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WASTE MANAGEMENT, INC.
Remedial Projects Department WMX
’Q A WMX Technologies Company Trevan J. Houser
‘@ One Lincoln Crossing Phone: (215) 269-2249
400 O1d Lincoln Hwy. Fax: (215) 269-2230
Suite 100

Fairless Hills, PA 19030
8 October 1996

U.S. Environmental Protection Agency
Region 111

841 Chestnut Building

Philadelphia Pennsylvania 19107

Attn:  Mr. Frank Klanchar (3HW22)
Remedial Project Manager

Re: Elizabethtown Landfill Superfund Site

Docket No. 111-90-44-DC

Information Regarding Natural Attenuation & Monitoring
Mr. Klanchar:

1 enclose for your information the following articles/information which relate to natural attenuation and
monitoring which I thought might be of interest to you regarding the Elizabethtown Site.

¢ Article entitled “ In Situ Bioremediation: Defining the Limits”, by Stephen Hart, taken from Environmental
Science & Technology, September 1996 (Vol.30 No. 9);

¢  Article entitled “Environmental Isotope Characteristics of Landfill Leachates and Gases”, by Hackley, Lin, &
Coleman, taken from Ground Water, September-October 1996 (Vol. 34, No.5);

e  Copies of handouts from a recent presentation by Peter Feldman, OSWER, USEPA taken from “Seminar
Series on Bioremediation of Hazardous Waste Sites: Practical Approaches to Implementation”™; and

« Copy of discussion paper entitled “Introductory Talk: Where Are We Now With Public And Regulatory
Acceptance? RCRA and CERCLA”, by Lovelace and Feldman, OERR, USEPA.

It seems that quite a bit of attention is being given to this subject, both from the EPA and the
environmental scientific community. I must receive at least a paper a week regarding the prospect of this technique
as a viable alternative, considering other factors are met. These other factors usually relate to alternative water
supplies and source control. Since these are the very issues contemplated in the Alternative Remedial Plan (ARP)
for the Elizabethtown Site, I thought the articles may be pertinent to the upcoming remedy decision-making
process.

I will contact you soon to schedule the meeting to review the ARP and potential monitoring program
components for the Elizabethtown Site. Until then, please feel free to contact me with any questions.

Sincerely,

Jond —%R.
Trevan J.Q-ltr

Remedial Projects Manager
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In Situ Bioremediation:
Defining the Limits

New approaches to engineered and intrinsic
bioremediation are being developed and field tested.

STEPHEN HART

romoted as less expensive and faster than
- other cleanup methods but questioned for
its effectiveness and applicability, in situ
bioremediation has yet to fulfill its poten-
tial. A 1993 National Research Council
(NRC) report sought to “eliminate the mys-
tery that shrouds this highly multidistiplinary tech-
nology” (1). Since then, researchers have tried to clear
up the uncertainty and expand the applications of
this technology. A renaissance in the field of micro-
bial ecology, fueled in part by the advent of molec-
ular genetics, has led to new efforts to selectively en-
gineer the growth of on-site organisms and quantify
their effectiveness in biodegrading contaminants in
soil and water,

“There's a remendous excitement in what one
would call questions of microbial ecology,” said Bruce
E. Rittmann, professor of environmental engineer-
ing at Northwestern University and chair of the NRC
report committee, “This is not so much about ge-
netics or the details of biochemistry but the things
that control what organisms are selected, what or-
ganisms are dominant in a given environment. Be-
cause what you're really doing in in situ bioremedi-
ation is creating environments that are conducive to
the right organisms doing our work.” Microbial pop-
ulations at contaminated sites have been able to de-
grade hydrccarbons, chiorinated solvents, phenols,
polychiorinated biphenyis (PCBs), and certain pes-
ticides (1).

In situ bioremediation is no panacea, research-
ers emphasize. Bacteria may not degrade all con-
taminants, or they may degrade them too slowly to
be practical. And some degradable contaminants may
not be available to organisms because, for exam-
ple, they are too tightly bound to soil particles. For
these and similar reasons, bioremediation research-.
ers now consider containment rather than cure (2).

“Bioremediation is not the ‘sitver bullet’ that will
cure all waste sites,” said Edward |. Bouwer of Johns
Hopkins University. “As long as we have "health-

based’ cleanup standards, it is extremely difficuit for
any current technology to meet the low standards.”
But despite its limitations, Bouwer sees promise for
the process. “The Europeans have been using biore-
mediation with success for many years now, both
above ground and in situ. So in the context of re-
medial options, bioremediation is certainly among
the viable technologies.”

Engineered hioremediation applications
“Bioremediation has been quite successful for con-
trolling hydrocarbon contamination,” nated Bou-
wer. A leaking gasoline storage tank, a common con-
tamination problem, can create a pool of gasoline in
the soil near the groundwater table. Without reme-
diation, Rittmann said, “It will serve as a source of
pollution into the water, forever, almost.” Some soil
bacteria can degrade hydrocarbons such as gaso-
line by using the pollutant as an energy and carbon
source. But these reactions require oxygen, gener-
ally in short supply deep underground.

“There are all kinds of organisms everywhere,”
Rittmann said. “If you provide the right environ-
ment, and you give them plenty of oxygen—they've
got the hydrocarbon from the gasoline in ample
quantity—the right organisms will grow and they will
essentially surround the contamination.”

Two methods of supplying oxygen to organisms,
bioventing and sparging, have become widely used
methods of engineering in situ bioremediation at
moderately contaminated sites. In bioventing, sev-
eral wells are sunk into relatively porous soils, and
air is drawn down through the soil. The wells can also
deliver water and nutrients deep underground. The
contaminated area gradually shrinks as bacteria de-
grade the gasoline, »

If the gasoline has reached the water table, bio-
venting works less well, and sparging can be used to
supply oxygen. Engineers pump compressed air into
the water table; the air then diffuses upward. “You
can view it as bubbling up into the water and sup-
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plying oxygen from below,” Rittmann said.
Whereas these bioremediation technologies rely
on stimulating the growth of any oxygen-loving bac-
teria at a contamination site, other engineered biore-
mediation strategies being developed attempt to fos-
ter particular microbes. Three decades of research
about the molecular biology and genetics of biodeg-
radation have produced a long list of particular mi-
crobes that can degrade particular compounds. The
list includes such compounds as benzenes, diox-
ins, DDT, PCBs, styrene, and xylenes, as well as ex-
plosives, tires, and plastic-based aircraft paint.

* Targeting specific microbes

“Probably most exciting is the bioremediation of chlo-
rinated soivents, things like trichloroethyiene (TCE)
and trichloroethane,” said Rittmann. “There's a tre-
mendous amount of research going on right now, and
it's beginning to get into field studies.”

One field test of TCE degradation, at the Depart-
ment of Energy’s Savannah River site, relies on fun-
damental research into biodegradation, engineered
bioremediation, and clever monitoring. Gary S. Say-
ler of the Center for Environmental Biotechnology
at the University of Tennessee in Knoxville detailed
his laboratory’s work at this site at the annual meet-
ing of the American Society for Microbiology in May.
“Historically, we take organisms from the environ-
ment, we find out who they are, how they degrade
the compound, what's the biochemistry, what genes
are involved,” Sayler said.

Out of basic research on biodegradation has come
the knowledge that certain bacteria can degrade TCE
to an oxide that subsequently breaks down hydro-
Iytically. The enzyme responsible is part of a group
that aliows bacteria called methanotrophs to use
methane as an energy source. The first enzyme in this
pathway, called soluble methane monooxygenase, can
also degrade TCE (3). The resultant intermediates
eventually kill the bacteria, so only a heaithy, grow-
ing population of methanotrophs could effectively
clean up a TCE-contaminated site.

The two-year Savannah River field test, completed
in 1994, consisted of pumping gases into the site
through horizontal wells. Researchers began with air,
added 1% methane, and finally increased the meth-
ane content to 4%. Sayler’s monitoring of specific mi-
crobial populations in soil samples revealed a surpris-
ing result The methane and air alone did not appear
to boost the TCE-degrading microbes. The meth-
anotrophs did not respond to the addition of meth-
ane until “fertilizer” in the form of gaseous nitrogen and
phosphorus was also added (see figure).

“Not until they added essentially balanced nutri-
ents did those samples respond and the organisms
really proliferate in the sediment matrix itself,” Say-
ler said. On the basis of more than 200 sampies, he
estimates that adding methane plus the two fertil-
izer gasses caused TCE remediation to increase 20-
30% above the baseline over the two years.

Effectiveness of intrinsic bioremediation

Because engineered bioremediation systems can be
costly, a newer, cheaper approach has attracted a
great deal of interest in the past few years. If bacte-
ria capable of biodegradation already exist in soils,

might they grow even without the engineered addi-
tion of oxygen and other nutrients? This question led
to the concept of intrinsic bioremediation, or natu-
ral attenuation. Intrinsic remediation may sound at
first like a pipe dream of potentially responsible par-
ties hoping to avoid costly cleanups, but Rittmann
said the approach works in certain cases. “It re-
quires a very careful assessment of the site,” he said,
The site must have a relatively high natural supply
of oxygen and nutrients, often resulting from a good
groundwater flow rate, and the source of contami-
nation must be relatively small. )

Monitoring results, important in engineered biore-
mediation, becomes even more so in intrinsic biore-
mediation. “It requires a very well-designed moni-
toring system to ensure that the intrinsic activity is
sufficient. The trick, of course, is that you have to re-
member the monitoring part,” Rittmann insisted.

Sayler described an inadvertent demonstration of
intrinsic bioremediation at a muddy Air Force site in
Mississippi in 1993. “It was uncontaminated,” he said,
“undl the Air Force did a deliberate injection of tri-
tium and carbon-14-labeled xylene into this site for
the purposes of tracking and looking at the mobil-
ity of these test contaminants under a realistic hy-
drodynamic regime.” '

With 300 monitoring wells spread across the site,
the scientists could effectively track the marker sub-
stances. As expected, the tritium traveled with the
groundwater, moving down gradient, and the xy-
lene stayed near the point of injection, sticking to the
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soil particles. “However, if they looked at the car-
bon-14 associated with xylene, it was smeared all the
way down gradient just like the tritium was,” Sayler
reported. The carbon-14 label, originally marking xy-
lene, traveled with groundwater and showed up in
samples taken all along the gradient, far from the site
of injection.

Sayler explained that after about 200 days of study,
when the carbon-14 measurements were taken, in-
trinsic bacteria had degraded most of the carbon-
14-labeled xylene into inorganic carbon. which is as
free to move as tritium. After about 400 days, virtu-
ally all of the pollutants had disappeared.

400 A ® VOL. 30. NO. 9. 1996 / ENVIRONMENTAL SCIENCE & 75~ Tt Tvs

Role of microbes in wetlands

Most peopie think of soil and groundwater as can-
didates for intrinsic bioremediation, but the pro-
cess also takes place in wetlands. Alex Horne, pro-
fessor of civil and environmental engineering at the
University of California-Berkeley, has studied a 2000~
acre wetland on the Santa Anna River in southern
California. Horne decided to “see what nature will
give us if we give it a tweak,” he said.

The Santa Anna River suffers from severe nitrate-
nitrogen (nitrate-N) and chlorinated hydrocarbon
pollution. During some parts of the year, most of the
river’s water comes from upstream water treatment
plants. The river aiso flows through the highest con-
centration of dairies in the United States. Down-
stream, Orange County pumps the water into wells
to recharge aquifers.

Degrading nitrate-N is not a difficult trick for bac-
teria, given the right conditions. Horne found that
areas experimentally planted with cattails reduced
nitrate-N nearly four times as much as areas planted
with bulrushes, from about 8 milligrams/liter to less
than 1 (4). When flow drops during the summer, ni-
trate-N levels could reach 10 milligrams/liter, which
can cause the so-cailed blue baby syndreme in hu-
mans. Bacteria degrade nitrate-N under low-

" oxygen conditions created in the layer of loose, leafy
detritus just above the bottom. By supplying bacte-
ria with plenty of organic carbon in the form of de-
tritus and, perhaps more important, organic carbon
secreted by algae, and with the proper oxygenation
conditions, particular wetland plants can foster a wide
variety of biodegradative bacteria (5).

New monitoring tools needed

In engineered and intrinsic bioremediation. the dif-
ficult question is how to determine if the remedia-
tion process is working below the surface. In the gas-
oline leak scenario, for example, groundwater samples
could be taken and decreases in hydrocarbons mea-
sured, but only some of the gasoline dissolves in wa-
ter, so these measurements will not give a com-
plete picture of biodegradation activity.

Consequently, indirect or surrogate measure-

. ments are being developed to supply these an-
swers. Rittmann and his colleagues are developing
protocolsfor in situ bioremediation monitoring. “Nor-
mally, you can't rely on just one measurement. So
what we're doing is trying to put together a rational
suite of different kinds of measures,” he said.

The biodegradation of hydrocarbons uses oxy-
gen and releases carbon dioxide. Researchers would
therefore expect to see a decrease in oxygen and an
increase in CO,, indicating aerobic biodegradaiion
is taking place. But Rittmann advocates a more sys-
ternatic approach. For example, his monitoring pro-
tocol takes measures of axygen and CO, one step fur-
ther by making a comparison between the number
of molecules of oxygen lost and the number of mol-
ecules of CO, gained. He has also added another twist
to measurements of inorganic carbon produced by
bioremediation. . .

Carbon dioxide in the subsurface can be pro-
duced from the breakdown of hydrocarbons by or-
ganisms and from the dissolving of caicium carbonate
rocks, which makes it difficult to correlate CO, lev-
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els with biodegradation. Rittmann’s team addresses
this problem by measuring the ratio of two stable iso-
topes of carbon: carbon-12 and carbon-13. The ra-
tio of carbon-13 to carbon-12 differs in CO, de-
rived from different sources. Petroleum hydrocarbons
contain less carbon-13 than do calcareous rocks. The
difference is large and detectable with a mass spec-
trometer. A given water sample could have a car-
bon-13 to carbon-12 ratio resembling that of hydro-
carbons, rock, or something in between, indicating
a mixture of sources.

The most recent technology added to Ritt-
mann's integrated suite of monitors moves from mea-
suring the effects of biodegrading bacteria to mea-

" suring the bacteria. Borrowing a tool from the field

of molecular microbial ecology, Rittnann's team uses
nucleic acid probe technology to detect the ribonu-
cleic acid (RNA) of bacterial ribosomes, cellular struc-
tures involved in protein synthesis.

* The technique overcomes the problems of stan-
dard enumeration methods, which require growth of

" a cuiture, by directly detecting the organism in situ.

The probe uses small pieces of nucleic acid custom-
made to make complementary bonds to known se-
quences of ribosomal RNA. By using probes spe-
cific for the bacterial species suspected of carrying
on the bioremediation, researchers can add one more
confirmation to the integrated mix of measure-
ments (6). ,

At the Savannah River experiment in engineered
bioremediation, Sayler’s group extracted nucieic ac-

ids from soil samples—by using probe technology
similar to that used by Rittmann-—to detect the pres-
ence of the soluble methane monooxygenase gene.
But the gene probe detected only the presence of or-
ganisms possessing the soluble methane monooxy-
genase gene, not whether that gene became active
to produce messenger RNA (mRNA) and eventually
the enzyme itself. A member of Sayler's lab re-
sponded by developing a method to directly mea-
sure soluble methane monooxygenase mRNA in bulk
soil samples.

“In various depths from various wells, we could
indeed show that the soluble methane monooxyge-
nase RNA molecules could be quantified,” Sayler said.
“It gives us hope that we can look at not only the
abundance of degradative genes responsible for me-
tabolism, but also the kinetics relative to gene ex-

. pression under field conditions.”
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Environmental Isotope Characteristics of
Landfill Leachates and Gases

. by K. C. Hackley’, C. L. Liu’, and D. D. Coleman®
G| cemor Wie .
LI e N
Abstract

The isotopic characteristics of municipal landfill leachate and gases (carbon dioxide and methane) are unique reiative to the
aqueous and gaseous media in most other natural geologic environments. The 5 *C of the CO; in landfills is significantly enriched
in PC, with values as high 25 +20 %/ reported. The 5 *C and 5D vaiues of the methane fall within a range of values representative of
microbial methane produced primarily by the acetate-fermentation process. The 6D of landfill leachate is strongly enriched in
deuterium, by spproximately 30 %0 to nearly 60°%oo relative to local average precipitation values. This deuterium enrichment is
undoubtedly due to the extensive production of microbisl methane within the limited reservoir of a landfill. The concentration of
the radiogenicisotopes, '*C and °H, are significantly elevated in both landfill leachate and methane. The 'C values range between

approximately 120 and 170 pMC and can be expiained by the input of organic material that was affected by the increased C .

content of atmospheric CO; caused by atmospheric testing of nuciear devices. The tritium measured in leachste, bowever, is often.
too high to be explained by previous atmospheric levels and must come from materisl buried within the landfill. The unique
isotopic characteristics observed in landfill leschates and gases provide a very useful technique for confirming whether contamina-

tion is from & municipal landfill or some other local source.

-

/o
Introduction

e prevention of ground-water paliution is the primary
ive of environmental protection codes for municipal waste
landfills. The early detection of ground-water pollution and the
determination of the source of contaminants is important whea
considering cieanup or containment programs as well as legal
issues that are frequently associated with polluted ground water.
Municipal landfills are often located in areas where other sources
of contaminants exist, such as hazardous waste disposal facili-
ties, chemical industries, sewage treatment facilities, buried pipe-
lines carrying petroieum or natural gas, and highways where
road deicing salts are applied. In some areas, especially the
midwestern U.S,, the subsurface sediments contain significant
amounts of buried organic material where natural microbial
processes produce notable amounts of methane (Meents, 1960;
Simpkins and Parkin, 1993). When multiple sources of contami-
nants usually used to identify landfill leachate, such as heavy
metals, chlorides, and hydrocarbons, are present near a landfill,

the interpretation of chemical data from monitoring wells -
around the iandfill may be complicated. This type of situation

*llinois State Geological Survey, 615 E. Peabody Drive,
Champaign, Illinois 61820-6964.

®Current address: Isotech Laboratories Inc., 1308 Parkiand
Court, Champaign, lllinois 61821, . .

Received December 1994, revised December 1995, accepted
J 1996. .
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could resuit in delaying early identification of landfill gas or
leachate contamination.

This paper advocates the use of environmental isotope
analysis of the major constituents of landfill gas (CO; and CH.)
and leachate (water and dissolved inorganic carbon) as a tech-
nique for definitively identifying landfill contamination. The
stable and radiogenic isotope characteristics of carbon dioxide,
methane, and associated leachates generated within municipal
landfills are quite unique relative to the gaseous and aqueous
media found in most surrounding environments (Coleman et al.,
1993; Liu et al,, 1992; Rank et al, 1992). Although there have
been many studies involving environmental isotopes in hydro-
logic and geochemical investigations of the natural environment,
there have been only a few applications of environmental isotope
analysis to landfill studies.

The following discussion briefly reviews some relevant
aspects of environmental isotopes and then examines the unique
isotopic characteristics of carbon, hydrogen, and oxygen in
leachates and gases obtained from published and unpublished
data from several different landfills. We do not go into much
detail about case studies but instead wish to emphasize the
typical isotopic compositions that can be expected in gases and
leachates of municipal landfills and how such data can be
used. We also address some of the reasons why the leachate and
gases from landfills have such characteristic isotopic values. The
unique isotopic characteristics observed in landfill leachates and>
gases provide a very useful technique for confirming whether
contamination in the subsurface environment is from a munici-
pal landfill or some other local source.
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Environmental Isotopes (Generai Background)

Environmental isotopes generally refer to the naturally
occurring isotopes of hydrogen (H, *H, and *H), carbon (**C,
C, and "“C), oxygen (*°O and "0), sulfur (**S and *S), and
nitrogen (“N and "*N). In this paper the characteristics of ’C, *H
(deuterium, D), "*O, "*C, and *H (tritium) are presented for both
landfill leachates and gases. Sulfur and nitrogen isotopes were
not examuned since sulfate and nitrate concentrations were usu-
aily very low in most of the leachates we collected. However,
Fritz et al. (1994) have shown that, in cases where sulfate concen-
trations are sufficient. sulfur isotopes could be quite useful in
landfill studies.

Notation

The stable isotope data are expressed in the conventional
“delta” () notation, which is the per mil (%0, parts per thou-
sand) difference in the ratio of the less abundant isotope to the
most abundant isotope in a sample relative to the same ratioina
known standard. This is illustrated in the following equation,

6X umpie) = [(Rumpie = Russtsrt)/ Rocsnaara] * 1000

where 8X represents the isotope of interest (§'°C, 8D, or 6 *0);
and R represents the ratio of >C/"*C, *H/'H, or '*0/'“0. The
‘reference standard used for reporting the carbon results is the
internationally accepted standard PDB (Peedec Belemnite) as
defined by Craig (1953). The reference standard for the hydrogen
and oxygen results is V-SMOW [Vienna-Standard Mean Ocean
Water, Hoefs (1980)] originally defined by Craig (1961a).

The results of the tritium (°H, Tiz = 12.4 yrs) and carbon-14
("C, Ti2 = 5730 yrs) data are reported in “tritium units” (TU)
and percent modern carbon (pMC), respectively. One TU is
defined as one *H atom in 10" H atoms. For '“C, the reference
standard material is, by convention, defined as 100% modern
and represents the “normal”™ C content of the atmosphere, prior
to anthropogenic effects.

5'*0 and D in Water

Oxygen and hydrogen isotopes in precipitation around the
world generaliy follow a consistent relationship characteristic of
latitude and climatic conditions (Craig, 1961b). This relationship
results in a straight line, referred to as the “Global Meteoric
Water Line” (MWL) and is represented by the following
equation;

sD=8-8"0+10

The oxygen and hydrogen isotopes are generally nonreactive in
shallow ground-water systems, and the 5'*O and 8D values are
normaily preserved after the precipitation enters the ground-
water flow system. The conservative nature of 8'*0 and D
allows these isotopes to be used as tracers in leakage or mixing

studies between two reservoirs of water that are isotopically

distinct (Hendry, 1988; and Fritz et al,, 1976).

There are some physical and chemical processes which do
affect the isotopic composition of the water subsequent to pre-
cipitation and can cause deviations from the meteoric line, Fig-
ure | shows the MWL and how the isotopes of the watér are
affected by certain physicochemical processes such as: evapora-
tion, high- and low-temperature exchange reactions with rock
minerals. hydration of silicates, CO,-exchange reactions, H,S-
exchange reactions, and, we have added. methanogenesis. The
most important process. when considering isotopic alteration of
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water in landfill environments, is methanogenesis. which is das- :

cussed in a later section.

8"°C and 8D of CH., C0O:, and DIC (Dissotved Inorganic

Carbon)

The isotopic composition of methane (6 °C and §D) is
useful for distinguishing different sources of methane gas pro-
duced in the natural environment (Fuex, 1977; Stahl, 1977
Coleman et al., 1977; Schoell. 1980: Barker and Fritz. 198 l: Rice
and Claypool, 1981; Coleman et al.. 1981; Whiticar et al.. 1986,
Coleman et al., 1988; Grossman et al., ]989: Simpkins and
Parkin. 1993: and others). The majonty of methane (CH.) in
nature is formed by two principal processes. thermal decomposi-
tion of organic matter and microbial decomposition of organic
matter. These two processes fractionate both the carbon and
hydrogen isotopes to different degrees resulting in fairly distinet
isotopic compositions for the different sources of CH.. The § °C
of thermogenic CH. generally ranges between -25%, and
-60°/00, while the 5'°C of microbial methane generally ranges
between -50 %/os and ~90 %/oo (Fuex, 1977; Schoell, 1980; Whiticar
et al., 1986).

During microbial generation of CH., referred to as
methanogenesis, the CHa is enriched in the lighter carbon iso-
tope (°C) and the CO, associated with microbial methane pro-
duction is enriched in the heavier isotope ( C). The two primary
metabolic pathways by which microbial methane is produced are
COz-reduction and fermentation of acetate and other simple
organic substrates (Whiticar et al., 1986). The methane produced
by each of these metabolic pathways has different isotopic char-
acteristics. The typical ranges for §'°C and 8D are approxi-
mately ~60 to ~95 /o0 and ~ 160 to 250 /o, respectively, for the
CO;-reduction pathway, and approximately -47 t0 -63 %o and
~275 10 -375%c, respectively, for methane generated by the
acetate-fermentation pathway (Whiticar et al., 1986).

Tritium

Prior to the 1950s, the *H content in the atmosphere is
estimated to have been 5 to 10 TU (Payne, 1972). After the
atmospheric testing of thermonuclear devices in the early 1950s
through the 1960s, the *H content in the atmosphere was

20
J Deuterium shift due
to methanogenesis
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Fig. 1. Plot of Meteoric Water Line showing the effects of certain

physicochemical on the isotopic composition of the water
(modified from IAEA T.R.S. No. 228, 1983).
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Fig. 2. Concentration of tritium in precipitation versus time in years
for St. Louis, MO, and Chicago, IL (IAEA, 1969-1994).

increased to many hundreds and sometimes thousands of TU
depending on geographic location (Gat, 1980). The largest con-
centration of tritium in precipitation was recorded in 1963 for the
northern hemisphere. After atmospheric testing of thermo-
nuclear devices stopped in the late 1960s a continuous decrease in
the *H concentration of the atmosphere has been recorded.
Figure 2 shows the tritium content of precipitation for the mid-
western U.S., collected at St. Louis, Missouri, and Chicago,
Hlinois, from 1962 to 1991. The recent, mean tritium concentra-~
tion, based on annual amounts of precipitation from 1986 to
1991 in St. Louis, averaged about 11.5 TU £ 3 TU (IAEA, 1990
and 1994).

Landfills constructed in the 1950s to 1970s would have
‘eivcd precipitation enriched in *H, which could make this
isotope useful as a tracer for identifying ground water contami-
nated by leachate migration. Using tritium as a tracer for landfili
leachate based on historical concentration levels of *H in precipi-
tation assumes that a significant portion of the initial waterin the
landfill from precipitation is trapped and has a relatively long
residence time due to the construction of artificial or naturai clay
liners. As the landfill is filled with refuse and capped there
should, theoretically, be less dilution of *H in the leachate than in
the ground water and surface water in the area surrounding the
landfill. The ieachate would thus be expected to have a relatively
higher concentration of *H than surrounding ground water.
Tritium resuits from ground water surrounding landfills have
been used in the past to calculate travel times of leachate contam-
inated ground water assuming tritium concentration in leachates
are directly connected to the historical tritium record associated
with past precipitation ( Egboka et al., 1983 and Fritzet al., 1994).
However, in view of the amount of tritium measured in leachates
from several different landfills (reported in a later section) the
practice of interpreting tritium concentrations at municipal land-
fill sites based on historical precipitation levels may be
misleading.

Carbon-14
The "“C content of the atmosphere also increased due to
atmospheric testing of thermonuclear devices (Figure 3). This
reased atmospheric '“C concentration is important for recent
dfills because a significant amount of the organic material

14¢ in Atmospheric CO, (pMC)
L

being put into landfills probably originated from piants that
grew in the 1ast 40 years which would therefore have elevated *C
concentrations. Thus, gases produced from recently buried
refuse will reflect the enriched '“C content and have significantiy
higher '*C activity relative to most other major sources of CO:
and CH. (Coleman et al., 1993).

The principal source of commercial deposits of methane is
of thermogenic origin, associated with the generation of petro-
leumn. Theorganic material from which thermogenic gas is pro-

" duced is the remains of plants and anmals that lived millions of

years ago, and, therefore, thermogenic CH. has no remaining
C activity. It is this type of methane which predominates in
storage reservoirs and the many natural gas pipelines throughout
the country. Another significant source of subsurface methane is
microbial decomposition of buried organic material. In the
midwestern United States this type of methane is refatively
common in glacial tills and is often referred to as “drift gas”
(Meents, 1960). The organic substrate from which the drift gas
originates is normaily many thousands of years old, and there-
fore drift gas generally has '“C concentrations less than 30 pMC
(Coleman et al., 1988).

Isotopic Characteristics of Landfill Gases and Leachates
8 °C of Carbon Species '
The major components of landfill gas (CH. and CO,) have
rather distinctive isotopic compositions relative to the methane
and carbon dioxide in soils and subsurface sediments. Coleman
et al, (1993) reported on the isotopic composition of landfill
methane, which has a 6'°C ranging from approximately -42 to
-61°%00 and a 8D ranging from approximately —255 to -340%c0.
Similar isotopic values have been reported by Games and Hayes
(1976 and 1977) and Liu et al. (1992) for landfill methane. These
isotopic values are characteristic for methane produced in shal-
low fresh-water environments (Whiticar et al., 1986) but are
isotopically distinct from other sources such as thermogenic
methane and drift gas (Coleman et al., 1993). )
The 8 C of the carbon dioxide associated with the produc-
tion of landfill methane also has rather distinct isotopic charac-
teristics relative to CO; in most soils and ground water around
landfills. Once methanogenesis is established, the §'°C composi-
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Fig. 3. 'C activity of stmospheric CO,, adopted from Levin et al.
(1980) and Coleman et al. (1990).
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Table 1. §°C of CO; and CH. Sampled from

Several Different Landfills

Landfill Lo 3"C

location CO; CH«
Indiana: +20 -50
Indiana” +16.6 -52.1
Indiana® +16.1 -48.5
Delawars’ +10.3 to +18.4 -
Tiinois I + 82 -54.1
Illinois 1* +94 -53.5
Ilinois II* +14.0 -570
linois IV* +93 -54.6
West U.S. b* +95 -60.0
West U.S. b* +96 -58.8
East U.S. g* +10.0 -55.5
East US.g* - 69 -49.5
Fast U.S. m* + 2.0 -53.6
East US.j* + 6.9 -54.6
East U.S. j“ +12.4 -55.2
East US.n - 4.7 -50.6
East U.S. n* - 74 -50.6
East U.S. n* -14 -51.0
East U.S.n* + 1.2 -51.7
East US.n* +73 -51.0
East US.n* + 69 -51.5
East U.S.n* + 7.7 -51.5
East U.S. n* +83 -52.7

'Games and Hayes, 1974; *Games and Hayes, 1976; °Baedecker
and Back, 1979b; ‘this paper.

tion of CO: in a landfill becomes, isotopically, very heavy. Table
1 shows & "°C data for CO, and CH, coliected directly from vent
or extraction wells in landfills from Illinois, several landfills in
the eastern U.S., and one in the western U.S. along with data
from previous investigations of landfills in Indiana (Games and
Hayes, 1974 and 1976) and Delaware (Baedecker and Back,
1979a). These data show relatively positive 6'*C values for CO;
in landfills, with most samples ranging from approximately +1 to
+20%00. However, a few of the CO; sampies from landfills have
negative values, as low as -7 (Table ). Coleman et al. (1993) have
reported 8 °C values as low as -25 %o for CO; associated with
some iandfills. Many of the isotopically light values for CO:
observed by Coleman et al. (1993) have been explained by
microbial oxidation of isotopically light CH4. During microbial
oxidation of CHs, the methanotrophic bacteria preferentially
oxidize the "*CH. resulting in isotopically light CO; and residual
CH. that is enriched in '*C (Barker and Fritz, 1981; Coleman et
al., 1981; Whiticar and Faber, 1985).

Besides microbial oxidation, some of the variation in the
isotopic composition of the CO; within landfills is also probably
related to the maturity of the landfill. Younger parts of a landfill,

- where biodegradation has just begun, tend to show less enrich-
ment of the heavier isotope relative to older, more mature parts
of a landfill. This effect has been observed by Baedecker and
Back (1979b) in a Delaware landfill as well as by the authorsata
landfill in northern Illinois. The newest part of the northern
Illinois landfill (containing refuse buried less than one year) gave
the isotopically lightest 6"°C values for DIC (-5.1 %), interme-
diate portions of the landfill (2-7 yrs) had 6 *C values of +15 %
while the older parts of the landfill (7-12 yrs) had greater
amounts of DIC and §"C values ranging from +16 to +22%c0
(Figure 4). These observations can be explained by the different
phases,of biodegradation that a landfill goes through.

R30

During the initial phase of organic degradation within a
landfill. free oxygen is consumed by aerobic oxidation of orgamc
compounds. This phase is followed by anasrobic oxidation,
hydrolysis, and acidification reactions which result in a buildup
of CO; and organic acids (such as acetic, propionic, and butvnce)
and adrop in pH {Pohland and Harper, 1986 and Lechneret al..
1993). The input of CO; during these initial aerobic and anaer-
obic oxidation phases of biodegradation would be isotopically
lightand have a 6" C value between -10 and -35%. which
covers the range of most terrestrial piants (Deines, 1980). As
anaerobic degradation continues, methanogenesis becomes
more prevalent in landfills. and a phase of steady methane
production is established. A decrease in acetic and other organic
acids is associated with an increase in pH and an increase in
methane generation as the methanogenesis phase is developed
(McCarty, 1971; Rees, 1980; and Lechner et al., 1993). Several
microbial studies indicate that landfill CH. is generated by both
acetate-fermentation and H,/CO:-utilizing methanogens (Sleat
et al., 1987; Bariaz, 1988; Fielding et al., 1988; and Barlaz et al.,
1989). The initial input of isotopically light CO; associated with
the earlier biodegradation phases would soon be overcome dur-
ing the methanogenesis phase by the constant input of isotopi-
cally heavy CO. associated with acetate-fermentation and
microbial CO;-reduction. During CO;-reduction, microbes
preferentially utilize the isotopically light carbon from the avail-
able CO» to produce '*C enriched CH., which causes the residual
CO: to become isotopically enriched in “°C. Thus, in a semi-
closed environment such as a landfill, the §"°C of the CO; is
strongly affected by the methanogenesis redctions.

Using crossplots of the carbon and hydrogen isotopes of
CH. and the carbon isotope composition of CO; and CH. from
several different sources, Whiticar et al. (1986) were able to
distinguish the sources of CH. as well as the predominant
methanogenic pathways invoived with the generation of micro-
bial methane. When the 8 °C and 8D values of landfill CH. are
plotted on a 6Dcus versus 8> Cens diagram, the data consis-
tently fall into the range typical of methane from fresh-water
environments produced predominantly by acetate-fermentation
(Figure 5).
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Fig. 4. 3" C of DIC vs alkalinity for eachate samples from a lsndfill in
northeastern lllinois (landfill II). Sample C4 is from an area with
refuse buried less than one year. Sample C3 is from an area with refuse
buried approximately 2 to 7 years. The rest of the samples are from
areas with refuse buried for 7 to 12 years. .
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Fig. 5. Crossplot of § "’ C and 5D of methane showing the areas where

methane of different sources typically piot (Coleman et al,, 1993; and

Whiticar et al., 1986). All of the landfill samples shown in Table 1 fall
within the acetate-fermentation domain.
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Fig. 6. Crossplot of 5'>C of CO; and CH. showing the aress where

gases of different sources, including landfill gases, typically plot
{Coleman et al., 1990; and Whiticar et al., 1986).

Figure 6 shows landfill gas data on a plot of 8"’ Ccoz versus
8"Ccus graph. The landfill data plot in a domain which is
primarily above the acetate-fermentation gases and on the edge
of the CO;-reduction type gases. As suggested by Coleman et al.
(1993), perhaps the range of isotopic values identified on a
8"Ccoz vs 6Ccua crossplot as typical of methane produced
primarily by the acetate-fermentation process should be

expanded to include the more positive 8 *Ccoz values observed .

in landfill gases. :

It appears from the §'°C data of CO; and DIC from
landfills that there is an upper limit of approximately +18 %0 %
2% for CO; (or mid +20's for DIC). This upper limit suggests

_that a steady-state condition is reached between CO; input and
q-l. production by the processes involved in microbial decom-
sition of landfill refuse. Many studies of methanogenesis in

% g

surficial fresh-water environments have shown that the contribu-
tion of methane by acetate-fermentation is normally around 65%
T 10% of the total methane measured (Ward and Winfrey, 1985).
The remainder of the methane produced is primarily due to the
microbial CO,-reduction process. The explanation for the un-
usualiy heavy isotopic compasition of CO; is probably related 10
the sheer volume of isotopically positive CO; created by the
acetate-fermentation and the COs-reduction process within a
finite systemn where the input of light CO; is minimal. It is also
possibie that other microbial processes are occurring in landfills
which are not being considered but which could be affecting the
isotopic composition of the CH« and CO; gases. Further discus-
sion of the specific mechanisms responsibie for the isotopic
effects observed in these gases is beyond the scope of this paper
and is an area that could benefit from further investigation when
considering iandfill environments.

0D in Leachates :

The large amount of methane produced during the anaer-
obic degradation of organic material within a landfill not only
affects the 5'C of the carbon species but also the 5D of the
leachate water. Significant enrichment in deuterium of leachate
water has been observed by Baedecker and Back (1979) and
Rank et al. (1992). Fritz et al. (1976) observed enriched D and "*0
in ground water contaminated by leachate from a nearby land-
fill. Table 2 gives 8D and 8'*O data we have obtained in leachates
from three active landfills in Illinois (included is the average
isotopic composition of local precipitation). Most of the
leachates have unusually heavy deuterium values. The 5§D of
leachate sampled in the mature portions of the' landfills was
approximately 30 to nearly 60 %o enriched in deuterium relative
to the average 6D of local precipitation. A few samples had fairly
negative 8D values and represent leachate taken from cither the
newer parts of the landfills or areas of the landfills where sur-
rounding ground water had apparently infiltrated and mixed
with the leachate. This is discussed in more detail later,

The enrichment of deuterium observed in municipal land-
fills is undoubtedly a result of the very active formation of

Table 2. 5'°0 and 5D of Leachates from Landfills in Illinois,
Including Average Compasition of Local Precipitation

Landfill 8D (%/o0) "0 (*/m)
Site-l-10 +14.0 -16
Site-1-06 -60.0 9.8
Site-11-c3 -220 ‘ 4.7
Site-[I-L3 +10.8 -6.2
Site-1I-L2a -11.0 8.8

- |Site-11-L4 +1.7 -6.7
'Site-Il-cl -1.6 -7.3
Site-11-c6 5.4 -8.0
Site-I-c5 -13.3 -8.1
‘Site-11-L2 +14.5 -8.0
|Site-11-LS -09 -9.0
Site-11-L1 -6.9 17
Site-I1-c4 , -35.6 -5.6
Site-11-c2 -74.7 -11.8
Site-11-1 -17.0 3.1
Local precipitation -
Chicago Ave.* -43.3 -6.0

* 6-yr weighted average values (IAEA, 1969, 1971, 1975, and 19873).
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microbial methane within a closed system over time. Rank et al.
(1992) sampled an experimental landfill on a monthly basis and
showed 6D increasing in leachate from three different refuse cells
over a period of approximately six months to two years. They
observed a similar degree of deuterium enrichment in the
leachate from the experimental landfill as we observed in Illinois
landfills. The deuterium data collected from leachates indicate
that there is probably a steady-state situation that develops

-between the input of isotopically light hydrogen from water

infiltrating into a landfill and the rate of consumption of the light
hydrogen isotope during the methanogenesis process.
According to Whiticar et al. (1986 and others referenced in
that paper}, during methanogenesis, a significant amount of the
hydrogen incorporated in the CH. (25 to 100%, depending on
the metabolic pathway) comes from the surrounding water or, in
the case of municipal landfills, the surrounding leachate. The
microbes preferentially utilize the isotopically light hydrogen
when producing CH,; therefore, the remaining hydrogea in the
aqueous medium is enriched in deuterium. In normal geological
environments, where the reservoir of water is much greater than

* the amount of CH, generated, this effect is usually not observed.

However, in the relatively ciosed eavironment of landfills where
the generation of microbial methane is comparatively large, with
respect to the limited reservoir of water present, it is possible to
observe this deuterium enrichment. A plot of the §D of leachates
versus the alkalinity, reported as bicarbonate concentration
(mg/l), is shown in Figure 7. It is assumed that the alkalinity
generally increases during the processes of anaerobic waste
decomposition and maturation of a landfill environment. Thus,
as a landfill matures and more methane is generated there is a
significant increase of deuterium in.the leachate.

Besides the effect of methanogenesis, it is possible that some
of the deuterium enrichment observed in landfill leachates is due
to isotopic exchange with H. S, which would be generated during
SO, reduction in landfills. However, this effect is probably min-
iscule relative to the effect of methanogenesis. According to
IAEA (1983), for every gram of SO, reduced per liter of water,
there is about a 0.1%c enrichment of deuterium in the water.
Sulfate concentrations in landfill leachates generally range from
10 to 1000 mg/1 (Lee and Jones, 1993); therefore, the overall
effect due to H, S-exchange reactions would only be on the order
of tenths of a per mil.

C and *H in Landfill Gases and Leachates
Recent investigations have indicated that concentrations of
the radiogenic isotopes, carbon-14 (**C) and tritium (*H), in

" landfill leachates and gases are also unique relative to the

surrounding ground water (Liu et al, 1992). The “C in land-
fill methane is significantly enriched relative to most other
sources of CH, and ranges from approximately 120 to 150 pMC
(Colemanct al., 1990; Liuet al., 1992; and Coleman et al., 1993).
The majority of **C concentrations in DIC from leachates we
have analyzed have values similar to those observed for landfill
methane (Liu et al., 1992). The elevated '“C activities for gases
and leachates observed thus far can be explained by the influence
of atmospheric testing of nuclear devices that caused the
increased radiocarbon content in the atmosphere and thus in the
organic materiais decomposing in modem landfills. The rela-
tively high levels of tritium observed, however, cannot be
explained so casily.

There have been relatively few tritium analyses of landfill
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Fig. 7. 5D versus alkalinity of leachate samples from a :ingle landfill
in northeastern Nlinois.

leachates or gases. We recently reported that for three different
landfills the hydrogen of landfill CH, was enriched in °H, rang-
ing from 160 to approximately 2800 TU (Coleman et al., 1993).
Rank et al. (1992) measured the tritium content of leachate in
sampies from the Breitenau Experimental Landfill in Austria
and observed tritium contents up to about 2000 TU with a few
leachate samples showing 3000 TU. The tritium content of
leachates from three different municipal landfills in Illinois range
from 227 to 8000 TU (Table 3). These large variations in tritium
content, even within one landfill, stress the importance of mea-
suring the level of tritium within a landfill before tritium is used
to identify leachate contamination or to calculate travel times for
leachate plumes.

Most of the tritium values we have observed in mumcxpal
landfills, as well as those observed by Rank et al. (1992) and a few
anomalous values observed by Egboka et al. (1983), are too high
to be explained by input from the local comtemporaneous pre-

- cipitation. For example, the three landfills for which tritium data

are given in Table 3 were opened in the late 1970s or early 1980s
when tritium in precipitation in the Midwest was generally less

than 50 TU (Figure 2). Thus, some other source or sources of .

tritium within the refuse of municipal landfills are giving rise to
the relatively high tritium values observed. The most probable

Table 3. '“C and *H of Leachates from Landfills in Illinois

Landfill “C (pMC) H((TU)
Site-I-10 126.1 27
Site-1-06 140.5 338

- Site-II-c3 123.9 8001
Site-1I-L3 135.5 6726
Site-II-L2a 133.1 4647
Site-II-L4 169.9 2894 .
Site-Il-cl 130.5 2436
Site-11-c6 . 134.6 < 2318
Site-11-¢S 136.0 2247
Site-I1-L2 1349 1343
Site-II-L5 130.6 > 1140
Site-1I-L1 143.0 83
Site-Il-c4 118.6 275
Site-Ilc2 146.3 225
Site-I11-1 1320 123
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source is luminescent paints (Ostland, pers. commun., 1992;
Coleman et al,, 1993) used in watch dials and clocks as well as
other luminescent instrument dials (UNSCEAR, 1977), that
could easily be disposed of in municipal landfills. These lumines-
cent paints contain tritiated hydrocarbons that could biodegrade
in a landfill and add to the overall tritium concentration. Accord-
ing to the UNSCEAR (1977) report, luminescent timepieces
contain approximately | to 25 mCi (milli-Curie). To put this into
perspective, 1 TU is equal to approximately 3.19 pCi/ kg (Taylor
anad Roether, 1982), or 1 mCi is equal to approximately 3.125 X
10° TU.

Potential Utilization
+ Radiocarbon and stable isotope analysis of carbon and
hydrogen have already been shown to be very useful for distin-
guishing landfill gas from thermogenic gas and microbial drift
gas (Coleman et al., 1990; Hackley et al., 1992). The very positive
83C values for CO; and the characteristic § *C values for landfill
CH, are useful for distinguishing these gases, that may have
migrated out of a landfill, from background gases sometimes
found in surrounding soils and ground water. Soil CO,, for
example, is primarily produced from decay of organic matter
and plant root respiration, and therefore the 8 *C of soil CO; is
related to the type of vegetation in the area. The 6'°C values of
soil CO; range between approximately - 12t0 -27 %o, including
both arid and humid climates (Paradaet al., 1983). As seen from
Taglle I, landfill CO, will usually be significantly more enriched
in °C.
In most situations the combination of a §Dcye v8 6 Ceus
plot (i.e., Figure 4) and a 6 *Ccoz vs 8 *Ccua plot (i.c., Figure 5)
will be quite effective for distinguishing landfill gas from other
sources of methane, such as thermogenic and microbial methane
produced primarily by the CO:-reduction process. However,
there are a few situations that could complicate the interpreta-
tion of the stable isotope data on gases. For example, microbial
oxidation of landfill gases migrating away from the fiil area
could result in significantly altering the isotopic composition of
the migrating CHa and CO,. The 8D and 6 "*C of the residual
methane would increase while the "°C of the: resulting CO,
would decrease due to microbial oxidation. Such oxidation
effects could result in methane with 8 °C and 8D values similar
to that of thermogenic methane. Another possible complication
is the presence of microbial methane produced primarily by
acetate-fermentation in near-surface or recent fresh-water envi-
ronments, such as in lake sediments, marshes, or swamps close to
a landfill site. Methane produced by the acetate-fermentation
pathway in natural fresh-water environments would have §'°C
values similar to that observed in landfills. In these types of
situations, '*C analysis of the CH. can be used to help verify the

source of gas. Thermogenic methane, for example, will be devoid .

of "C and easily distinguished from landfill gas by '*C analysis.
The “C activity of microbial methane produced in natural
environments or found dissolved in ground water will usually be
significantly less than landfili CHs (Coleman et al., 1993).
Recent data indicate that the additional analysis of tritium
in the hydrogen of methane samples provides an even more
sensitive diagnostic tool for identification of landfill gas
(Coleman et al., 1993). Although the carbon-14 analysis will
usually be conclusive for distinguishing landfill gas from most
other sources, if CH. derived from a landfill migrates into the
surrounding geological deposits and mixes with naturally occur-

f— =

ring microbial methane that has a relatively low '“C concentra-
tion, such as drift gas, the resuitant '“C value may resemble a
marsh or wetland gas. The expected 'C activity for methane
originating from marshes or wetlands ranges from approxi-
mately 40 to 120 pMC (Coleman et al., 1993). Gases generated
from sewers and compost areas may also be difficult to distin-
guish from landfill CH, using '*C analyses. In cases such as these.
zn’tigm analyses of the methane hydrogen shouid be particularly
helpful for identifying the presence of landfill CH,.

The elevated leveis of deuterium in leachate offer a poten-
tially effective means of tracing leachate migration from a land-
fill. For example, Figure 8 graphically shows how the 5§D values
of leachates from a landfill in northern lllinois (Site-II, Table 2)
stand out refative to average local precipitation and uncontami-
nated ground water sampled at a few different depths below the
surface near Site-I1. The major aquifer of concern at this site was
a confined dolomite, located approximately 90 ft below the
surface, with a very negative 5D value of approximately - 119,
Thus, a large natural difference was established between the
isotopic composition of the landfill leachate and the major aqui-
fer for the area. This large inherent isotopic difference made 6D
an effective tracer of leachate migration for this landfill (Liu et
al,, 1992). As mentioned previously, a few leachate samples we
analyzed have rather negative 8D values and, as shown in Figure
8, fall close to the MWL. The two sampies shown in Figure 8
indicate the importance of knowing where the samples were
taken in a landfill and the general operations of the landfill.
Leachate sample C4, for exampie, was taken from a new area of
the landfill where refuse had just been buried earlier that year.
Thus, decomposition was probably still in its early stages and
little, if any, methanogenesis had occurred in that section of the
landfill resulting in a 5D value similar to that of local precipita-

tion. Leachate sample C2, however, was taken from an older
section of the landfill and represents an area where isotopically
light ground water was apparently infiltrating and mixing with
the leachate, diluting the 6D value of the icachate. This is sup-

ported by lower tritium levels for this same sample as indicated in
Table 3.

6100 (/o)
Fig. 8. 5D and 50 data of leschates from a municipal landfill in
Illinois (Site-II, Table 2). Included in this plot are: the average isotopic
composition of precipitation for the area, the isotopic composition of
uncontaminated ground water sampled at different depths nearby the
Iandfill, and a background well screened 90 ft below the surface at
Site-II.

333

: AR30812!

a8 18 a4 a2 -10 8 - 4

i



180
2 Bl °
Q
1801 A Ske
-~ 140 a: cf E ot
= -]
g.‘zo“ n\ -
o
~ ~
< 100 -
i Laschesss
é: 804 Basigyround -}
8
40-
204 Baciground - K & Ill
*g o
0+ P frrrp— ver
,0.4 1 10 100 1000 10000
Tritium (TU)

Fig. 9. '“C and ’H values messured in leachates sampled from three
different landfills in lllinois (Table 3) compared with background
samples taken st each site. (Tritium values plotted as < 0.25 were
reported to have 0 TU £ 0.09 from the tritium laboratory.)

The radiogenic isotopes of *H and “C have the potentiai to
be even more sensitive than deuterium as tracers of leachate
based on the differences observed between uncontarninated
ground-water samples and leachates shown in Figure 9. As
Figure 9 indicates the contrast between the *C and ’H values of
leachate and background water at landfills differ from one site to
another depending on whether the background water being
monitored is close to the surface and open to atmospheric
exchange or is a confined ground-water unit. The background
values for Site-I, for example, represent water sampied from a
surface reservoir and the top few feet of the unconfined ground
water on site. The background samples from the other two
landfills were taken from confined aquifers located approxi-
mately 90 feet below the surface. The confined aquifers had
significantly less tritium and '*C activity, increasing the sensitiv-
ity of the isotope tracers at these two sites.

An advantage of using environmental isotopes, such as 6D,
5'%0, and *H, as tracers for leachate is that the alteration of the
isotopic composition of the leachate water during migration is
less severe than most inorganic or organic compounds dissolved
in the leachate. For example, deuterium, oxygen-18, and tritium
are isotopes of one of the main constituent atoms of water and
are generally considered conservative environmental tracers of
ground water. Deuterium and tritium are not influenced by most
of the chemical and biological processes that influence dissolved

components (Fritz et al., 1976; Fontes, 1980; and Hendry, 1988).
: Another positive aspect of using environmental isotopes is
that the sampling techniques are relatively simpie. Collecting
samples for the stable isotopes and tritium analysis basically
involves putting the samples in well sealed containers and ship-
ping them off to an isotope laboratory for analysis. Sampling for
14C analysis is somewhat more involved, requiring a relatively
large sample when using conventional analysis techniques. For
exampie, gas sampies may require approximately 4 to 65 liters,
and water samples may require approximately 8 to 50 liters,
depending on the amount of carbon present in the samples.
Usually 2 grams of carbor is sufficient for conventional '“C
analysis. Methods of collecting and analyzing samples for their
isotopic composition are generally reviewed in IAEA Technical
Report Series No. 228 (1983).

R34

Summary

The confining structure of municipal landfills creates a °

unique environment where anaerobic microbial degradation of
organic debris can result in the production of large quantiuies of
CH. and CO: (Stecker and Rodgers, 1985: Bogner and Spokas,
1993). It is this prolific microbial activity that alters the *C and D
abundance in different compounds and results 1n the unique
stable isotope signatures that can be used to charactenize and
trace the gases (CO; and CH4) and leachates from municipal
landfills. The fractionation associated with methanogenesis in
landfills resuits in 6'°C values of CH. ranging between approxi-
mately -48 to -60%, which is typical of microbial methane
produced primarily by the acetate-fermentation process. The
& "C for the CO; associated with methane production in landfills
ranges from approximately ~7 to +18 %c. Since the methano-
genesis process utilizes the isotopically light hydrogen from the
water the 6D of the leachate becomes isotopically enriched in
deuterium by approximately 30 to 60%w. This deuterium
enrichment renders deuterium a useful tracer for delineating
leachate migration.

The radiogenic isotopes of “C and *H appearto be the most
sensitive tracers for identifying landfill poilutants. Both the
leachate and methane from municipal landfills are significantly
enriched in '“C and *H relative to concentrations normaily found
in ground water and other sources of methane. The typical range
of C values for CH, and DIC in landfill leachate is from 120
pMC to 150 pMC. This elevated range of C can easily be
explained by the decompaosition of organic material that contain
elevated levels of '“C due to atmospheric testing of nuclear
devices in the 1950s and 60s. Tritium concentrations in landfill
leachates generally range from a few hundred TU to several
thousand TU and cannot be explained so easily. The predomi-
nant source of the tritium is probably luminescent paints used in
watch dials and clocks as well as other luminescent instrument
dials that could easily be disposed of in municipal landfills. In
light of the variable tritium levels measured in leachates from
several different landfills it is important to acquire tritium mea-
surements from within a landfill prior to using tritium data
downgradient from a landfill for delincating a leachate plum or
calculating travel times.

The application of isotope geochemistry to contamination
problems that occur near municipal landfiils can belp confirm,
independently, whether the contamination observed is from a
municipal landfill or some other potential source in the area.
Isotopic analyses are well suited to help define both gas migra-
tion ‘and/or leachate migration problems. The conservative
nature of environmental isotopes, such as D, '*0, and ’H, helps
preserve the original isotopic signatures associated with landfill
leachate and therefore makes the isotopes reliable tracers for
leachate migration. The combination of isotope analyses with

" chemical and hydrologic data will result in a better assessment of

subsurface contamination problems that occur near municipal
landfill sites. -
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EPA’s Policy
Perspective on
Natural Attenuation

Presented by
Peter Feldman

Solid Waste and Emergency Response
U.S. Environmental Protection Agency
Arlington, VA

What Is “Natural
Attenuation?”

¢ EPA program offices’ exisﬂn
definitdons include most re!evant
processes:
e Diludon
# Dispersion
a Adsorpton
s Biodegradadon

e Voladlization, other chemical
processes lacking

as a recognized remedy
| alternative ...

o Natural Attenuation

s Shouid be evaluated along with, and in
similar manner to other (remedjal)

measures
s Is not a default option
" u Differs fundamentally from active
remediation
= Its usage encouraged where appropriate

Why Use the Term
“Natural Attenuation?”

e Various names and definitions exist
» Intrinsic remediaton ' }
s [n situ biodegradation R
s Passive remediadon
@ Natural artenuadon s
s Other vernacular names -
¢ “Natural Attenuation” recognized by
RCRA, Superfund, UST Programs

¢ Consistency and clarity a plus

Regulatdry Framework

e Natural Attenuation is:
8 A recognized remedy for ground-water
cleanup
» Used to{ attain required cleanup
standar

» Used under specific circumstances

Circumstances Appropriate
for Natural Attenuation

e Site characterization data adequately
demonstrate natural attenuadon’s
effectiveness

o Where natural attenuation will

s Result in attainment of cleanup levels
s In reasonable dmeframe
* » Time "cg::lnhk" to that of active

Seminar Series on Bioremedistion of Hazardous Wose Sikes: Proctical Approaches 1o implementation
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When Should Natural
Attenuation Be ‘_Used?

e Where longer remediation

timeframes acceptable:

= No demand for GW resource while
remedy in progress

s Alternate supplies available if needed

When Should Natural
Attenuation Be Used_? (Continued)

e Will not result in unacceptabie
contaminant migration

¢ Capability exists to adequately monitor
to ensure protectiveness

e With contingencies for active measures
if remedy expectations not met

e Accepted by lead/supporting agencies
and local community

Ground Water RODs Using
Natural Atte.nuatl_op

18y 17
164
144
12
10

Fiscal Yours 1982-1994

Nuwmber of RODs

e WL

-y

35 06 87 36 ® % 9 %2 93 M
Fiscal Year

When Should Natural
Attenuation Be Used? (continued)

¢ [n combinaton with active remedial
measure, e.g..
® Sources: treatment/containment/removal
» Plume: oreaument of higher concentraton areas
a Plume: c_ontaimnem, or other measures as
appropriate

¢ To “finish up” active remediation

SouRcE
Conteou

How Has Natural
__Attenuation Been_sUsed?

¢ Superfund Program Example
s 73 ground-water RODS have selected
natural attenuation between 1982 and
1994
s Represents approximately seven
percent of GW RODs

» Trend of increasing use since 1985
(chary -

How Has Natural Attenuation
Been Used? (Contnued)

e Variety of sites, including MLFs,
industrial LFs, refineries, recyclers, etc.

o At all but six sites, natural attenuation
used in combinatdon with active remedy
components

o Often have low exceedences of cleanup
levels

e Contingencies for active measures

Seminar Series on Sicremediation of Hazordous Wasie Sites: Proctical Approaches 1o implemeniction
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Use of Natural Attenuation in -
Superfund Remedies

Remedy [ncludes Number of Sites
Capping 26
Source treagnent 19
Source removal/Disposal 25
GW pump and treat 10
GW interceptor ench/Runoff
coatrois 3
NAPLs recovery 2
Natural attenuaton only 6

*Sites may have more than one active remedy component.

Promoting Greater Acceptance
of Natural Attenuation (Contnued)

eat/remove sources
—_— e Il sughly monitor plume and

8.

downgradient areas

¢ Include contingencies for other

measures if natural attenuaton fails
to meet desired goals

¢ Involve regulatory agencies early in

process

A

Promoting Greater Acceptance
of Natural Attenuation

o Communicate that natural attenuaton is a
responsible, managed remediation
approach (not a walk-away)

¢ Present site-specific data and analyses that
demonstate occurrence

e Develop defensible conceptual model
supporting natural attenuadoor—

¢ Build defensible predictive models, where
appropriate

Seminar Series on Bioremaediation of Mazardous Waske Siles: Practical Approaches 1o Implementation
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introductory Talk: Where Are We Now With Public and Regulatory Acceptance?
.(Resource Conservation and Recovery Act [RCRA] and Comprehensive
Environmental Response, Compensation, and Liability Act [CERCLA])

Kenneth Lovelace and Petar Feidman
U.S. Environmantal Protection Agency, Oifice of Emergency and Remadial Rasponse
@ (Superfund), Washington, DC
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Iniroduction

‘The U.S. Environmental Protaction Agency (EPA) re-

maing committed to the goal of restoring contaminated
ground waters to their beneficial usss. The AgEENisc
mﬂm e
recognizes that, in certain cir-
nces, I emedies using natural attenuation can be
cost-sffective than “active™ remediation ap-
proaches in achieving cleanup objectives equally pro-
tective of human health and the environmeni, The
Agsncy aiso recognizes that many technical questions:
remain {0 be answered ragarding the efficacy of thie®
approach, which underscores the importance of contin-
ued sciertific research as well as the need to empioy
remedies using natural attenuation in a consistent and
responsible manner.

What Is Natural Attenuation?

Natural attanuation is discussed in the preamble of the
National Qil and Hazardous Subetances Pallution Con-
tingency Plan (NCP), which is the regulatory framework
for the Superfund program (1). In the NCP, natural at-
tanuation is described as a process that “will effectively
reduce contaminants in the ground watar” to concentra-
tions “protective of human health and sensitive ecologi-
cal environments in a reasonable timeframe.” The NCP
goes on to recognize that natural attenuation may in-
clude any or all of the following processes:

o Biodegradation
+ Dilution

on
¢ Adsorption

Thus, the NCP definition includes biodegradation, which
alters or destrovs the contamination ae wall sa nhusisal

4

processes that lower contamination concentrations and
availability without necessarily aktering the chemistry.
Othar procedses not mentioned in the NCP ama not

ily exciuded from the definition (e.g., volatiliza-
tion), Othar EPA remediation programe also recognize
this definition, including the Corrective Action program
under the Resource Conservation and Recovery Act

(RCRA) and Underground Storage Tank (UST) programs.

Somne terms, such as “intrinsic remediation”’ or *passive
remediation,” are essentially equivalent to the NCP’s
definition of natural attenuation. Other terms used in
recent literature, inciuding “intrinsic bioremeadiation® or
"in situ bioremediation,” appear to be mors restrictive in
scope than "natural attenuation.” In addition, natural
attsnuation is the terrn used in existing EPA guidance
(8.9., U.S. EPA[2]).

Regulatory Framework

Natural attenuation is racognized as a legitimate reme-
dial approach for ground-water cleanup under the Su-

" perfund, RCRA Corrective Action, and UST remediation

programs. A directiva clarifying EPA's policy regarding
the use of natural attenuation for remediation of sites
regulated under these programs is currently under de-
velopment (3). Remedies selected for contaminated
ground water (and for other media) under these pro-

grams must protect human health and the environmant, °

regardiess of the particular remediation technology or
approach selectad. Remedies may achieve protection
through a mix of treatment, which neduces or destroys
contaminants; containment and other enginsering con-
trols, which limit exposure; and othar means identified
as pant of the remedy selection process. Each EPA
program has guidance suggesting when s;

S v i o w2 B F-1- N
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EPA recognizes that natural sttenuation may be an ap-
propriate ramediation method for contaminated ground
water under the right circumstances. Natural attanuation
should continue 10 be carefully evaluated along with
other viable remedial approaches or technologies within
the existing remedy selection framework. Natural at-
tenuation is not to be considered a default or prasump-
tive remedy for a given site under any of these EFA
programs.

Cleanup policiss for Superfund have addressged the use
of natural attsnuation in some detail; most of the
relevant discussion can be found in the NCP preamble.
The following NCP language specifies the definition
and cleanup expectation for remedies using natural
attenyation:

“ISlelection of natural attenuation by EPA does not
mean that the ground water has been written off
and not cleaned up bt rather that biodegradation,
dispersion, dilution, and adsormption will effactively
reduce contaminants in the ground water to concan-
trations protective of human heatlth in a timeframe
compamble to that which could be achleved through
active restoration . . .” (1).

Thus, the NCP oxpectsmat & remedy employing natural
attenuation will be fully protective and attain the required

cleanup levels for the aquifer in a timeframe that is not
unreasonably iong. Since the other EPA remediation
programs have similar axpectations, use ot natural at-
tenuation as a remedy does not reduce EPA's responsi-
bility to prolect human healith and the environment, and
to saticfy the cleanup levels and other remediation ob-
jectives selectad for a given site. In short, use of naiural
attenuation does not imply that EPA has agreed o a ‘no
action” remedy or that EPA or responsible parties may
“walk away" from their remedial obligations at a site.

When Is Natural Attenuation Appropriate?

Becausa of the longer timeframes nesded for remedies
using natural attenuation, such an approach is best
suitad for sltes where thers is no demand for the ground
water in the near futurs. For example, where adequate
alternate water sources are available, future demand for
the contaminated ground water is likely to be low. Alsc,
the timeframe required for natural attenuation shouid be
reasonable compared with more active altematives.
Other site conditions that favor the use of natural attenu-
ation as a remediation approach are discussad below.

Large, Dilute Contaminant Plumes

The types of contaminants, their concentrations, and
hydrogeoiogic conditions should indicate that natural
aftenuation is a viable remediation approach for a given
site. Natural attenuation is more likely to be an appro-

Nnrsts ramariiadian amesennals 4t leen codlln Vo mme el cme -

_effective remediation approach, especially for sitas

and relatively low contaminant concentrations, For
thase types of sites, natural attenuation may be able to
attain the requirad cleanup levels in a reasonable time-
frame and at a much lower cost than other alternatives.

Sources Controlled or Controllable

Natural attenuation will not be effectively used to reach
desired cleanup levals if the rate of contamination en-
tering ground water exceeds the rate of the natural
attenuation processss. Therefore, contaminant sources ™ -

should have been controlled by previous actions or site | CowmroL
characterization data shouid indicate that contaminant Seured
sources are no longer pregent. Otherwiss, remedies | . .,
using natural atlenuation should include measures for | .., w2
controlling sources, such as removal, treatment, or con- Cono rrontS |

tainment of source materials. Sources of contaminants
fo ground water could include surface facilities, landfll
wastes, contaminated soils, or nonagqueous-phase lig-
uids (NAPLS) in the subsurface.

Protected Drinking Water or
Environmental Resources

Cross contamination of other aquifers or discharge of
contamination to surface waters or sansitive ecological
environments is more likely if contamination is left in the
subsurface for long periods. Site conditions should indi-
cate a low potential for migration of contaminants into
uncontaminated maedia, or measures for controlling
plume migration should be included in remedies using
natural attenuation. In addition, the issue of whether
daughtar products of natural attenuation will pose a
Significant risk must be addressed.

Combinin
Other Me

For sitas where natural attenuation alone is not capable
of schiaving desired cleanup levels In a reasonable
timeframa, natural attenuation combined with more ac-
tive remediation methods may prove to be effective.
Some areas of the piume may require a much longer
time to attenuate naturally than others, such as areas
with ralatively high contaminant leveis (“hot spots®). In
this siuation, natural attenuation of dilkute plume areas
combined with extraction and treaiment to control
source areas and remaediate plume hot spots may be an

Natural Attenuation With
ods

where diute portions of the plume cover a relatively
large area.

In some casaes, it may be appropriate for natural attenu-
ation to be used as a iollowup to active remediation. In
this approach, active measures are used to reduce con-
taminant concentrations, followed by natural attenuation
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.romotmg Regulatory and Public contaminated ground water doss not reach public or Zwaml
Aceceptance private wells, or for providing effective treatment prior to hWawen
in general, promoating anceptnnce of natural attenuation %% voeey!
wiil require detailed site characterization and analysis to

damonstrate that this approach will achigve remediation
goals, careful monitoring of remediation progress, and
identification of contingency measures. These provi-
sions ars necessary to convince reguiatory agencies
and the public that natural attenuation is a valid reme-
diation approach rather than a “‘walkaway” and will be
sufficiently protective.

Building confidence in the approach can aisc be pro-
moted by involving the responsible regulatory agencies
as early in the process as passible. For example, up-
front agresment on the type of characterization data
neeaded to demonstrate the efficacy of natural attenu-
ation can save considerable effort later in the remedy
selection procsss.

.Detalled Slte Characterization

Convincing regulatory officials and local citizens that
natural attenuation wili be effective staris with a detailed
site characterization and a clear conceptual model of
conditions. A concaptual model of how natural at-
ation will perforrn &t a given site is essential to show
that natural attenuation will be effective and that poten-
tial advarse impacts to human health and the snviron-
ment can he pravented over the iong period required for
cleanup. The burden of proof of the viability of natural
attenyation is on the proponent, not the regulator.

Site-specific data should be used to demonstrate that
the required cleanup levels can be attained in & reason-
able timatmarné compared with other remedial altema-
tives. Such a demonstration can be supported by the
following types of site data:

“e Contaminant concentrations have decreased over
time.

'« Geochemical or mié:mbiologiwl parameters are char-
acterized to the extent needed to suppornt prediclive
- models.

“a Predictive models show required cleanup levels will
be attained in a timeframe that is reasonable for
the site. A

Exposure Prevention Measures

Prevention of exposure to contarninated ground water
the iong period required for cleanup is critical to
protectiveness. Remedies using natural attenu-

ation should include sffective measures for ensuring that

Performance Monitoring -

A thorough moditoring network and plan are necessary
1o evaluate the progress of natural attenuation. Reme-
dies using natural attenuation should include a monitor-
ing plan to ensure that remedy performance matches
pradictions, there are no adverse impacts, and unantici-
pated evenis can te detected in time to develop an

appropriate response,

Contingency Measures

Contingencies for initiating active remediation measures
should be incorporated into remedies using natural at-
tenuation. Such contingencies provide assurance that
remedy protectiveness will be maintained should natural
attenuation not progress as expected. The trigger(s) for
implementing such contingencies should be cleary
spolied out in sits decision docurnents.

Summary

EPA belisves that natural attenuation should continue to
play an important rola in the cleanup of sites with con-
taminated ground water. Furthering the technical under-
standing of the underlying treatment processes and
promoting the responsible use of this remediation
method should serve to enhancs the role that natural
attsnuation plays in restoring the nation's ground water.
Graater reguiatory and public acceptance of natural at-
tenuation will require demonsirating that such remedies
will be affective in meating remediation goals and in
protecting human heafth and the environment over the
long period required for cleanup. Demonstrating the
effectiveness of remedies using natural attenuation will
involve thorough site characterization, carsful monitor-
ing of remedy prograss, and contingency measures to
enaure long-tarrn reliability and protectiveness.
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