
mass and carbonaceous mass fractions) explained by each
principal component was recorded (28). The structure
(Table II) of the principal components was always pre
served. Small differences were observed only in the factor
loadings (not more than 5%). The range of the principal
component variances (percent of R2j for all dependent
variables is shown in Table IV. The averages of the com
ponent variances were calculated and were close to the
values that were found when all 35 samples were used for
principal component-stepwise regression analysis. As a
result, the principal component solution (Table II) is
stable. Although this is an empirical approach for inves-

tigation of the stability of the principal component-step
wise regression analysis, it further supports the integrity
of the present results.

Conclusions

Source resolution of the total and carbonaceous fine
aerosol at Duarte (near Los Angeles) in 1983 was carried
out by principal component-stepwise regression analysis.

Six principal components were found to explain the
variance of the data. Four of them were attributed to
primary sources of particles: motor vehicles, soil dust,
marine aerosol, and fuel oil fly ash. Two were attributed
to atmospheric gas to particle conversion processes: sulfate
chemistry and ozone photochemistry. Motor vehicles
contributed 65% of the total carbonaceous aerosol and
48% of the fme aerosol mass and accounted for about half
of the variance of each carbon fraction. Atmospheric
conversion processes contributed 30% of the fme aerosol
mass, 20% of total carbon, and 26% of nonblack carbon
at Duarte. Relatively high contributions were made by soil
dust (13 % of the mass, 24 % of the organic carbon, and
14% of the total carbon), while low carbon contributions
were made by fuel oil fly ash (2%).

An important result of this study was the discovery of
the close relationship of nitrate and N02 to automobile
emissions. This shows the power of principal component
analysis for revealing underlying relationships between air
quality variables.

Although the results of this study were found to be
stable by means of an empirical stability analysis, addi
tional studies with larger data bases and good control of
sampling and analytical artifacts are needed to understand
the source-receptor relationship of ambient carbonaceous
and nitrate aerosols.
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10102-43-9; CO, 630-08-0.
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Alkaline Precipitation in Bahia Blanca, Argentinat

M. Clntla Piccolo,' Gerardo M. E. Perillo, and Pedro Varela

CONICET, Instltuto Argentino de Oceanografla, 8000 Bahia Blanca, Argentina

• The spatial, meteorological, and seasonal factors asso
ciated with precipitation pH in Bahia Blanca and its
surroundings are presented. From April 1984 to April
1985, 85 rain events were studied from 12 sites that rep
resent significant land-use sectors of the city. Mean pH
for all sites ranged from 6.5 to 7.2. The area is charac
terized by alkaline precipitation since most stations re
ported maximum values in excess of 7.6. The highest
values of pH were observed under the influence of con
tinental air masses, which have traveled over the pampas
soil, thus introducing large amounts of alkaline cations.
The lowest pH values were obtained during the winter
season when marine advection introduces high concen
trations of spray. Stations located close to the estuary and
the industrial park present the larger effect of sea spray
but also of the incidence of an incipient atmospheric
contamination.

Introduction
The chemical characteristics of precipitation are a

well-described phenomenon in most developed countries,
especially in Europe and North America because of the
everyday increasing problem of rainfall acidity (1). In

t Contribution No. 138 from Instituto Argentino de Oceanografia.

Argentina there are very few studies dealing with atmos
pheric contamination in general and with acid rain in
particular (2, 3).

Bahia Blanca is a relatively small city (275000 inhab
itants) located in the southeast portion of the Buenos Aires
Province (Figure 1) and close to the Bahia Blanca estuary.
On the banks of the estuary, a large petrochemical in
dustrial park has been established adjacent to a fossil-fu
eled power plant (600 MW). The plant'will be fueled by
either oil or coal. The largest deep-water port system of
Argentina (Ingeniero White) is adjacent to Bahia Blanca.
Most of the grain production of the country is exported
through this harbor system. The estuary is also noted for
rich fisheries of shrimp and several other local fishes.

In the last few years, the Bahia Blanca community be
came concerned about future contamination problems in
the atmosphere and the estuary caused by the presence
of the industrial park. However, no studies were made on
the subject prior to the selection of the park site.
Therefore, the purposes of the study reported here are
threefold: to characterize the spatial and seasonal varia
tions in precipitation pH for Bahia Blanca, to examine the
relationship between synoptic scale meteorology factors
and rain pH, and to identify base-line rain pH charac
teristics before full-scale operations in the industrial park
and thermoelectric plant.
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Figure 2. Spatial distribution of mean precipitation pH in Bahia Blanca
(April 1984 to April 1985).

Figure 1. Sampling s~e locations for wet precipitation study.

Table I. Mean pH Value. in Bahia Blanca (1984-1985)

station mean pH SD no. of events range

1 7.1 0.5 85 5.9-8.1
2 7.1 0.4 42 6.4-8.0
3 7.2 0.4 36 6.4-8.0
4 7.1 0.5 31 6.1-8.3
5 7.1 0.6 52 5.8-8.2
6 7.0 0.6 23 5.3-8.1
7 6.5 0.6 45 5.0-7.6
8 6.6 0.4 6 5.9-7.2
9 6.5 0.6 16 5.3-7.6

10 7.0 0.5 26 6.0-8.4
11 6.8 0.6 24 5.2-8.0
12 6.9 0.6 9 5.8-7.8

WIND

DIRECTION

Experimental Methods
Rainwater was collected in clean, dried plastic buckets

located about 2.5 m above the surface. The collectors were
set up prior to the onset of a precipitation event, normally
less than 2 h before the event began. Samples were re
moved immediately after each event and stored in inert
plastic, screw-capped bottles, which had been thoroughly
cleaned and rinsed with twice-distilled water and then
dried (4). All pH measurements were made immediately
upon arrival at the laboratory. The time interval between
sampling and analysis varied from 1 to 10 h. The weekend
samples were analyzed on Monday. However, all samples
were stored at 4 ·C until they could be analyzed. The pH
was determined in a pH meter Metron-Merisan E 488 with
an E.A. 121 electrode. Standardization was made with
certified buffer solutions of pH 4.0 and pH 8.0.

Data
During the period April 1984 to April 1985, samples were

obtained from 85 rain events at 12 sites (Figure 1) dis
tributed in and around Bahia Blanca. Only site 1 has the
complete set of records (Table I). In the other stations,
the observers were volunteers, and they were not always
present at the site during the storm event. Besides the
pH data, information about air mass trajectory, type of
storm, and synoptic weather patterns were gathered from
the National Meteorological Service station at Bahia
Blanca Airport (site 8). Meteorological information was
also obtained from a station located on the coast of the
Bahia Blanca estuary (site 7).

Results and Discussion
The mean pH values and their standard deviations for

the 12 stations are presented in Table I. Mean pH for
individual sites ranged from 6.5 to 7.2. In all cases, the
mean values show nearly neutral conditions. Differences

Figure 3. Spatial distribution of the maximum precipitation pH event
(Nov 1, 1984).

Table II. Variation in Mean Precipitation pH in Station I
Related to Air Ma•• Approach Direction

air mass direction no. of events mean pH SD

S, SE, and E 26 6.8 0.4
W and SW 35 7.3 0.4
NW, N, and NE 24 7.2 0.5

among average pH values for the stations are not signif
icant. However, the spatial distribution of pH isolines
(Figure 2) shows a tongue of high-pH values that extends
from the northeast into the city. Low pH values are found
at the outskirts.

The maximum values for each site are above 7.2 and in
most cases are larger or equal to 8.0 (Table I), indicating
the presence of alkaline precipitation. Analyses of indi
vidual events that produced large pH values show that this
situation is normally associated with westerly winds
(northwest, west, and southwest) (Table 11). An analysis
of variance for the groups in Table II resulted in significant
differences among the means at p < 0.001.

The event of maximum pH for all the period was ob
served on November I, 1984 (5). The spatial distribution
of this episode (Figure 3) presents closed isolines with the
maximum value (8.4) at the southeast sector of the city.
The weather conditions that caused the rain were asso
ciated with a low-pressure center coming from the south
west, originating relatively strong winds (16-27 km/h) from
the northwest. Before reaching the city, those winds travel
over the "pampas" plain, whose soils are heavily affected
by eolic erosion.

The pampas plain soils are mainly composed of sand,
important amounts of CaCOa concretions ("tosca"), and
little organic matter (6), Chemical analysis of samples
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Table III. Comparison of Rainwater Cation Concentrations

taken by Balatti and Brevedan (7) during a I-year period
(1983, 107 events) at a station close to the study area and
associated to typical pampas soils provides average con
centrations of Ca2+, Mg2+, and K+. These values are about
1 order of magnitude larger than that observed for acid
rain (1,8) (Table III). Thus, the high values of pH ob
served for the area are most likely due to the carbonate
rich particulate matter transported by the wind. A similar
behavior is mentioned in studies related to alkaline
emissions to the atmosphere in the northeast U.S. (9).

The peak value close to downtown Bahia Blanca and the
concentric distribution of the isolines may be produced by
a city source of alkaline substances and/or geographical
conditions. To our knowledge, there is no such source
within the city; therefore, the first hypothesis may be
neglected. The distribution of maximum values of pH
closely resembles the mean pattern (Figure 2), since most
events resulted in alkaline values associated to similar wind
patterns. Figure 3 also presents a tongue coming from the
northeast into the city. This characteristic distribution
may be produced by the presence of a 76-m terrace that
occupies the north, northeast, and east borders of the city
(Figure 1). The terrace is constituted of sediments with
extremely high concentrations of CaC03 in form of toscas.
This material is rapidly eroded by the winds and trans
ported in suspension over the city. The flank of the terrace
enters in the city with a north-south strike following the
valley of the Naposta Creek.

This geomorphological structure most likely explains the
presence of the tongue because it may originate a sec
ondary flow toward downtown. However, the downtown
concentration may be due to the distribution of buildings
in the city. Bahia Blanca, as typical of most Latin Am
erican cities, has its highest buildings in the center of the
town. The effect of these buildings on the wind is to act
as a barrier, either producing the drop of suspended sub
stance or resulting in flow separation on their downstream
side. If this occurs, alkaline material may be concentrated
over the area shown as a maximum in Figure 3.

On the other hand, minimum pH values are in most
cases above 5.6, which is considered as the normal pH of
pure rainwater in equilibrium with atmospheric CO2, Only
stations 6, 7, 9, and 11 show minimum pH below 5.6 (Table
I). Those four sites are located in the southern sector of
the city, associated with the industrial park and the Bahia
Blanca estuary.

Analysis of storm events that produced minimum values
of pH for all stations indicates that the air masses ap
proached the city from the southeastern quadrant (south,
southeast, and east). In particular, the minimum pH
distribution observed on July 11, 1984 (5), is presented in
Figure 4. The event was originated by a typical storm that
approached from the southeast into the area. The pH
isolines are parallel to the wind direction and to the strike
of the terrace. The lowest values are found close to the
estuary, and they gradually increase toward the northeast.

In this case, two possible causes superimposed may have
caused the slightly acidic levels in the rain. First of all,
a maritime air mass advected over the continent may have
carried in suspension Cl- and Na+ ions injected to the
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figure 5. Average seasonal varlalion of preclpitalion pH In downtown
Bahia Blanca (sne 1) and Ingenlero Whne (sne 7). S = summer; A
= autumn; W = winter; Sp = spring.
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Figure 4. Spatial distribution of the minimum precipitation pH event
(July 11, 1984).

E2J BAHIA BLANCA

13 ING. WHITE

Conclusions

The mean pH of rain falling on different sites in and
around the Bahia Blanca area ranges from 6.5 to 7.2.
Lowest pH values are measured during the winter season.

atmosphere by ·spray· processes. Although SOl-, N03-,

and H+ ions are the major contributors to acid rain pH,
Cl- has an important responsibility and must also be
considered (10). On the other hand, the predominant
circulation may produce the dispersion of contaminants
from the industrial park over the south and southwest
sectors of the city.

The average seasonal variation for stations 1 and 7 are
shown in Figure 5. Station 1 was selected because it has
the complete record of events and it is localized in down
town Bahia Blanca. Station 7, adjacent to the harbor area
and the industrial park, exhibits the lowest pH values in
almost every event. In winter, both stations show the
lowest values of pH, but at station 7 the differences are
remarkable. About 56% of the precipitation events oc
curring during the winter season have approached from
the southeastern sector. This evidence reinforces the idea
that marine advection causes in part the reduction of
precipitation pH in the area. However, the particular
situation of station 7, which receives also low-precipitation
pH even with continental air mass trajectories, may in
dicate an incipient focus of contamination next to Bahia
Blanca.

conen at
Bahia Blanca,

mgJL (7)

2.614
0.479
0.750

conen at
Champaign, IL,

mgJL (8)

0.210
0.029
0.019

conen at
Pasadena, CA,

mgJL (1)

0.192
0.080
0.082

cation

Ca2+
Mg'+
K+
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However, most stations reported during the I-year study
pH values in excess of 7.6, indicating alkaline conditions.
We could not fmd a significant difference in the pH values
depending on the type of storm event. But the values of
pH are clearly related to the direction of the air mass
approach. The highest values of pH are observed under
the influence of continental air masses, which have traveled
over the pampas soil, thus introducing large amounts of
alkaline cations. The lowest pH values are obtained when
marine advection introduces high concentrations of sea
spray. Station 7, located close to the estuary and the
industrial park, exhibits the largest influence of sea spray
but also the presence of an incipient atmospheric con
tamination.
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A Ferrous Cysteine Based Recyclable Process for the Combined Removal of
NOx and 802 from Flue Gas

David K. Llu, Lawrence P. Frick, and Shlh-Ger Chang'

Applied Science Division, Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

• The use of a neutral or alkaline solution of ferrous
cysteine for the removal of NO in wet flue gas cleanup
systems is described. This system possesses several ad
vantages over the conventional Fe2+(EDTA)-type chelates.
Ferrous cysteine can be oxidized by residual O2in flue gas
to form inert ferric cysteine, in which rapid electron
transfer reaction occurs to regenerate Fe2+. The oxidation
product cystine can be conveniently converted back to
cysteine by a simple and potentially cost-effective method
using H~ and 802, thus making possible the recycling of
the reagents. The effects of pH, O2, 802, and various
additives on the absorption of NO by ferrous cysteine have
also been examined.

Introduction

Several wet flue gas simultaneous desulfurization and
denitrification processes using scrubbing liquors containing
various ferrous chelates have been developed and patented
in the last 15 years. These processes involve the addition
of ferrous aminocarboxylate complexes such as Fe2+
(EDTA) (EDTA " ethylenediaminetetraacetate) and
Fe2+(NTA) (NTA" nitrilotriacetate) to aqueous scrubbing
liquors to enhance the absorption of NO, via the formation
of ferrous nitrosyl complexes. The coordinated NO can
then react with dissolved 802and O2to produce N2, N20,
dithionate, sulfate, and various nitrogen--jjulfur compounds
(1-5). Some of the ferrous chelates are oxidized by residual
O2 in flue gas and by intermediates produced in the
scrubbing system to form ferric chelates, which are inactive
toward NO. Therefore, this type of process requires re
generation of scrubbing liquors by removing dithionate,
sulfate, and N-8 compounds from the solutions and re
duction of ferric chelates back to ferrous chelates. The
regeneration of scrubbing liquors and ferrous chelates

associated with these Fe2+(EDTA)- or Fe2+(NTA)-based
processes are very costly (6). Therefore, even though these
wet processes are very efficient in S02 and NO. removal
(more than 85% for NO. and 95% for 800, they have not
yet reached the commercial stage because they are un
competitive economically (1, 6).

More recently, results from our laboratory and others
have demonstrated that ferrous chelates of acetylacetonate
(2), citrate (2, 7), and aminopolyphosphonates (8) can also
promote the absorption of NO from flue gas. Mechanistic
studies of these systems revealed that a ferrous nitrosyl
complex is formed in each case. The reaction of the co
ordinated NO with dissolved O2and S02 would result in
the formation of undesirable products such as dithionate
and N-8 compounds, and the same drawbacks encoun
tered in the Fe2+CEDTA)-type processes are fully expected
here. .

We wish to report a recyclable process for the combined
removal of NO. and S02 from flue gas using ferrous cys
teine and alkalies. Employment of these new additives
creates different and simpler scrubber chemistry compared
to existing processes using Fe2+(EDTA)-type chelates. A
previous report from our laboratory has addressed some
of the chemistry involving ferrous cysteine and NO (9).
This paper will give a full account of the scrubber chem
istry involving ferrous cysteine, NO, 02, and 802and the
regeneration of cysteine for recycling in the scrubber
system.

Experimental Section

Materials. All reagents used in this study were of the
purest grade available commercially and were used as re
ceived. These include L-(+)-cysteine·HCl·H20 (MCB),
Fe(NH.MSO.)2-6H20 (Mallinckrodt), and Na2B.O,·10H20
(Baker) for the NO absorption experiments and ninhydrin
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back to Fe2+ that first led us to investigate the use of
ferrous cysteine as an additive for NO removal.

The absorption of NO by an alkaline ferrous cysteine
solution using a bench-scale gas scrubber has recently been
demonstrated in our laboratory (9). Infrared spectroscopic
and elemental analyses of the solid residue revealed that,
if the reaction was carried out at pH ~7, part of the NO
absorbed was bound to the ferrous chelate to form a di
nitrosyl complex with the empirical formula [Fe(CyS
SCy)(NOh]. The coordinated NO could be released when
the solid was subjected to heating (~155 ·C) or placed
under vacuum (:510.2 Torr). Gas-phase products were
determined by mass spectral analysis to contain N2and
N20. The latter could be produced from the reaction of
NO with ferrous cysteine and/or the thermal decompo
sition of NO in the reaction chamber. However, the same
reaction at pH ~8 yielded no nitrosyl complex; most of the
NO absorbed was reduced to N2 (9).

Variables Controlling NO Absorption by Ferrous
Cysteine. The important factors affecting the absorption
of NO by ferrous cysteine are the pH of the solution, the
amount of O2and S02 in flue gas, the ratio [CySH]f [Fe2+],
and the presence of different additives in the scrubbing
liquor. The effects of pH and O2on the NO absorption
capacity of a ferrous cysteine solution are shown in Figure
1. In the absence of 02' the number of moles of NO
absorbed per mole of Fe2+, nNO/nFe2+, reaches a maxi
mum between pH 8 and pH 10 (nNO/nFe2+ = 3.0) and
drops off rapidly when the solution becomes either acidic
(pH ~6) or strongly alkaline (pH ~12). When a gas mix
ture containing between 1 and 4% O2and 500 ppm NO
(typical concentrations for these components in flue gas)
was used, the amount of NO absorbed was reduced sig
nificantly compared to the cases with no O2present. The
decrease in nNO/nFe2+ is attributed to the rapid oxidation
of CySH to CySSCy by 02, catalyzed by the Fe2+ in solu
tion (17, 18).

The effects of several additives on the NO removal ef
ficiency of ferrous cysteine were examined, and the results
are summarized in Table I. Power plant flue gas typically
contains several thousand ppm S02 in addition to NO and
02' S02 is quite soluble in water and hydrolyzes to form

pH

Figure 1. NO absorption capacity of ferrous cysteine as a function
of pH. Reaction conditions were [FeH ] = 0.01 M, [CySH] = 0.04
M, [B,O,"j = 0.09 M, P." = 500 ppm, and T = 55 ·C.

vented. The reaction of ferrous cysteine with O2is sum
marized in eq 1. It is the ability of CySH to reduce Fe3+

Results and Discussion
The coordination chemistry of ferrous cysteine has been

the subject of many investigat:ons (12-16). It is generally
agreed that in weakly acidic solution a 1:1 complex is
formed, whereas as a 1:2 complex is the predominant
species in alkaline medium (12-14). Spectroscopic studies
(13,14) have indicated that cysteine (CySH) is bound to
iron through sulfur, nitrogen, and oxygen in the 1:1 com
plex while behaving as a bidentate S,N ligand in the 1:2
complex. Ferrous cysteine is easily oxidized in air, via the
formation of a short-lived violet intermediate (12), pre
sumably a ferric cysteine complex. Rapid intramolecular
electron transfer from the coordinated cysteine to Fe3+
results in the regeneration of Fe2+ and the formation of
cystine (CySSCy) (17, 18). Another advantage of the
ferrous cysteine system is that the formation of dithionate
from the reaction between Fe3+ and HS03' can be pre-

(Pierce), octanoic acid (Spectrum), sodium citrate di
hydrate (Baker), and sodium acetate trihydrate (Baker)
for amino acid analysis. Nitric oxide was obtained from
Matheson Co. as a mixture of 2.55% NO in N2with N02
impurity of less than 255 ppm.

NO Absorption Experiments. The absorption of NO
by ferrous cysteine was studied with a bench-scale gas
scrubber following a procedure described previously (9).
In a typical experiment, 0.2 L of a solution containing 0.01
M Fe(NH4h(S04h·6H20, 0.04 M cysteine·HCl·H20, and
0.18 M Na2B407·10H20 as buffer was placed in a Pyrex
reaction column (50-mm Ld. X 210 mm). The pH of the
solution was adjusted to the desired value by addition of
0.1 M NaOH or concentrated H2S04, and the reaction
temperature of the solution was maintained at 55 ·C. The
experiment was performed by bubbling a mixture of 2.55%
NO in N2, pure N2, and O2through the ferrous cysteine
solution at a flow rate of 0.65-0.80 L/min. The NO con
centration in the outlet gas was monitored by a Ther
moelectron Model14A chemiluminescent NO. analyzer.

Identification of Reaction Products. The identifi
cation of cysteine derivatives after the absorption of NO
by ferrous cysteine at pH ~ 10 was accomplished by ex
traction of the final brown slurry (~0.1 L) with 3.0 L of
dilute NaOH solution (pH 11), followed by amino acid
analysis of the light yellow filtrate. A Dionex 2010i ion
chromotrograph with a conductivity detector was used to
determine [N02'j and [N03']. Determination of iron
content was achieved by acidifying the slurry to pH 2.0,
followed by filtration to obtain a dark green solution. The
off-white residue was washed with more diluted H~04 (pH
2) and finally with H20. The iron content of the combined
fIltrate was determined by the 1,1o-phenanthroline method
(10). The off-white solid collected can then be suspended
in a pH 10.0 borate buffer and treated with H~/S02/0H'
as described below to recover cysteine for recycling.

Regeneration of Cysteine. A total of 0.2 L of a cystine
solution (0.04 M) buffered with sodium borate (0.05 M
Na+) at pH 10.0 was allowed to equilibrate at 60 ·C. H2S
and S02 (6.11 % in N2) were bubbled through the cystine
solution for 20 min at flow rates of 0.01 and 0.9 L/min,
respectively. Aliquots of the reaction mixture were taken
at designated time intervals and monitored by amino acid
analysis. The amino acid analyzer used was built in-house,
and the detailed procedure has been described previously
(11). Basically, cystine, cysteine, S-thiocysteine, and
cysteinesulfonate were separated by cation-exchange
chromatography and were detected by quantitative pho
tometric ninhydrin method. After the reaction had
reached equilibrium, the solution was neutralized to pH
~7 and tested for HS' by treatment with Fe2+.
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Figure 3. NO absorption capacity of ferrous cysteine as a function
of [Fe2+] and [CySH] at a fixed [CySH]/[Fe2+] ratio of 4. Reaction
cond~ions were [8,0,'-] =0.18 M, PNQ = 500 ppm, Po =4%, pH
9.5, and T = 55 ·C. '

Therefore, the exact ratio of CySH to Fe2+ to be used
would depend on whether NO removal efficiency of the
ferrous cysteine system is to be maximized with respect
to Fe2+ or CySH, Finally, the effect of increasing both
[Fe2+] and [CySH] at a fixed [CySH]/[Fe2+] ratio is shown
in Figure 3. When the concentrations of Fe2+ and CySH
were increased from 5 X 1O-a and 2 X 10-2M to 0.10 and
0.40 M, respectively, nNO/nFe2+ was lowered exponen
tially from 0.036 to 0.016. Therefore, it appears the effi
ciency of the ferrous cysteine system is higher at lower
reactant concentrations. The reason for this behavior is
unclear and will be the subject of further investigation.

NO removal efficiency of ferrous cysteine with respect
to Fe2+ can be maximized by using a high nCySH/nFe2+
ratio and by the addition of SOa2- to the reaction mixture.
For example, using a ferrous cysteine solution containing
0,1 M Fe2+, 1.0 M CySH, and 1.0 M SOl- at pH 8.0, we
have obtained nNO/nFe2+ = 0,18. On the contrary, the
NO removal efficiency based on CySH can be optimized
when a low nCySH/nFe2+ ratio is employed. Thus a value
of nNO/nCySH = 0.04 was obtained when a ferrous cys
teine solution containing 0.01 M Fe2+, 0.01 M CySH, and
0.05 M SOl- at pH 9.0 was used to absorb NO. As men
tioned above, the limiting factor for the ferrous cysteine
system appears to be the rate of oxidation of CySH to
CySSCy by O2 in the presence of Fe2+ catalyst (17, 18).
Recent results in our laboratory have demonstrated that
ferrous complexes of other SH-containing amino acids and
peptides such as ferrous penicillamine and ferrous gluta
thione are more resistant to O2and are substantially more
efficient than ferrous cysteine in the ausorption of NO
from simulated flue gas mixture containing both NO and
O2 (19).

Regeneration ofCySH from CySSCy and CySSOa-'
The solid residue collected after the absorption of NO by
ferrous cysteine in the absence of O2 has been shown to
be comprised of iron(II) / (III) hydroxide, cystine, and un
der certain conditions, a dinitrosyl complex with the em
pirical formula [Fe(CySSCy)(NO)2] (9). In this study,
where between 1 and 4% O2 was present, we could not
detect any metal nitrosyl complex in the solid residue by
infrared spectroscopy. Since only small amounts (6 ± 2%
of the NO absorbed) of N02- and no NOa- were detected
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Table I. Effects of Various Additives on NO Absorption
Capacity of Ferrous Cysteine"
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0.10 0.050 penicillamine 0.01 0.031
0.50 0.068 0.05 0.067
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1.00 0.080 z
c
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0.02
nNO/nFe2

+

"The concentrations of Fe'+ and CySH were 0.01 and 0.04 M,
respectively. The reaction was carried out at pH 9.5 (borate buff
er) and 55 ·C with a gas mixture of 500 ppm NO and 4% 0" and
the balance was N2.

10

'CYSH/Fe'·1

Figure 2. NO absorption capacity of ferrous cysteine as a function
of [CySH]/ [Fe2+]. Reaction conditions were [Fe2+] = 0.05 M,
[B,O,2+] = 0.18 M, PNQ = 500 ppm, Po = 4%, pH 9.5, and T= 55
DC. 2

primarily SOl- at pH >9. The effect of S02 on the NO
absorption capacity can therefore be studied by the ad
dition of SOl- to the ferrous cysteine solution. Addition
of SOl- to the scrubbing solution increases nNO/nFe2+,
up to a SOl- concentration of ~0.5 M. The SOl- additive
can improve the NO removal efficiency via two routes: (i)
by its reaction with O2to form SO.2-, and (ii) by its reaction
with CySSCy to form CySH and cysteinesulfonate (vide
infra). High concentrations of S20l- also appear to en
hance NO removal, whereas additives such as AJ3+ and
imidazole at the levels employed have little influence on
NO absorption by ferrous cysteine. In the case of peni
cillamine, or 13,13'-dimethylcysteine, the improvement can
be attributed to the presence of Fe2+(penicillamine)2
and/or Fe2+(penicillamine)(cysteine) in solution, in ad
dition to Fe2+(cysteine)2'

As mentioned earlier, residual O2in flue gas can oxidize
CySH to CySSCy rapidly in the presence of Fe2+ catalyst.
Therefore, the use of excess CySH should improve the
performance of ferrous cysteine. As shown in Figure 2,
increasing [CySH] at a fixed [Fe2+] increases nNO/nFe2+
from 0.01 at [CySHl/[Fe2+] =1 to 0.065 at [CySHl/[Fe2+]
= 16. However, the number of moles of NO absorbed per
mole of CySH, nNO/nCySH, decreases from 0.01 at
[CySH]/[Fe2+] = 1 to 0.004 at [CySH]/[Fe2+] >4.

0.08
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Figure 5. Concentration-time profile of the regeneration of CySH from
CySSCy at pH 10 and 60 ·C by the reaction of CySSCy first w~h H,S
and then with SO" followed by neutralization to pH ~ 7.
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1.0 Table II. Regeneration of CySH from CySSCy under
Various Conditions

CySH. CySS03-, CySSCy,
method' pH T, 'C % % %

0.8 I 10 60 59 17 15
II 10 60 36 3 58

0 III 10 60 90 5 4
IVa 10 60 85 8 6

CySSCy
IVb 10 80 84 10 6

0.6
IVc 12 60 84 6 5

0
c 'See text for description of experimental methods.

E
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H+ (95·/J
::; r ~
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::E
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Figure 4. Recovery of CySH as CySSCy and CySSO.- at various
[SO,'-I. Reaction conditions were [FeH ) = 0.1 M, [CySH] = 1.0
M, [B,O,'-] =0.2 M. PNO =500 ppm, Po =4%, pH 9.0, and T=
55 ·C. '

in the liquid phase by ion chromatography, most of the
NO absorbed was presumably reduced to NdN20. As a
result, minimal formation of nitrogen-sulfur compounds
is expected from the reaction between N02- and HS03
in the ferrous cysteine system. On the other hand >90%
of the iron was recovered as insoluble hydroxide~ in the
solid residue, of which ~80% was Fe(ll) and ~20% was
Fe(III) as determined by the 1,1O-phenanthroline method
(10). The mass balance for CySH in the reaction between
ferrous cysteine and NO/02was also studied. In the ab
sence of S032., all of the CySH was recovered as CySSCy,
as shown in Figure 4. However, if SOl' was present in
the scrubbing solution, cysteinesulfonate (CySS03') was
also form~d via the reaction of CySSCy with S032' (20),
as shown m eq 2. It appears that the decrease in [CyS-

CySSCy + SOl' '" CyS' + CySS03' (2)

SCy) and the increase in [CySS03') are linear with respect
to increasing [SOl'). In each case, 96:!: 2% of the CySH
can be recovered as a combination of CySSCy and CyS
S03'. It is clear from Figure 4 that unless high concen
trations (>0.5 M) of SOl' are present in the ferrous cys
teine system, most of the CySH would end up as CySSCy.
It is therefore necessary to convert CySSCy back to CySH
in order to make this process recyclable and cost effective.
Existing methods for converting CySSCy to CySH include
electroreduction and chemical (e.g., Na/NH3and Zn/HCI)
reductions. However, these methods require the use of
electric energy or expensive reagents and are not suitable
for large-scale applications in flue gas cleanup systems.
The recovery of CySH from CySS03' can in principle be
accomplished by the acid hydrolysis of CySS03' (eq 3).

w
CySS03' + H20 +== CySH + H2S04 (3)

However, this reaction proceeds extremely slowly, even

?pon boiling in concentrated HCI and the yield of CySH
IS low (21). In our search for a simple and potentially
cost-effective method for the regeneration of CySH from
CySSCyand CySS03', we have discovered that CySH can
be recovered from CySSCy/CySS03' in high yield, with
H2S (or sulfide/hydrogen sulfide ion) and S02 (or sui·
fite/bisulfite).

The regeneration of CySH from CySSCy was carried out
between pH 10 and pH 12 because of (i) the low solubility
of CySSCy in the pH range 2-8 (22) and (ii) the lack of
reacti?n between HS' and SOl' at pH 2':10 as reported by
!ie';lmsch (23). However, experiments in our laboratory
mdlCated that HS' and S032- do react slowly to form S20l'
at pH 10.0 and 60 'C. The results for the regeneration of
CySH from CySSCy are presented in Table II. When a
0.01 M CySSCy solution at pH 10.0 and 60 'C was allowed
to react first with 2.0 equiv of Na2S·9H20, followed by 3.0
equiv of Na2S03 (method I), the reaction reached equi
librium in ~30 min with 59% CySH, 17% CySS03', and
15% CySSCy in the reaction mixture. No HS' remained
in.the reaction mixture after neutralization to pH 7, as
eVIdenced by the absence of FeS precipitate upon addition
of the reaction mixture to a Fe2+ solution. This is attrib
uted to the reaction of HS' and HS03' to form S20l' (23).
The simultaneous addition of Na2S·9H20 and Na2S03 to
CySSCy solutions under the same conditions (method II)
yielded less CySH (36%), presumably due to the slow
reaction between HS' and S032. at pH 10.0 and 60 'C.

The best result was obtained from the reaction of CyS
SCy with H~ and then S02 at pH 10.0 and 60 'C (method
III). The concentrations of HS' and S032. resulting from
the hydrolysis of dissolved H2S and S02 were estimated
to be 0.04 and 0.22 M, respectively. In this case a 90%
yield of CySH was attained together with small ~ounts
of CySS03' and unreacted CySSCy. The yield of CySH
was increased to 95% upon neutralization of the reaction
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mixture to pH ~7. The concentration-time profile of this
reaction is shown in Figure 5. When H,S and SO, were
applied simultaneously under the same conditions (method
IVa), CySH was obtained in 85% yield. Again, the slightly
lower yield could be attributed to the slow reaction be
tween HS- and SOl- at 60°C.

The effects of temperature and pH on this CySH re
generation were examined. Raising the reaction temper
ature to 80°C did not affect the yield of CySH (method
IVb), although the equilibrium was achieved in ~15 min,
as opposed to ~30 min when the reaction was carried out
at 60°C. Finally, increasing the pH to 12.0 also had no
effect on the CySH yield (method IVc). The mechanism
for the conversion of CySSCy to CySH is summarized as

CySSCy + HS- <=' CySH + CySS- (4)

CySS- + HS- <=' CySH + S,'- (5)

CySS- + SOl- <=' CyS- + S,Ol- (6)

CySSCy + S03'- <=' CyS- + CySS03- (7)

CySS03- + HS- <=' CySH + S,Ol- (8)

where CySS- represent S-thiocysteine. Equations 4 and
5 were first reported by Rao and Gorin (24), and we have
recently completed a kinetic study of these reactions (I 1).
The reaction between CySSCy and S03'- (eq 2 and 7) is
also well established (20). Preliminary experiments in our
laboratory have provided evidence for eq 6 and 8, the latter
of which may provide an efficient method for converting
CySS03- to CySH. Therefore, the conversion of both
CySSCy and CySS03- to CySH is possible according to the
above procedure.

The overall reaction for the regeneration of CySH from
CySSCy using HS- and SOl- can be expressed as

CySSCy + HS- + S03'- <=' 2CyS- + S,Ol- + H+ (9)

In an acidic medium, thiosulfate decomposes to form
HS03- (and/or SO,) and colloidal sulfur, as shown in eq
10. By adding eq 9 and 10 and taking into account the

S,Ol- + W - HS03- + S~ (10)

equilibrium between SOl- and HS03-, we obtain the net
equation

CySSCy + HS- <=' 2CyS- + S~ + W (11)

Thus the only reagent consumed in the conversion of
CySSCy to CySH is HS-, and elemental sulfur is formed
as a product. The latter can be converted back to H,S by
reaction with H" which can be derived from CO and H,O
(water-gas shift reaction) (25). Therefore, in essence, the
reducing agent consumed in this CySH regeneration
scheme is CO, which can be easily obtained from the in
complete combustion of coal. It can be inferred from eq
11 that 1 mol of CO is required for the regeneration of 2
mol of cysteine.

Conclusions
We have demonstrated that ferrous cysteine can remove

NO in the presence of 0, and SOl- (from SO, dissolution).
This system possesses several advantages over the con
ventional Fe2+(EDTA).type chelates, including the sup
pression of dithionate and nitrogen-sulfur compound
formations. Cysteine is also capable of rapidly reducing
Fe3+ to Fe'+, thus prolonging the NO absorption process.
The oxidation product cystine can be conveniently con
verted back to cysteine by H,S/S02/0H-, making possible

the recycling of the reagents. Finally, the NO absorption
capacity of ferrous cysteine is slightly higher than that of
Fe2+(EDTA), in both the absence or presence of 0, (9).
Experiments are underway in our laboratory to study the
use of ferrous chelates of cysteine derivatives as well as
other thiol-containing ligands for the combined removal
of NO, and SO, from flue gas.
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Isolation and Detection of Genotoxic Components in a Black River Sediment
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• Unusually high levels of epidermal and liver cancer have
been observed in brown bullhead catfish taken from a river
in an industrialized area in Ohio. Four chemical class
fractions isolated from a sediment extract in this area were
analyzed by capillary column gas chromatography-mass
spectrometry and tested for mutagenicity in the Ames
assay and for induction of unscheduled DNA synthesis
(UDS) in primary rat hepatocytes. Significant UDS was
detected in two of these fractions, which contained high
levels of polycyclic aromatic compounds (PAC). Fur
thermore, all of the weight-normalized UDS of the total
crude extract was found to be in these two fractions. These
results indicate that the PAC-containing fractions account
for most of the genotoxic activity observed in this polluted
river sediment extract. Furthermore, our data indicate
that UDS was a more sensitive indicator of genotoxicity
than the Ames assay.

Introduction
The presence of polycyclic aromatic compounds (PAC)

in aquatic sediments presents a health hazard not only to
aquatic organisms but to other life that are eventually
exposed to these compounds. These compounds, which
originate from incomplete combustion of organic matter,
may accumulate in tissues, their metabolites may bind to
DNA, and they may ultimately cause mutations and/or
cancer.

Chemical class fractions of PAC-contaminated sedi
ments can be evaluated by relevant bioassays to determine
the contribution of PAC to the genotoxicity of the total
crude extract. Such analyses have been applied previously
to coal-derived materials (1-3). These procedures are also
applicable to PAC fractions isolated from environmental
samples, such as river sediments.

The observation of tumors in bottom-feeding fish is a
good indicator of the presence of environmental carcino
gens in the sediment (4). In several species of fish at a
variety of locations, cancer has been associated with PAC
pollution of the sediment (4, 5). One study in particular
(6) reported a high incidence (33%) of liver tumors for
brown bullhead catfish 3 years and older taken from the
Black River. Recently, it was concluded by microscopy
of liver sections that 84 % of these fish had precursor le
sions (7). These fish were caught in a heavily industralized
area near Lorain, OH, where the principal pollution source
was a coking plant used for the production of steel. No
tumors were found in the same species of fish taken from
nonpolluted waters. In the laboratory, hyperplasia and
neoplasia have been induced in brown bullhead catfish
painted weekly with a 5% solution of a PAC-containing
extract from a Buffalo River sediment (8, 9).

Observations in our laboratory using scanning electron
microscopy have shown that significant pathology of the
liver and gill results when young trout and catfish are
exposed to PAC-containing extracts from a Black River,
OH, sediment (10, 11). Although not entirely conclusive,
these studies suggest that PAC of complex organic extracts
of polluted river sediments may participate in causing
chemically induced neoplasms in fish. High levels of
polycyclic aromatic hydrocarbons (PAH), sulfur hetero
cycles, and nitrogen heterocycles have been found in the

sediment where the fish were caught (12, 13). Several
catfish samples were also found to contain high levels of
PAC (6, 13, 14); however, this was not the case for a larger
sample size (12). Significant levels of unscheduled DNA
synthesis (UDS) were observed in rat hepatocytes exposed
to PAC-containing fractions of the sediment extract (12).

The objective of this paper was to apply analytical and
short-term biological testing to verify the genotoxicity of
these fractions and to show that the other chemical class
fractions were not genotoxic. This was done by testing the
crude sediment extract and four chemical class fractions
for mutagenicity in the Ames assay and for induction of
UDS in primary rat hepatocytes.

Experimental Section

Sediment Analysis. Sediment from the Black River
(near Lorain, OH) was collected near the outfall of a coking
plant associated with a steel production facility. The
methods of extraction, fractionation, and analysis of the
sediment have been reported in detail previously (12).
Briefly, the dried sediment was ground to a powder and
extracted with benzene/methanol (3:2) and then with
methylene chloride. About 6 g of crude extract was ad
sorbed onto 100 g of neutral alumina, which was added to
the top of 150 g of neutral alumina packed in a 5 cm i.d.
glass column. Four chemical class fractions were obtained
by eluting sequentially with 300 mL of n-hexane (AI), 1300
mL of benzene (A2), 1600 mL of chloroform (A3), and 1000
mL of methanol (A4). This is an adaptation of the frac
tionation scheme developed for isolating PAC in synthetic
fuels by Later et al. (15). In that work, aliphatic hydro
carbons, PAH and sulfur heterocycles, nitrogen heterocy
cles, and hydroxylated PAH eluted in the AI-A4 fractions,
respectively. After fractionation, each fraction was
weighed, and appropriate portions of each were recom
bined to obtain a reconstituted crude. In addition, portions
of fractions A2 and A3 were recombined in their proper
ratio.

Chemical analysis of the four alumina fractions was
performed by gas chromatography and gas chromatogra
phy-mass spectrometry (GC-MS). The gas chromato
graphic column was a 22 m X 0.2 mm Ld. fused silica
capillary coated with SE-54. The chromatographic oven
was held at 50°C for 2 min and then programmed to 290
°C at 4 deg min-I. The carrier gas was hydrogen at a linear
velocity of 71 em S-I. Fraction A3 was also analyzed with
nitrogen-selective thermionic detection. The same column
was used except that helium was the carrier gas at 37 cm
S-I. GC-MS was accomplished by use of a fused silica
column (15 m X 0.3 mm i.d.) with helium carrier gas. PAC
identifications were verified by comparison of mass spectra
and retention indexes of mixture components with those
of authentic standards. The concentrations of selected
components were determined by GC peak area measure
ments.

Genotoxicity Testing. The crude extract, each of the
four alumina fractions, and the two recombined fractions
were evaluated for genotoxicity by the Ames assay with
metabolic activation and by unscheduled DNA synthesis
in rat hepatocytes. Stock solutions of the test mixtures
were prepared by dissolving each in dimethyl sulfoxide
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Table I. Weight Percent Distribution of Organic
Compounds Extracted from a Black River Sediment and
Fractionated into Chemical Classes by Neutral Alumina
Adsorption Chromatography
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Figure 2. Capillary column gas chromatogram of the nitrogen het
erocycle fraction of a Black River sediment extract wnh nitrogen-sa
lectlve thermionic detection. See text for chromatographic conditions.

19% elemental sulfur, as determined by the method of
Blumer (20). As reported previously (12), the A2 fraction
of the Black River sediment extract contained a complex
mixture of PAH and sulfur heterocycles. The gas chro
matographic analysis of this sample is shown in Figure 1.
This fraction contained PAH ranging from naphthalene
to dibenzopyrene, and also contained three-, four-, and
five-ring sulfur heterocycles. The concentrations of in
dividual PAH reached as high as 792 !Lg (g of dry sedi
menWI (phenanthrene). Table II lists the concentrations
of compounds as determined by gas chromatography.
Figure 1 and Table II show that essentially all of the
components of fraction A2 are PAH or sulfur-containing
PAH.

The A3 fraction contained a number of secondary and
tertiary nitrogen heterocycles containing up to five rings,
as well as a large amount of non-PAC 'material that eluted

170 230
TEMPERATURE (Oc)

figure 1. Capillary column gas chromatogram of the polycyclic aro
matic hydrocarbon fraction of a Black River sediment extract. See
text for chromatographic condnions.

50

(DMSO) at a concentration of 10 mg mL-' . The Ames
assay was performed as described by Ames et al. (16) with
some modifications: instead of 30 mL of medium per dish,
20 mL were used; instead of 2 mL of top agar, 4 mL were
used. These modifications seem to give a more even dis
tribution of the top agar on the plates. The tester strain
Salmonella typhimurium TA98 was provided by Dr. Bruce
Ames, Berkeley, CA. Only TA98 was used because we have
demonstrated previously (17) that TA98 generally re
sponds most favorably to PAC compared to other Sal
monella strains. Aroclor 1254 induced S9 rat liver hom
ogenate (Litton Bionetics, Kensington, MD) was used for
all tests at 0.04 mL of S9 per mL of S9 buffer. The mix
tures described above were tested at concentrations be
tween 1.0 and 100.0 !Lg plate-I. Dose levels up to 100
~/plate-I seem to be adequate in determining genotoxicity
since PAC above 10 !Lg plate-I were often toxic. A positive
control, 2-acetarnidofluorene (2-AAF), and a solvent con
trol were included. The number of revertants per plate
was determined by direct counting. Correlation coeffi
cients were determined on the linear portion of each curve
because of the inherent toxicity of PAC complex mixtures.

UDS was measured in primary hepatocytes of male
Fisher-344 rats (Charles River Breeding Laboratories, Inc.,
Wilmington, MA) that were 7-9 weeks old and weighed
170-190 g. Animals were housed in stainless steel hanging
cages and given Rodent Blox (Wayne Research Animal
Diets, Chicago, IL) and water ad libitum in a constant
photoperiod of alternating 12-h periods of light and
darkness. The liver cultures were obtained as described
by Williams (18). This included a two-step liver perfusion
with 0.5 M ethylene glycol bis(,B-aminoethyl ether)-N,
N,N',N'-tetraacetic acid (EGTA) in Hank's balanced salt
solution followed by perfusion with 100 units mL-I of
collagenase (type I, Sigma Chemical Co., St. Louis, MO)
in Williams' medium E (Flow Laboratories, Inc., McLean,
VA). The liver cells were isolated, their viability was de
termined by trypan blue exclusion, and 4 X IOS hepatocytes
were seeded into 4 mL of Williams' medium E supple
mented with fetal hovine serum (10%). After a 90-min
attachment period, the cell cultures were washed and in
cubated for 18 h in 2 mL of Williams' medium E con
taining 10 !LCi mL-I of [3H]thymidine (New England Nu
clear, Boston, MA) and the test mixture. After incubation,
the cells were washed, fixed, and prepared for autoradi
ography. Each culture was dipped in Kodak NTB-2
emulsion, which was previously diluted 1:1 with water,
dried, and placed in a light tight box with desiccant for
10 days at -15 °C. After exposure, the emulsion was de
veloped in D-19 developer, fixed, and washed. Finally, the
cells were stained with methyl green pyronin Y for 25 s.
The highest concentration of DMSO in the cell media was
1%. Negative solvent and media controls were included,
as well as a positive control dimethylnitrosamine (DMN).
Thirty cells per slide and three slides per concentration
were scored for UDS by automatic grain counting as de
scribed hy Mirsalis et al. (19). The number of net grains
(NG) was determined by counting the silver grains over
the nucleus minus the highest of two nuclear sized areas
over the cytoplasm. A cell with more than 5 NG was
considered in repair.

Results and Discussion
The crude extract of the Black River sediment was

found to be 1.35% by weight of the dried sediment. Table
I summarizes the weight distribution of the extract in the
four fractions obtained from the alumina column. The Al
fraction was the largest fraction by weight, and it consisted
of a complex mixture of aliphatic hydrocarbons with about
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"Peak numbers correspond to those in Figure 2.

Table III. Concentrationa of Nitrogen-Containing
Polycyclic Aromatic Compounds in Fraction A3 Isolated
from a Black River Sediment

Table IV. Microbial Mutagenicity (Ames Assay) of
Chemical Cia•• Fraction. holated on Neutral Alumina
from a Black River Sediment Extract"

'Salmonella typhimurium TA98 with 89. Solvent control: 40 ±
8 revertants plate-to Positive control (2-AAF): 658 ± 112 rever
tants/11/Lg plate-I. 'Linear regression analysis for data points of
I, 2, 5, and 10 /Lg plate-I. 'Linear regression analysis for data
points of 2, 5, 10, 50, and 100 /Lg plate-I.

0.81 0.16
1.9 0.37
0.34 0.07
7.5 1.49
2.1 0.41
0.63 0.13
0.53 0.11
1.6 0.32
1.6 0.31
0.62 0.12
1.2 0.24
2.5 0.50
1.2 0.24
1.2 0.23
2.5 0.50

26.2 5.2

% of
'fa total

of A3 extract

0.93b

0.97b

0.94'
0.95b

0.97

linear correlation
coefficient

4.74
3.51
0_29
5.31
0.38

revertants /Lg-'

A2
A3
A4
A(2,3)
A(I-4)

fraction

peak
00.(1 compound

1 benzo[h]quinoline
2 acridine
3 benzo[fJquinoline, phenanthridine
4 carbazole
5 C, benzOQuinoline, C, carbazole
6 2-azafluoranthene
7 7-azafluoranthene
8 1- or 4-azapyrene
9 benzo[def]carbazole

10 C, azafluoranthene/azapyrene
11 benz[a]acridine
12 11H-benzo[alcarbazole
13 5H-benzo[b)carbazole
14 7H-benzo[clcarbazole
15 MW 253

total

ever, there were none detected in the A4 fraction of the
sediment extract.

The four fractions isolated from the alumina column and
the two recombined fractions had very low responses in
the Ames assay..The highest response obtained was for
the A3 fraction (96 revertants at 100 ~ plate-I). Fur
thermore, there was not a good linear correlation over the
entire concentration range. Table IV gives the mutagen
icity for the positive fractions over the most linear portion
of the dose-response curve. The original extract and the
Al fraction were similar in mutagenicity compared to the
spontaneous revertant background level of the solvent
control. The same stock solutions used for Ames testing
were also used for induction of DNA repair in primary rat
hepatocytes. The fractions were tested at concentrations
representative of their weight percent contributions to the
total crude extract; the crude was tested at 0.10 mg mL-I.
Al at 0.038 mg mL-I, A2 at 0.033 mg mL-I, A3 at 0.021 mg
mL-l, A4 at 0.010 mg mL-l, A(2,3) at 0.54 mg mL-I, and
A(l-4) at 0.10 mg mL-l (see Table I). Each fraction was
also tested at half the first concentration to verify a dose
response for the assay. The dose-response range for this
assay was small (essentially no UDS at concentrations
below 0.010 mg mL-1 and toxicity at concentrations greater
than 0.1 mg mL-l). Table V gives the results of the assay
in terms of NG per nucleus and percent of cells in repair.
The media and DMSO controls were negative, and the
positive control DMN gave the expected positive response.
Cloudiness was observed in the cell media when the test

Table II. Concentration. of Polycyclic Aromatic Compound. in
Fraction A2 Isolated from a Black River Sediment

% of
peak % total
no.a compound of A2 extract

1 naphthalene 1.3 0.39
2 2-methylnaphthalene 1.1 0.33
3 3-methylnaphthalene 0.55 0.17
4 biphenyl 0.46 0.14
5 C, naphthalene 1.9 0.58
6 acenaphthylene 1.5 0.46
7 acenaphthene 1.3 0.40
8 dibenzofuran 2.3 0.72
9 fluorene 4.2 1.31

10 C, dibenzofuran 1.9 0.60
11 C1 fluorene 1.2 0.38
12 dibenzothiophene 0.84 0.26
13 phenanthrene 18.0 5.60
14 anthracene 3.0 0.92
15 C, dibenzothiophene 0.43 0.13
16 3-methylphenanthrene 0.88 0.27
17 2·methylphenanthrene 1.0 0.32
18 4H-cydopenta[deflphenanthrene 1.8 0.56
19 I-methylphenanthrene 0.53 0.16
20 2-phenylnaphthalene 0.68 0.21
21 fluoranthene 11.4 3.55
22 acephenanthrylene 1.1 0.33
23 phenanthro[4,5-bcd]thiophene 0.31 0.10
24 pyrene 7.7 2.39
25 MW218 1.8 0.54
26 benzola]fluorene 1.3 0.39
27 benzolb]fluorene 1.7 0.53
28 C1 fluoranthene, C1 acephenanthrylene, C1 1.2 0.37

pyrene
29 benzo(b]naphtho[2,I-d]thiophene 0.51 0.16
30 benzo(ghi]fluoranthene 0.43 0.13
31 benzo(c]phenanthrene 0.46 0.14
32 benzo[b]naphtbo[I,2-d]thiophene 0.24 0.07
33 benzo(b)naphtho(2,3-d]thiophene 0.10 0.03
34 cydopenta[cd]pyrene 0.31 0.10
35 benz[a]anthracene 3.0 0.92
36 cbrysene, triphenylene 3.0 0.92
37 Ct benz[o]anthracene, Ct cbrysone, C, 1.3 0.39

triphenylene
38 MW240 0.77 0.24
39 benzolb]fluoranthene, benzo[;lfluoranthene 3.2 0.99
40 benzo[k]fluoranthene 1.2 0.36
41 MW252 0.44 0.14
42 benzo(e]pyrene 1.6 0.50
43 benzo[oJpyrene 3.0 0.92
44 perylene 0.88 0.21
45 dibenzofluorene 0.25 0.08
46 MW264 0_30 0.09
47 indeno[I,2,3-cd]pyrene 1.0 0.32
48 dibenz[0,1>]anthracene 0_17 0.05
49 benzo[ghi)perylene 1.1 0_35
50 dibenzo[def,mno]cbrysone 0.33 0_10
51 MW302 0.34 0.11

total 94.7 29.4

a Peak numbers correspond to those in Figure 1.

with the chloroform. Figure 2 is the gas chromatogram
of this fraction with nitrogen-selective detection. Table
III lists the concentrations of nitrogen heterocycles iden
tified. In contrast to fraction A2, PAC of fraction A3 made
up only 26 % of the fraction. However, essentially all of
the components containing nitrogen were nitrogen heter
ocycles. One might expect quinoline to be present in the
pool of PAC associated with fossil fuels. However quin
oline is very water soluble (6 gj100 mL = 60000 ppm) and
would not be expected to stay in sediments that are con
tinuously "extracted" with water in aquatic ecosystems.
Moreover, we have never detected quinoline in analytical
investigations of river sediments (21).

The A4 fraction was the smallest by weight and con
tained a mixture of poJar non-PAC compounds. For fossil
fuels, the hydroxylated PAH elute in this fraction, how-
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Table V. Induction of Unscheduled DNA Synthesis in Rat
Hepatocytes by Chemical Class Fractions from a Black
River Sediment Extract

test mixture conen. mg mL-l NG: SEa % IR: SE'

crude extract 0.10 16.0: 12.0 70: 23
0.050 11.8: 5.8 66: 32

fraction Al 0.038 -14.9: 3.5 0
0.019 -14.2: 3.2 0

fraction A2 0.033 16.6: 8.0 67: 32
0.017 11.8: 4.1 69: 16

fraction A3 0.021 8.5: 6.6 53: 41
0.011 -6.3: 1.1 4:5

fraction A4 0.010 -0.3: 6.3 26: 33
0.005 -7.3: 0.6 0

fraction A(2,3) 0.054 28.3: 6.3 93: 0
0.027 1.9: 4.0 32: 33

fraction A(l-4) 0.10 17.5: 11.6 73: 33
0.050 1.3: 5.2 30: 42

DMN 10mM 37.9: 6.8 96: 5
control (DMSO) 1% -17.4: 5.6 2:4
control (media) -13.3: 1.6 3:3

aStandard error (SE) represents slide-to-slide variation for three
slides at each concentration, 30 cells counted per slide. bpercent
in repair (IR) is defined as those cells with ~ 5 NG.

mixtures were added, indicating incomplete solubility. The
cell viability in these experiments ranged from 55 to 75%.
The Al fraction was negative both in terms of NG and
percent of cells in repair. The A2 and A3 fractions induced
UDS in metabolically competent rat hepatocytes. Fur
thermore, essentially all of the genotoxicity of the crude
extract was accounted for in these two fractions, with the
greater activity due to the PAH fraction (A2). The A4
fraction did not yield a positive number of NG, although
there was a significant number of cells in repair.

The indication of major UDS activity in fractions A2 and
A3 was confirmed by the number of NG counted in the
recombined A(2,3) fraction. The activity of this fraction
was slightly greater than that for the total crude extract.
The nearly identical response of the recombined fraction
A(1-4) with the original crude extract indicates that the
genotoxic activity was not lost during the fractionation.

In this study, we found that the induction of UDS was
a more sensitive indicator of genotoxicity than was the
standard Ames assay. This is not surprising since a study
by Holland et al. (3) showed that complex mixtures of PAC
from coal liquids did not give correlative results when
tested by the Ames test and for skin tumorigenesis. The
Ames assay was chosen initially because of its rapidity and
relative ease of use. It was used previously to investigate
the mutagenicity of sediment extracts and fractions ob
tained by acid-base extraction and silica gel column
chromatography (22). In this previous work, mutagenicity
was greatest in the neutral fraction in which several PAH
were found. In another study, the mutagenicity of a sed
iment extract was thought to be due more to unidentified
polar organic material than PAH (23). In our work, the
Ames test did not indicate that any of the fractions were
strongly mutagenic. However, the highest activity was
found in the two PAC-containing fractions. It has been
suggested that crude oil mixtures require increased
amounts of S9 over standard assay conditions in order to
obtain an optimal response of mutagens present in the
mixture (24), which may be a factor in the low activity
observed in the PAC-containing fractions. In addition, the
effect of toxicity to the activity of these fractions is not
known. Therefore, UDS in hepatocytes was measured in
order to determine genotoxity with greater sensitivity.
Ideally, it would have been best to demonstrate UDS in

primary catfish hepatocytes exposed to the individual
fractions in vivo. However, recent work to adapt the UDS
assay to aquatic organisms suggests that due to a lower
DNA excision repair capacity of aquatic organisms the
assay is not very sensitive (25,26) and that modifications
are necessary to enhance grain production (27). This im
plies that it is difficult to measure UDS in fish because
fish cannot rapidly repair the lesions, which also indicates
that they may be in greater danger than a mammal under
similar exposure conditions (28).

Since fish metabolize PAH carcinogens by pathways
similar to mammals (29), significant information con
cerning the genotoxicity of these fractions can be obtained
from UDS determined in rat hepatocytes. A feature of this
assay is that it offers the advantage of looking at geno
toxicity in the target cell. The positive UDS response of
the PAR fraction isolated from the Black River sediment
extract is consistent with previous studies of UDS of
complex mixtures of PAC that are carcinogenic. Several
complex mixtures containing PAC have been shown to
induce UDS (30,31). One sample, the methylene chloride
extract of a coke oven emission, which may contain PAC
similar to the compounds identified in this study, produced
65.2 NG at 0.1 mg mL-1. Furthermore, a tumor-initiation
study of the alumina column fractions of a solvent refined
coal has shown that the PAH fraction accounts for most
of the tumorigenic activity (32). Two known carcinogens,
benzo[a]pyrene and benz[a)anthracene, were present in
fraction A2 at a concentration of 11'g mL-1. On the basis
of UDS results of these standard compounds (33), it ap
pears that they contribute some, but not all, of the activity
of the entire fraction. In addition, benzo[b)fluoranthene,
a known potent carcinogen (34), was also present in about
the same concentration. The complex interactions of the
many polycyclic aromatic hydrocarbons make it virtually
impossible to assign genotoxicity to just one or two com
ponents. While it is clear that the genotoxicity of the A2
fraction is a result of the PAC present, the exact contri
bution to genotoxity of the nitrogen-containing PAC is not
as clear because of many non-PAC that coelute in fraction
A3.
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CORRESPONDENCE

Literature Cited

WLs sediments of 1.08 ± 0.53 p.g/(m2.yr) is found, with
a range of 0.25--1.75 p.g/ (m2.yr). This is only ",60% of the
1.9 ± 1.1p.g/(m2.yr) they used for those lakes.

Also, the mean total flux of PCBs to the four WLs differs
by as much as a factor of 4 (a factor of 8 in the 51-year
means). This casts doubt on the assumption of uniformity
of atmospheric inputs, or it is a reflection of errors in
correcting for sediment focusing in the WLs.

(3) In applying the WLs results to LM, Swackhamer and
Armstron.g assume that the meteorological, climatological,
hydrological, and hydrodynamic environment of LM
(58000 km2; 5000 km3) is the same as that of the WLs
(~.1-3 km2; 0.001-<l.03 km3). But there are significant
~Ifferences that need to be taken into account. In par
ticular, the Great Lakes with their large surface area and
v~ry large heat capacity significantly affect the regional
climatology and local meteorology (2-4). This should affect
atmospheric inputs to them compared to smaller lakes.
For instance, the ice cover on LM, averaged over the 4
months of the typical ice season, is only 19% (5). The
higher average wind speeds and the unstable atmospheric
conditions over LM during this time, caused by the water
being warmer than the air, should enhance dry deposition
and vapor exchange with the atmosphere. In contrast, the
WLs are completely frozen over and isolated from the
atmosphere during the winter.

Also, to the extent that wind speeds affect the exchange
of PCBs between air and water, the PCB exchange should
be lower with the more sheltered WI lakes due to lower
wind speeds and shorter fetches, than with LM.

(4) Swackhamer and Armstrong assumed that the PCB
inputs/m2 from the atmosphere to LM were the same as
to the WLs. However, the Milwaukee-Chicago-Gary ur
ban/industrial area is along the southwest shore of LM.
Air concentrations of PCBs in Chicago, IL (6), Madison,
WI (7), and Minneapolis, MN (8), are all a factor of 5 or
more above the concentrations measured over LM (7).
This is in agreement with literature reviews that indicate
that PCB concentrations are a factor of 10 higher in urban
areas than in rural areas (9). Precipitation inputs of PCBs
are also higher in Chicago than in the more remote
northern regions of Lakes Michigan and Huron. PCB
~ncentrationsdetermined in event wet-only rain samples
In 1979-1980 averaged 75 ng/L in Chicago (41°55' N) (6).
I\;Io?thl~ integr~ted wet-only samples collected during a
Similar time period averaged 12 ng/L at Point Betsie MI
(44°41' N), and 45 ng/L at Waukegan, IL (42°42' N): In
addition, 32 wet-only event rain samples collected during
1977-1978 at Whitestone Point (44°06' N) on Saginaw Bay
along Lake Huron averaged only 13 ng/L (lO, 11).

The legitimacy of the conclusions in a modeling paper
such as this is very dependent on the soundness of the
assumptions made. And the important assumptions need
to be thoroughly justified. To me, the lack of justification
and reasonableness of some of the assumptions made in
this paper severely limits the validity of the conclusions
reached.

Comment on "Estimation of the
Atmospheric and Nonatmospherlc
Contributions and Losses of
Polychlorinated Biphenyls for Lake
Michigan on the Basis of Sediment
Records of Remote Lakes"

sm: Swackhamer and Annstrong (I) recently estimated
the magnitude and the relative importance of the different
sources .and sinks of polychlorinated biphenyls (PCBs) in
Lake Michigan (LM). To distinguish between atmospheric
and nonatmospheric sources of PCBs, they used an at
mospheric deposition model calibrated on several small
Wisconsin lakes (WLs) whose only known source of PCBs
is the atmosphere. Estimates of the total inputs to all of
the lakes were based on the accumulations in the sedi
ments. Their conclusions are based on a number of as
sumptions. I would like to discuss four of their assump
tions.

(1) The atmospheric deposition model calibrated on the
WLs indicates that 75% of the PCBs that enter from the
atmosphere evaporate and only 25% accumulate in the
sediments. Swackhamer and Armstrong applied the same
ratio of evaporation to accumulation to LM. Thus, the 1.9
p.g/(m2.yr) of the PCBs accumulated in the sediments of
LM, which they assume came from the atmosphere im
plies a loading of 7.5 p.g/(m2.yr) from the atmosphere.
Ho:vever, in determining the loading of nonatmospherically
derived PCBs to LM, they assume with no explanation
that none of these PCBs evaporate! Thus the sediment
a~umulation,5;7 p.g/(m2:yr), equals the lake loading from
thiS source. ThiS results In the atmospheric loading being
57-ii7% of the total loading. However, if one assumes that
PCBs from all sources have similar tendencies to evapo
r~te, only 25% ~ow comes from the atmosphere-a big
dlff.erence. Their assumption that nonatmospherically
derived PCBs behave very differently in the lake than
atJ:~ospheric~llyderived PCBs do has a major effect on
their conclUSIOns and needs to be justified.

Also, if the atmospheric contribution to the sediment
accumulation in LM is closer to 1.08p.g/(m2.yr), see below,
then the atmosphere may contribute only ",16% of the
total lake loading.

(2) There is abundant evidence that PCB inputs to the
en,vironment.have increased over time, at least through the
mld-1970s, since they were first manufactured in the late
19208. The sediment data presented by Swackhamer and
Annstr?ng support these fmdings. However, in calculating
the sediment fluxes of PCBs, Swackhamer and Armstrong
averaged the accumulations found in the sediments in
Lake Michigan over 51 years (1930-1980). But the average
accumulations found in the WLs were based on an average
of only the last 30 years. By averaging the sediment ac
cumulations in LM over an additional 20 years of much
lower accumulations, the average flux to the 1M sediments
is lowered. If their assumption is true that atmospheric
inputs to LM have been the same as to the WLs, then the
PCB accumulations found in the WLs should also be di-
vided by 51 years. If this is done, an average flux to the
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DePaul University
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SIR: Murphy questions assumptions made in our es
timations of the atmospheric and nonatmospheric con
tributions of PCBs to Lake Michigan (1). Although we
explained our assumptions at some length, we are happy
to provide further clarification.

Murphy argues that we assumed PCBs from nonat
mospheric sources do not evaporate and that this as
sumption leads to an overestimate of the fraction of the
PCB loading to Lake Michigan derived from nonatmos
pheric sources. However, we did not make this assump
tion. Clearly, PCBs from nonatmospheric sources are also
subject to volatilization. We chose to use the calculated
loss to the atmosphere from remote lakes as a conservative
estimate of the corresponding loss from Lake Michigan.
We did not feel that alternative assumptions, such as
Murphy's suggestion that loss to the atmosphere is directly
proportional to loading, were justified. Importantly, our
estimate of the nonatmospheric loading to Lake Michigan
was presented as the net rather than the total value, rep
resenting the amount remaining (in the lake sediments)
after losses by volatilization or other processes. As a point
of further clarification, we did not obtain the atmospheric
loading (7.5 /lg m-2 yr-!) on the basis of a ratio of evapo
ration to sediment accumulation of PCBs, as indicated by
Murphy. The atmospheric loading was obtained from a
separate investigation (2). We measured sediment accu
mulation of PCBs in remote lakes and calculated loss to
the atmosphere as the difference between atmospheric
loading and sediment accumulation of PCBs.

Our use of different periods of time for the remote lakes
and Lake Michigan in calculating average sediment fluxes
of PCBs was also questioned. Fluxes were averaged over
the periods for which PCBs were detectable in the sedi
ments. This time interval was longer in Lake Michigan
than in the remote lakes. We believe it would be erroneous
to use a time period other than the period over which
PCBs were actually deposited. In contrast to Murphy's

conclusion, we believe PCBs could have been delivered to
Lake Michigan earlier than to the remote lakes, i.e., from
nonatmospheric sources. As discussed previously (1), the
range in sediment fluxes of PCBs in the remote lakes
probably reflects uncertainties in time resolution (sec
tioning sediment cores and calculating sedimentation
rates), measurement of low PCB concentrations, and
sediment focusing. We did not attempt to correct for
differences in sec'.nent focusing among remote lakes.
Were sediment focusing occurring in the remote lakes, the
difference between the remote lakes and Lake Michigan
would be even greater, making our estimates conservative.

We share Murphy's concern regarding meteorological
and physical differences between Lake Michigan and the
remote lakes and acknowledged this limitation (1). In the
absence of a pristine lake identical in size and climate with
Lake Michigan, the remote lakes served as a useful first
approximation. The suitability of the remote lakes is
supported by data from Lake Superior. Lake Superior
receives approximately 80% of its PCBs through atmos
pheric input (3, 4). The average sediment PCB flux in
Lake Superior is estimated to be 4 /lg m-2 yr-! (4), which
makes the atmospheric contribution similar to the flux for
the remote lakes (1). Furthermore, sediment PCB cogener
fluxes in Siskiwit Lake on Isle Royale in Lake Superior
are similar to those of Lake Superior, even though Siskiwit
Lake is ice-covered during winter months (5). Two factors
may account for the agreement in fluxes: (1) although
possibly enhanced by high wind speeds, dry deposition is
not the dominant process involved in transport of at·
mospheric PCBs to lakes (2), and (2) during winter, vapor
exchange from ice-free lakes may be reduced through the
influence of low surface water and air temperatures on
Henry's Law constants. In fact, Murphy (6) suggests this
temperature effect in a recent publication.

Our assumption that atmospheric inputs per unit area
are similar for Lake Michigan and the remote lakes is
supported by air and rain measurements, including data
cited by Murphy. Air concentrations of PCBs over the
open waters of Lake Michigan (7), Wisconsin remote sites
(8), and Lake Superior (4) are similar. As we stated pre
viously (1), concentrations in air and rain are higher in
urbanized areas in localized regions along the southern
shores of Lake Michigan, possibly resulting in higher at
mospheric inputs of PCBs to Lake Michigan than to the
remote lakes. However, the major portion of the Lake's
surface is apparently influenced by air concentrations
similar to those in remote areas.

We reemphasize that assumptions made in comparing
Lake Michigan and the remote lakes will lead to some
uncertainty in the calculated fluxes. We encourage con
tinued examination of the air-water transfer processes to
improve the reliability of flux estimates. However, we
believe the comparison clearly shows the loss of PCBs from
the lake to the atmosphere is significant and that atmos
pheric and net nonatmospheric inputs of PCBs to Lake
Michigan have been of similar magnitude.
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Comment on "Reaction Products and
Rates of Disappearance of Simple
Bromoalkanes, 1,2-Dibromopropane, and
1,2-Dibromoethane In Water"

SIR: A recent article in this journal by T. M. Vogel and
M. Reinhard (1) concerned itself with the disappearance,
rates, and reaction products of mono- and dibromoalkanes
in water. One conclusion of this article was that l,2-di
bromoethane (EDS) degraded to the bromoalkane vinyl
bromide as a "main product" causing them to conclude
that "...dehydrobromination is the most significant deg
radation mechanism for alkanes with two bromines in
vicinal position, although substitution cannot be ruled out
from the data due to analytical limitations". Since the
authors did not specify at what EDS concentrations their
studies were performed, it is impossible to put such ob
servations in perspective with those of ours (2) and
Jungclaus and Cohen (3). We have shown that, in natural
groundwaters, ethylene glycol and bromide ions account
for nearly all the degradation of EDS when studies are
done at EDS concentrations that have been observed in
groundwater (2; 10-100 /lg/L). Vogel and Reinhard (1)
did not look for water-soluble products but concentrated
their effors on pentane-soluble ones.

When your readers consider the relative mammalian
toxicities of ethylene glycol and vinyl bromide, it is im
portant for them to know that the more innocuous
ethylene glycol accounts for nearly all the degradation of
EDS in groundwaters.

Registry No. EDB, 106-93-4; BrCH,CHBrCHs, 78-75-1.
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SIR: Weintraub et aJ. (1) and Jungclaus and Cohen (2)
report that 1,2-dibromoethane (EDS) hydrolyzes in
aqueous buffers to form ethylene glycol as the primary
product. Recent data obtained in this laboratory are
consistent with this finding (3). In addition, Vogel and
Reinhard (4), Jungclaus and Cohen (2), and recently Haag
and Mill (5) have found vinyl bromide as a product of EDS
decomposition in water. Haag and Mill (5) have found
degradation via elimination to be 9 times slower than
hydrolysis. Although ethylene glycol is quantitatively the
major product of aqueous EDS degradation, vinyl bromide
may be the more significant product because of its elevated
toxicity.

We specified that the initial EDS concentrations in our
studies were 10 mg/L (4). However, product distribution
is not expected to change with the initial concentration
since the rates of both elimination and hydrolysis are first
order with respect to organic reactant. Degradation of 100
/lg/L EDS (the upper limit in groundwater quoted by
Moye and Weintraub) in water may react to form ap
proximately 30 /lg/L ethylene glycol via hydrolysis and 6
/lg/L vinyl bromide via elimination. For the purpose of
comparison, the final maximum contaminant levels set by
the U.S. EPA for vinyl chloride (the chlorinated analogue
of vinyl bromide) is 2 /lg/L.
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