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Natural attenuation of chlorinated organics in a shallow sand aquifer
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Abstract

This work presents the second phase of a groundwater remediation program for the migration control of a 1,2-dichloroethane (1,2-DCA)
contaminated plume which includes natural attenuation at a distance downgradient from the source area. The conceived system for the
plume migration control, implemented just after a major accidental release of 1,2-DCA in the soil, included a 300 m long physical barrier
(cement-bentonite diaphragm wall) and 12 extraction wells. Results of field investigations have provided evidence that 1,2-DCA was naturally
biodegrading into vinyl chloride as well as ethene under the natural anaerobic-reducing conditions at the site. In that case, source control
measures were implemented to accelerate the overall remediation process. Although the results are favorable, the natural degradation of the
1,2-DCA does not guarantee acceptable levels of concentrations. Therefore, a pilot test to evaluate the enhancement of these processes is being
carried out through the use of a biosparging system. This test is being implemented near the source to achieve sequential aerobic–anaerobic
treatment zones.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

An increasing interest in the implementation of non-
structural solutions such as monitored natural attenuation
(MNA) has been observed in recent years in many sites in
North America and Europe. These solutions may be associ-
ated with engineered systems or applied as a sole remedial
alternative to soil and groundwater contaminated sites. The
motivation behind this fact is the complexities of subsur-
face systems and the costs associated with conventional
engineered approaches. It has been concluded that there
is not enough resources to clean up all contaminated sites
to non-detect or background concentrations. In USA, for
instance, regulators have adopted a risk-based corrective
action (RBCA) for setting remedial goals and to promote
the use of innovative treatment technologies such as natural
attenuation[1]. The selection of natural attenuation as part
of any site remedy, however, should be based on its ability
to achieve remediation goals in a reasonable timeframe.
Under favorable geochemical conditions, natural attenua-
tion of groundwater contaminants can result in significant
savings in cost over other remedial options. It is also
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less intrusive and disruptive than conventional engineered
methods.

“Natural Attenuation” is the term used to all natural pro-
cesses that can be accounted for as part of a site remediation
strategy. Some of these naturally occurring physical, chem-
ical and biological processes can transform contaminants to
less harmful forms or immobilize them in the subsurface,
therefore reducing contaminant concentrations in water[2].
Aerobic and anaerobic biodegradation are considered the
major processes for the reduction of contaminant mass in
the subsurface[3]. Non-destructive attenuation processes,
on the other hand, include dispersion, dilution, volatilization
and sorption to soil particles. In addition to cost savings,
the use of natural attenuation can lessen the problems of
dealing with hazardous waste disposal. However, it may
require more time to achieve cleanup goals and requires a
commitment to long-term monitoring. In some cases, in-
complete biodegradation can also create toxic by-products
that are not easily degraded. Vinyl chloride is an example
of a highly toxic chemical that results from incomplete
biodegradation of chlorinated solvents.

Some natural attenuation mechanisms for chlorinated
organics are described in this paper. Besides being among
the most widespread contaminants in soil and groundwater,
they have also significant impact on the subsurface, the
environment and on human health. In addition, available
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technologies for remediating these compounds are usually
costly and time consuming. Although chlorinated solvents
tend to be more resistant to natural biodegradation processes
due to their synthetic nature, significant evidence now exists
that biochemical reactions can certainly break down these
compounds into non-toxic or less toxic by-products.

In order to apply this in situ technology, it is necessary
to demonstrate, through the design of an appropriate field
monitoring program, that natural processes are taking place
at a rate that is effective in reaching established goals, and
that will continue for an acceptable period of time[4]. Sev-
eral good indicators or “lines of evidence” can be useful
to certify that natural processes are reducing contaminant
concentrations. For example, historical trends indicating a
stable or retreating plume; favorable geochemical condi-
tions, such as depleted levels of oxygen, nitrate and sulfate
and elevated levels of dissolved methane in groundwater;
the breakdown of compounds and the advent of “daugh-
ter products” are among the best indicators. When these
processes are detected in groundwater, they provide evi-
dence that contaminant destruction is underway. Laboratory
microcosm studies can also be used to simulate aquifer con-
ditions to demonstrate the destruction of contaminants by
native bacteria. The technical protocol developed by USEPA
[3], among others, provides a logical method of conducting
a specific monitoring program for intrinsic degradation.

It is also important to understand the processes affecting
the transformation and fate of contaminants in the subsurface
environment. Included are microbial physiology and the aer-
obic, co-metabolic and anaerobic contaminant degradation
processes. In any environment with microbial activity, there
is usually a progression from aerobic (oxygen-reducing) to
anaerobic (methanogenic) conditions. As a consequence, a
definite sequence of electron acceptors is used in this pro-
gression through distinctly different redox states. In wetland
environments, for instance, sulfate concentrations are gen-
erally low and most organic carbon decomposition can be
through methanogenesis[5]. In fact, in these environments,
there is abundant supply of natural organic carbon that can
provide enough electron donors for the reductive biodegra-
dation of chlorinated solvents.

In this paper, a monitored natural attenuation investiga-
tion was carried out at a 1,2-dichloroethane (1,2-DCA) site
located near an estuarine system where wetlands are a dom-
inant part of the environment[6]. An appropriate field mon-
itoring program was designed in addition to source control
measures which were implemented to accelerate the overall
remediation process.

2. Background on anaerobic degradation processes

Natural attenuation is well established as a remediation
alternative for only a few contaminants, including BTEX.
Only recently, however, natural attenuation for chlorinated
organic compounds has been demonstrated in the litera-

ture. Researchers have first demonstrated the potential for
anaerobic biotransformation of halogenated aliphatic hy-
drocarbons in 1981[7]. Additional studies have shown that
many of these compounds, including chlorinated ethanes
and ethenes, can be biodegraded in a variety of conditions
[8–12]. In 1994, Fiorenza et al.[13] showed evidence of
reductive dechlorination of PCE, TCE, TCA and methylene
chloride contamination in a field study in Ontario, Canada.
The work of McCarty and Reinhard[14] presented evidence
pointing to intrinsic bioremediation of chlorinated organics
under methane fermentation conditions in municipal land-
fills. The degradation potential of 1,2-DCA under both aero-
bic and anaerobic conditions has also been well documented
[6,15–18]. Complete dechlorination of 1,2-DCA into non-
toxic end products such as ethane and ethene is believed to
be faster and more likely to occur under methanogenic con-
ditions. Most of the work present in the literature focused
on mixed microbial cultures that use chlorinated solvents
fortuitously as electron acceptors. Biodegradation, in these
cases, is most likely to occur in the presence of excess
organic material to serve as an electron donor.

3. Natural attenuation processes

The behavior of organic contaminant plumes in ground-
water is determined by the interaction of physical, chemi-
cal and biological processes. These include the mechanisms
of advection, dispersion, sorption and also volatilization at
the water table. All of these processes except advection can
cause lower aqueous concentrations and therefore contribute
to natural attenuation, which is contaminant and site spe-
cific. Contaminants partition into four phases, including dis-
solved, vapor, sorbed to soil particles and a free phase, which
displaces water from the spaces. As water moves through
pores spaces, chemicals are desorbed from aquifer solids
or dissolved from the free phase liquids. Their movement
downgradient may be altered by further sorption to soil par-
ticles and also biodegradation. Partition of chemicals into
aqueous phase may reach an equilibrium with the process
of biological transformation at an acceptable time and dis-
tance from the source, which is the basis for plume natural
attenuation. Contaminant nature and site hydrogeology are
determinant factors in contaminant partition, which in turn
affects plume movement in the subsurface.

In the biodegradation processes, three modes of contam-
inant degradation are possible, including aerobic, anaerobic
and co-metabolic. Aerobic degradation involves oxygen as
the electron acceptor, and dechlorination is usually faster and
more complete. The contaminants, in this case, are utilized
by bacteria as a sole source of carbon. Anaerobic degrada-
tion involves the passing of electrons to an acceptor other
than oxygen, the primary ones being nitrate (denitrification),
Mn (IV), Fe (III), sulfate (sulfate reduction) and ultimately
carbon dioxide (methanogenesis). This latter is converted
to organic acids to produce methane. Microorganisms
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Fig. 1. Electron donors and acceptors in biotransformation processes
(modified from[19]).

preferentially utilize electron acceptors that provide the max-
imum free energy during respiration. The sequence of elec-
tron acceptors used in this progression is indicated inFig. 1
(modified from[19]), in order of decreasing energy yield.

The transition of highly chlorinated organic to less chlori-
nated forms like ethane/ethene and CO2 is controlled by the
redox state at the site. Methanogenic conditions are better
than sulfate or nitrate reducing conditions, since reductive
dechlorination is most complete. Biodegradable organic ma-
terials, on the other hand, must be present as electron donors
for reductive dechlorination to occur. Some organisms con-
vert the organic electron to sugars, amino-acids and ferment
these products to alcohols and fatty for energy, acetate and
H2. Organisms then use either the contaminant or the nat-
ural available chemicals (sulfate, iron, carbon dioxide) as
electron acceptor. Therefore, contaminants must compete for
electrons, meaning that a large amount of organic electron
donors must be present near the contaminant source. When
biotransformation of a contaminant leads directly to energy
generation and growth of more microorganisms, the contam-
inant is known as a “primary substrate”. On the other hand,
co-metabolic breakdown of chlorinated organics is contin-
gent on an organism metabolizing something else, such as
methane or toluene[4]. The microorganism gains no energy
from the contaminant degradation but from another sub-
stance.

Highly chlorinated organics, such as PCE and TCE are
not easily oxidized since there is less energy to be gained
by the microorganism. Instead, they are used as electron
acceptors and are reduced to less oxidized forms—daughter
products. This process, which is the primary degradation
pathway for highly chlorinated solvents is called “reduc-
tive dechlorination” or hydrogenolysis[8], in which one
Cl− is released in exchange for a hydrogen ion. The se-

Fig. 2. Degradation paths for some chlorinated organics (after[8]).

quence of reductive dechlorination of tetrachloroethylene
(PCE), for instance, produces trichloroethylene (TCE),
1,2-dichloroethene (trans- andcis-1,2-DCE), vinyl chloride
(VC) and ultimately ethane, ethene and methane[20]. The
less chlorinated by-products are, in turn, more reduced and
resistant to further reduction. Vinyl chloride, for instance,
can be easily oxidized in aerobic environments producing
CO2 and water. In general, abiotic and biotic reactions of
halogenated aliphatic compounds include reduction (hy-
drogenolysis and dihalo-elimination), substitution (hydrol-
ysis), dehydrohalogenation and oxidation.Fig. 2 shows the
breakdown paths for some chlorinated organics, including
the estimated half-reaction reduction potentials[8].

4. Case study: 1,2-DCA contaminated site

This present research takes place at a 1,2-DCA produc-
tion facility located in a coastal lagoon region in north-
eastern Brazil, as illustrated inFig. 3. Due to a 135 metric
ton accidental release at the site from a storage tank the
groundwater was contaminated with 1,2-DCA as single
contaminant[18]. The product free phase was vertically
limited to a sandstone containing a high organic fraction
that occurs at approximately 11 m of depth. The contami-
nation is currently being contained by a combined system
of 10 extraction wells and a physical barrier, that consist
of a cement-bentonite diaphragm wall[6,21]. Although
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Fig. 3. Site and groundwater flow.

the system has already extracted over 110 metric tons of
1,2-DCA and controlled plume migration, the rate of mass
removal has been reduced over the years which demanded
the evaluation of alternative technologies to help accelerate
the remediation process. Therefore, additional studies were
carried out to investigate the potential for natural attenuation
of the dissolved plume downgradient from the source, where
sulfate-reducing conditions are predominant. In addition, the
aerobic degradation potential of 1,2-DCA and vinyl chlo-
ride were also evaluated, through the use of an air sparging
system near the source. The sequential aerobic-anaerobic
biodegradation process was evaluated as a second-phase
remedial program for the 1,2-DCA contaminated aquifer.

4.1. Hydrogeology setting

The schematic geology of the region is presented inFig. 4.
The site is located at a local recharge zone area, between
the Atlantic Ocean and a lagoon channel that constitutes the

Fig. 4. Schematic geology of the site.

discharge zone of the contaminated aquifer. Recharge to the
upper aquifer is directly through rainfall, with the poten-
tiometric surface presented inFig. 3. The area is underlain
by about 30 m of surficial deposits above a silty clay layer,
followed by a massive limestone and a confined sandstone
aquifer. The surficial unit consists of a well graded sand of
alluvial and marine origin from the Quaternary age. At about
11 m of depth, approximately, occurs a 4 m well cemented
sandstone, with high organic fraction, that has constituted
the vertical limit for the migration of the free-phase product.
The investigation program at the site included CPTU tests in
which the evaluation of pore pressure dissipation confirmed
the behavior of this capillary barrier that limited the vertical
extent of the DNAPL movement.

The hydraulic conductivity (K) of the surficial unit is esti-
mated to range from 10−2 to 10−3 cm/s, with an anisotropy
ratio (KH/KV) smaller than 10, except the organic sand layer
with K values ranging from 10−5 to 10−7 cm/s. The hy-
draulic gradient is of small magnitude, about 0.5% at the
rainy season. Water table at the site fluctuates from 3.5 m of
depth (rainy season) to 4.5 m (dry season) below land sur-
face. The dissolved concentrations of 1,2-DCA and vinyl
chloride are significant on the upper portion of the aquifer,
in the order of miligrams per liter closer to the free phase
source.

The 1,2-DCA storage tanks, which are less than 500 m
distant from the nearest open discharge zone, are surrounded
by the 300 m physical barrier. Because of the confinement
created by the diaphragm wall and the confining layer under-
neath, extraction wells located in the vicinity of this tank has
been removing a significant amount of mass, with 1,2-DCA
concentration in the order of hundreds to thousands of ppm.
It is expected that the air sparging system accelerates mass
removal at this location.

4.2. Aerobic and anaerobic biodegradation of 1,2-DCA

It is well known [6,15–18]that 1,2-DCA can be degrad-
able under both aerobic and anaerobic conditions, as
presented inFig. 5. The aerobic transformations are usu-
ally biotic and occur through oxidation. The aerobic
biodegradation of 1,2-DCA yields 2-chloro-ethanol and



R.C.M. Nobre, M.M.M. Nobre / Journal of Hazardous Materials 110 (2004) 129–137 133

2-CHLOROETHANOL

2-CHLOROACETATE

GLYCOLATE

CO2

CO2 CO2

ETHANE

ACETATE

ETHYLENE-

CHLOROETHANE

ETHENE

AEROBIC CONDITIONS ANAEROBIC CONDITIONS

1,2
DICHLOROETHANE

(1,2 DCA)

(REDUCTIVE
DECHLORINATION)

(DIHALO
ELIMINATION)

VINYL
CHLORIDE

GLICOL

(ACETOGENESIS)

(HYDROLYSIS)
(pH ALCALINE)

and CO2

(REDUCTIVE
DECHLORINATION)

ANAEROBIC OXIDATION
(IRON REDUCERS)

(HYDROLYSIS)

ETHANOL

BIOTIC REACTION

ABIOTIC REACTION

(OXIDATION)
(HYDROLYSIS-
- pH NEUTRAL)

Fig. 5. Degradation paths for 1,2-DCA.

2-chloro-acetate, which are further mineralized. These ox-
idation products are not easily detectable in the field as
they are degraded faster than 1,2-DCA[22]. Aerobic degra-
dation processes with 1,2-DCA in the literature revel that
the indigenous microorganisms in the subsurface can eas-
ily biodegrade 1,2-DCA[15,23], with aerobic degradation
half-lives of just a few days. This chlorinated compound
may be used as a growth substrate by aerobic bacteria such
as Xanthobacter, Ancylobacter and Pseudomonas which
are believed to completely oxidize 1,2-DCA to CO2, H2O
and chloride[24]. Alternatively, methanotrophic bacteria
can co-metabolize this contaminant as well[25]. 1,2-DCA
may also be oxidized anaerobically under nitrate reducing
conditions, with nitrate as the electron acceptor[16].

The anaerobic biotic processes generally are reductions
that involve either hydrogenolysis—reductive dechlorina-
tion, the substitution of a chlorine atom from the molecule by

Fig. 6. Distribution of 1,2-DCA at the site.

a hydrogen atom, or dihalo-elimination, where two adjacent
chlorine atoms are removed, leaving a double bond between
the respective carbon atoms[11]. The 1,2-DCA can also be
degraded by the anaerobic abiotic process of hydrolysis. The
formation of vinyl chloride from 1,2-DCA probably results
from anaerobic abiotic hydrolysis under alkaline pH. Abi-
otic transformation of 1,2-DCA under anaerobic conditions
also include hydrolytic substitution yielding ethylene glycol
[26]. Anaerobic bacteria can also reductively dechlorinate
1,2-DCA to chloroethane which can either be further dechlo-
rinated to ethane or undergo abiotic hydrolysis to ethanol.
The half-life for the abiotic hydrolysis reaction is about 5.8
years[8]. These processes can be found in more detail in
the specific literature[15,16,23].

4.3. Evidence of natural attenuation

A specific groundwater sampling program is being car-
ried out to assess the potential for relying on natural
degradation at the portion of the aquifer downgradient the
physical barrier. The parameters associated with intrinsic
biodegradation were monitored in accordance with USEPA
protocols[3], including redox parameters (dissolved oxy-
gen, redox potential), physical indicators (pH and water
conductivity), biochemical and chemical oxygen demand,
inorganic parameters (sulfate, nitrate, iron, alkalinity), dis-
solved hydrocarbon gases (ethane, ethene and methane).

Recent analytical results reveal that the process of abi-
otic hydrolysis, under alkaline pH, is possibly occurring in
which part of the dissolved 1,2-DCA is being naturally trans-
formed into vinyl chloride (VC). Furthermore, under the
anaerobic-reducing conditions at the site, 1,2-DCA appears
also to be degrading via dihalo-elimination to ethene. It is
expected that 1,2-DCA and VC rapidly mineralize to CO2,
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Fig. 7. Historical evolution of 1,2-DCA and its by-products at monitoring wells (a) PM-07, (b) PM-14, (c) PM-15, (d) PP-16 and (e) PM-22.

within the air sparging zone of influence, where groundwater
redox conditions change to aerobic and oxidizing. Also, in
the presence of oxygen and methane, methanotrophic bac-
teria appear to be using the methane produced within the
anaerobic portion of the plume and be co-metabolically de-
grading the contaminants in the aerobic zone to produce
CO2.

Figs. 6 and 7show the current distribution of 1,2-DCA
at the site and historical evolution of its by-products in
some monitoring wells. High concentrations of ethene,
VC and methane are always detected in association with
high 1,2-DCA concentrations, with few exceptions. The
dihalo-elimination of 1,2-DCA to ethene seems to be related
to methanogenic microorganisms, where it has been verified
that the distribution of methane and ethene had a strong
correlation. The organic matter present at the 11m sand
layer is probably behaving as a substrate source—electron
donor—which is stimulating the reductive dechlorination
process of 1,2-DCA to occur.Fig. 8shows a schematic sec-
tion beneath the storage tank and the various degradation
zones that could exist hypotetically. In the real case, the iron

and nitrate reducing zones do not exist as the geochemical
conditions of the site are not favorable for these particular
stages of the degradation processes.

Fig. 9 presents the evolution with time of the normalized
concentration of 1,2-DCA and its by-products showing a
stable trend for a four year period at PM-07.Fig. 10shows
the spatial distribution of 1,2-DCA and its by-products
in wells located downgradient the source with respect to
groundwater flow.Fig. 11presents the same data, with the
y-axis indicating the normalized concentration of 1,2-DCA
and its by-products. The relative concentration of the
1,2-DCA degradation products increases downgradient the
source, confirming the occurrence of natural attenuation
processes and reduction of the plume size.

The degradation process of 1,2-DCA at the site can be
expressed as first-order reaction kinetics governed by the
equation:

C = C0 e−kt (1)

where C is the biodegrated concentration at timet; C0
the initial concentration, andk is the first-order decay
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Fig. 8. Schematic section of a hypothetical plume and its various degradation zones.

coefficient. First-order constants are usually expressed in
terms of half-life for the chemical

t1/2 = ln 2

k
(2)

Regression methods were used to obtain first-order degra-
dation rates to adjust field data. An average half-life equal
to 225 days (∼7,5 months) was obtained for the natu-
ral attenuation process of 1,2-DCA at the site. In that
case, an average decay coefficientk equal to 0.003 per
day was obtained. The results match with field results
found in the literature. Suarez and Rifai[27], for ex-
ample, analyzed data from approximately 280 studies to
determine, statistically, ranges of biodegradation rates for
various contaminants. In that work, DCA (including all

Fig. 9. Time evolution of the normalized concentration of 1,2-DCA and its by-products.

isomers) presented very high potential for biodegradation
via aerobic cometabolism and reductive dechlorination
with none of the studies reporting recalcitrance. Average
half-lives equal to 1260 days and 15 days were found for
reductive dechlorination and cometabolism, respectively
[27].

Groundwater at the site is predominantly anaerobic with
redox conditions ranging from−300 mV to +487 mV.
Groundwater samples showing the highest 1,2-DCA con-
centrations presented pH slightly lower than the pH in
non-contaminated groundwater, which was usually alka-
line. The dissolved oxygen in those samples was depleted.
The alkaline water pH was possibly responsible for the
formation of vinyl chloride from 1,2-DCA.
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Fig. 10. Monitoring results for 1,2-DCA and its by-products for wells downgradient source.

Fig. 11. Normalized concentration of 1,2-DCA and its by-products for wells dowgradient source.

5. Summary

Much progress has been made recently in understanding
the process of natural attenuation. In fact, this innovative
remedial alternative has proved to be a cost-beneficial ap-
proach in many sites in North America and Europe. How-
ever, evaluating natural attenuation as a remedy requires
extensive investigation and a commitment to long-term
monitoring to achieve cleanup goals.

Natural attenuation is being evaluated as a component
of the remediation strategy for a 1,2-DCA contaminated
aquifer in northeastern Brazil. It has been observed sev-
eral “footprints” for some loss of 1,2-DCA dissolved mass
mainly by reductive dechlorination at the site. Data from
monitoring wells at the site shows that the decrease in
1,2-DCA concentrations is associated with the formation
of vinyl chloride, ethane and ethene. Also, the evidence
of anaerobic processes is indicated by methane production

coinciding with the decrease of dissolved oxygen, nitrate
and sulfate concentrations. The ratio between 1,2-DCA
concentrations and its by-products has altered downgradient
the source, indicating the occurrence of natural degrada-
tion processes. A first order decay model was applied to
field data and an average half-life equal to 7.5 months was
obtained for the 1,2-DCA natural degradation.

Although the results are favorable, the natural degrada-
tion of the 1,2-DCA does not guarantee acceptable levels
of concentrations. Plume control is obtained as a result of
combined efforts, which includes the operation of an in-
tegrated system of hydraulic and physical barrier. Hence,
monitoring of natural degradation mechanisms is part of
the overall remedial program. A pilot test to evaluate the
enhancement of these processes is being carried out through
the use of a biosparging system. This is being implemented
near the source to achieve sequential aerobic–anaerobic
treatment zones.
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