
Contents

◾ 1 Introduction
◾ 2 Biodegradation
◾ 3 Abiotic Degradation
◾ 4 Footprints
◾ 5 Tools and Databases for Chlorinated Solvent MNA
◾ 6 Summary
◾ 7 References
◾ 8 See Also

Monitored Natural Attenuation (MNA) of Chlorinated Solvents
From Enviro Wiki

Monitored Natural Attenuation (MNA) is a common remedy for contamination of chlorinated solvents in groundwater. Chlorinated solvents 
are susceptible to many natural processes that can attenuate their concentrations in groundwater including biological degradation, abiotic 
degradation, sorption, dispersion, and volatilization. Typically, MNA is used for plumes with low dissolved concentrations or in peripheral 
areas of plumes away from areas with non-aqueous phase liquid (NAPL) or other materials that serve as the source of groundwater 
contamination. 
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Identification_and_characterization_methods_for_reactive_minerals_.pdf)[1]

Introduction

Chlorinated solvents and their transformation products are among the most abundant contaminants in groundwater. In 2006, the United States 

Geological Survey published results from a systematic survey of volatile organic chemicals in drinking water wells[2] in the USA. 
Approximately 12% of wells contained detectable concentrations of tetrachloromethane ( chloroform), 5% contained tetrachloroethene (PCE), 
4% contained trichloroethene (TCE), 2% contained 1,1,1-trichloroethane (1,1,1-TCA), and 2% contained 1,1-dichloroethane (1,1-DCA). 

Monitored Natural Attenuation (MNA) is one remedy that is available for contamination from chlorinated solvents in groundwater. Natural 
processes that can attenuate the concentrations of chlorinated solvents in groundwater include biological degradation, abiotic degradation, 
sorption, dispersion into ground adjacent to the contaminant plume, and volatilization to soil gas above the groundwater. At most sites where 
MNA has been selected as a remedy, or part of a remedy, the chlorinated solvents have been shown to be degrading in groundwater. 

Biodegradation

The prospects for degradation of selected chlorinated solvents and their transformation products in groundwater are good (Table 1). 

Biodegradation can occur under both aerobic and anaerobic conditions. Under aerobic conditions, the chlorinated solvent can act as a source of 
food for the microorganisms (referred to as direct biodegradation in Table 1). Degradation can also be a fortuitous reaction that does not 
provide any benefit to the microorganisms. The fortuitous reaction is called a cometabolism or cooxidation. The fortuitous reaction is most 
commonly carried out by an oxygenase enzyme that is produced by the microorganisms in order to allow them to degrade some other 
compound. 

When the chlorinated solvent is degraded as a food source, the population of active organisms and the rate of degradation will increase over 
time. If the degradation is fortuitous, the bacteria do not grow as a result of degrading the chlorinated solvent, and the rate constant does not 
increase over time. 

The prospects for direct aerobic biodegradation of chlorinated alkenes depends on the extent of chlorination. PCE and TCE do not support 

growth under aerobic conditions, cis-dichloroethene[4] (c-DCE) can be degraded in aerobic groundwater, and vinyl chloride (VC) is readily 
degradable in many aerobic groundwaters. 
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Table 1. Summary of the prospects for degradation of selected chlorinated solvents and their 

transformation products in groundwater[3][1]

Figure 1. Degradation chlorinated alkenes to ethane.

Many samples of groundwater contain 
microorganisms that express oxygenase 
enzymes and can cometabolize PCE, TCE or 

dichloroethene (DCE)[5]. However, the 
specific contribution of these organisms to 

MNA is not well understood[6], and studies 

are trying to define their contribution[7]. 

Under anaerobic conditions, the chlorinated 
solvents act as an electron acceptor. In such 
cases, electron donors may be in the form of 
naturally occurring, bioavailable organic 
carbon, or possibly from comingled plumes 
of petroleum hydrocarbons. The chlorinated 
solvents function in bacterial metabolism in 
the same fashion as oxygen functions in 
human metabolism. The chlorinated solvents 
are essentially something for the bacteria to 
breath in the absence of other electron 
acceptors such as oxygen, nitrate, or sulfate. 

In anaerobic groundwater, when conditions are favorable, 
chlorinated alkenes can undergo a sequential reductive 
dehalogenation where a chlorine atom is replaced with a hydrogen 
atom. Degradation proceeds from PCE to TCE, then to DCE, then 
to VC and finally to ethene (Fig. 1). The minimal geochemical 

conditions[8] that must be taken into account include pH, oxidation-
reduction potential (ORP), dissolved oxygen (DO) concentration, 
total organic carbon (TOC) and competing electron acceptors 
including oxygen, nitrate, sulfate and ferric iron. 

PCE and TCE can be used as an electron acceptor by a wide variety 

of bacteria[9]. The bacteria can degrade PCE or TCE as far as DCE. 
The only organisms that can degrade DCE to VC and then degrade 
VC to the harmless end product ethane are stains of 

Dehalococcoides mccartyi[10]. 

The degradation of chlorinated alkanes in anaerobic groundwater is 
more complicated (Fig. 2). Chlorinated alkanes can undergo a 
sequential reductive dehalogenation. In addition, they can undergo the loss of a hydrogen and a chlorine atom to form an alkene (a 
dehydrochlorination) or the loss of two chlorine atoms to form an alkene (a dichloroelimination). 

Three reactions have been demonstrated for 1,1,1-TCA in groundwater (Fig. 2)[11]. It can undergo an abiotic hydrolysis reaction to produce 
acetate, an abiotic dehydrochlorination to produce 1,1-DCE, and a biological reductive dechlorination reaction to 1,1-DCA and then 

chloroethane. In addition to being reduced to chloroethane, 1,1-DCA can undergo a dichloroelimination reaction[12] to produce ethene. 

The degradation of 1,1,2-TCA follows a similar pattern (Fig. 2). One strain of Desulfitobacterium has been shown to dechlorinate 1,1,2-TCA to 

1,2-DCA and chloroethane[13] through a sequential reductive dehalogenation. Certain strains of Dehalogenimonas go through a 

dichloroelimination reaction[14] to dechlorinate 1,1,2-TCA to VC and 1,2-DCA to ethene. A strain of Dehalobacter can also dechlorinate 

1,2-DCA to ethene[15]. 

A quantitative framework (BioPIC)[16] is now available that allows an evaluation of the rate constant for anaerobic biological degradation of 
cDCE and VC based on the abundance of gene markers for Dehalococcoides mccartyi. The relationships between the rate constants for 
degradation of the chlorinated alkanes and abundance of gene copies of Dehalobacter, Dehalogenimonas and other active bacteria are still 
being explored. 

Abiotic Degradation

Chlorinated solvents can chemically react with a number of iron minerals in aquifers[1]. The most important of these are magnetite, iron mono-
sulfide, and pyrite. 
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Figure 2. Degradation of Chlorinated alkanes to ethane.
Figure 3. Degradation of chlorinated 

alkenes carried out by iron sulfide 

minerals.

Figure 4. Degradation of chlorinated alkenes carried 

out by magnetite.

Iron sulfide minerals form as a consequence of sulfate reduction in 
groundwater. The sulfide produced from sulfate reduction will react with 
Iron (III) minerals to form iron mono-sulfide. Over time the iron mono-
sulfide will react with excess sulfide to produce pyrite. 

The reactions of the chlorinated alkanes with the iron sulfide minerals is a 
sequential reductive dechlorination. However, the reaction of iron sulfide 
minerals with chlorinated alkenes is more complex (Fig. 3). Reductive 
dechlorination and dichloroelimination can proceed at the same time. 

The U.S. EPA regulates the 
maximum concentration of 
contaminants that are allowed 
in water that is supplied as 
drinking water. These U.S. 
EPA regulations are referred to 
as the Maximum Contaminant 

Level[17] or MCL. There are 
MCLs for the transformation 
products of reductive 
dechlorination (the DCEs and 
VC) and these products will be 
included in the target list of 
analytes in any conventional 
monitoring program. The 
products of dichloroelimination 
do not have MCLs and are not 
usually on the target list of 
analytes for conventional 
monitoring. 

If the major pathway of abiotic degradation is dichloroelimination, then conventional monitoring 
will fail to recognize the contribution of abiotic degradation on iron sulfide minerals. However, the stable isotopes of carbon in chlorinated 

solvents are strongly fractionated during abiotic degradation on iron sulfide minerals. Compound Specific Isotope Analysis (CSIA)[18] can be a 
useful tool to recognize abiotic degradation of chlorinated alkenes on iron sulfide minerals. 

Magnetite is often present in unconsolidated glacial aquifers and aquifers that form in sediments that are shed by uplands composed of granite 
or other igneous rocks. Magnetite reacts readily with the chlorinated alkenes. The actual chemical interactions on magnetite are not well 

understood (Fig. 4). The ultimate degradation products are oxidized organic compounds and carbon dioxide[19]. 

Footprints

Most plumes have some contribution of anaerobic sequential reductive dechlorination. As a 
result, the primary contaminant and the transformation products of reductive dechlorination 
are present in the groundwater. The highest concentrations of the primary contaminant will 
be near the source of contamination, and the flow of groundwater carries the transformation 
products further downgradient from the source (Fig. 5). 

Many plumes of chlorinated solvents also have a contribution of abiotic degradation. As a 
result, the intermediate degradation products (such as DCE) do not accumulate to 
stoichiometric concentrations. There is an appearance that degradation of the cDCE has 
stalled, when in fact it is actively degrading, but not to vinyl chloride (Fig. 5). A 

quantitative framework[16] is now available that allows an evaluation of the contribution of 
abiotic degradation on magnetite based on the magnetic susceptibility of the sediment, and the contribution of abiotic degradation on pyrite 
based on the extent of sulfate reduction and the geochemistry of the groundwater. 
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Figure 5. Comparison of a chlorinated alkenes plume undergoing 

biodegradation alone vs. biodegradation with abiotic degradation.

Tools and Databases for Chlorinated Solvent MNA

The Scenarios Evaluation Tool for Chlorinated Solvent MNA[20] was designed to provide a structure where the MNA methods and decision 
logic are linked together in one of 13 different “scenarios” or site types. Based on site data (e.g. Table 2), one selects which of the 13 scenarios 
best fits their site or portion of a site. Then one goes to the description of that scenario to learn which attenuation reactions are likely to be 
active, how to design a MNA monitoring program, whether MNA will work, and other relevant factors. 

Table 2. Key elements of the scenarios tool for chlorinated solvent MNA.

A data mining study of MNA at 45 chlorinated solvent sites[21] provides some interesting information about plume sources, strength, and size 
(Fig. 6). 
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Figure 6. Plume characteristics evaluation of 45 chlorinated solvent sites.

The performance of MNA was evaluated[22] by comparing the change in concentrations of chlorinated organic compounds in wells in the 
source zone of plumes from the beginning to the end of an MNA monitoring period (Fig. 7). 
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Figure 7. Each dot represents an individual project, showing the geometric mean of the 

concentration at the beginning of the monitoring record (X-axis) and at the end of the 

monitoring record (Y-axis). The median duration of MNA monitoring for these 45 sites 

was 8.7 years and ranged from 4.1 to 15 years.

One study evaluated the change in source concentration over time at 23 chlorinated solvent sites by calculating concentration vs. time decay 

rates for source zone wells[23]. The authors concluded, “If the median point decay rates from these sites are maintained over a 20 year period, 
the resulting reduction in concentration will be similar to the reported reduction in source zone concentrations achieved by active in situ source 
remediation technologies (typical project length: 1–2 years)". 

As part of the development process for the chlorinated solvent natural attenuation model[24] BIOCHLOR, 24 chlorinated solvent plumes were 
studied in detail. Key findings included: 

◾ TCE and c-DCE had median plume lengths of 1215 ft and 1205 ft, respectively.
◾ Chlorinated ethene plume lengths were moderately correlated with seepage velocity and source width (Fig. 8).
◾ First order decay rates ranged between 1 and 2 per year for the chlorinated ethane plumes.
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Figure 8. Effect of estimated source size and groundwater seepage velocity on plume length.

Summary

MNA is an important remediation technology at some chlorinated solvent sites. There are numerous reactions, both biotic and abiotic, that can 
act on different chlorinated solvent compounds. Several tools and databases are available to help understand how chlorinated solvent plumes 
behave and to design and implement appropriate MNA programs. 
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