
FIGURE 1: Sequential Reductive 
Dechlorination of PCE 

(Tiedje 1992) 
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ABSTRACT: Abiotic degradative pathways are often overlooked when evaluating 
natural attenuation at chlorinated solvent sites.  Yet, at many sites, significant degradation 
of parent compounds such as 1,1,1-TCA, PCE and TCE is observed without the 
corresponding accumulation of daughter products, a sure indication of abiotic reactions.  
The problems in integrating abiotic processes into MNA are how to prove the existence 
of the abiotic pathways and how to apportion the degradation between biotic and abiotic 
pathways.  Abiotic processes can be demonstrated and potentially quantified in four 
ways:  plotting plume degradation patterns for the various chlorinated species, conducting 
mineralogical analyses, monitoring for unique reaction products, and finally, modifying 
and expanding microcosm study protocols to specifically examine abiotic reactions. 
 
INTRODUCTION 

The natural attenuation of chlorinated volatile organic compounds (CVOCs) solvents 
has been studied since the early 1980s (Bouwer 1981). The commonly accepted, 

dominant process in natural attenuation has 
been the biologically-mediated sequential 
reductive dechlorination as pictured in Figure 1 
(Tiedje, 1992; Vogel and McCarthy, 1985). 
This process has become the de facto basis of 
Monitored Natural Attenuation (MNA). Early in 
the development of the understanding of natural 
attenuation, Vogel, Criddle, and McCarty 
(1987) identified a variety of abiotic and biotic 
processes that could degrade chlorinated 
aliphatics These degradation processes included 
hydrogenolysis, dihalo-elimination (loss of two 
adjacent chlorines forming a C-C bond), and 
coupling (loss of chlorines on two separate 
molecules forming a C-C bond, joining the two 
molecules). These three processes are two 
electron reductions with the electrons supplied 
by microbial processes or by chemical 
reductants. They also identified other, strictly, 

abiotic processes such as dehydrohalogenation and hydrolysis, neither of which involves 
a transfer of electrons. Dehydrohalogenation is the loss of a chlorine and an adjacent 
hydrogen ion, forming a C-C bond. These two non-reductive, abiotic processes are 
illustrated by the conversion of 1,1,1-trichloroethane (1,1,1-TCA) into 1,1-dichloroethene 



(1,1-DCE) through dehydrohalogenation, and acetic acid through hydrolysis. While 
acknowledging that the reduction of chlorinated aliphatics through a two-electron transfer 
could occur chemically, Vogel concluded that such reactions were primarily microbially-
induced since chemical reduction was thought to be too slow (Vogel, 1987).    

The assumption that chemically-based reductive processes are slow compared to 
biological processes has led to a predominantly biotic focus in natural attenuation. 
Abiotic degradative pathways are typically overlooked when evaluating natural 
attenuation at chlorinated solvent sites.  Beginning in the mid-1990s and continuing even 
as late as 2003, the recommended monitoring focus in MNA for CVOCs has been on the 
production of daughter products and ultimately ethene or ethane as “proof” of natural 
attenuation (Wiedemeier et al., 1996; NRC, 2003). This focus presupposes a biological 
pathway. 

There has been, however, a strong undercurrent, interest in reductive abiotic 
processes. In 1993, Vogel acknowledged that dechlorination could occur “without 
microbes” (Vogel, 1993).  The growing interest in abiotic reduction has been fueled by 
two technical developments. One has been the development of zero valent iron (ZVI) 
technology. The other has been the study of the effect of anaerobic biological processes 
on minerals.  

At some sites, significant degradation of parent compounds such as 1,1,1-TCA, PCE 
and TCE is observed to occur without the corresponding accumulation of daughter 
products.  While highly active, co-existing biodegradation of the daughter products may 
sometimes be responsible, a significant portion of the degradative removal of the parent 
compounds may actually be due to abiotic degradation.  The occurrence of CVOC 
degradation without the production of commonly assumed daughter products has sparked 
an interest in abiotic processes.  

A central discovery in abiotic processes for MNA has been the role of bound ferrous 
iron. Researchers have specifically investigated the reductive reactivity of reduced iron 
minerals such as pyrite and demonstrated that a suspension of pyrite was able to 
dechlorinate carbon tetrachloride (Kriegman-King, 1994) and reduce dinitrotoluene 
(Jiayang, 1996). Ferrous iron precipitates, formed by the corrosion (reaction) of ZVI, 
were also found to react with chlorinated solvents (Matheson, 1994). Recent research has 
shown that chemically-precipitated ferrous iron will also act as an active reductant for 
chlorinated volatile organic compounds (CVOCs) (Brown, 2005b). Iron-based reductive 
chemistry has also been demonstrated in the field by the reactions of naturally occurring, 
ferrous-containing minerals with chlorinated solvents. In 2002, a plume of cis-1,2-
dichloroethene (cis-DCE) was shown to be abiotically degraded by magnetite, a mixed 
ferrous and ferric oxide, at rates comparable to biological processes (Ferrey, 2002). 
Ferrous iron plays the role in abiotic degradation that microbes play in reductive 
dechlorination.  

A second important discovery that has been key to the understanding of abiotic 
attenuation is the discovery that ferrous iron reacts with chlorinated solvents by 
mechanisms similar to those observed for ZVI. Chloroacetylenes were observed as 
products in the reaction of TCE with reduced iron-containing sediments (Szecsody, 
2004). This discovery suggests that the processes catalyzed by ferrous iron may be as 
diverse as those being elucidated for ZVI. The mechanisms of the reaction of ZVI with 
chlorinated solvents are quite complex and generate multiple products.  Orth and Gillham 



(1996) in a study of the reaction of TCE with ZVI found that ethene and ethane (in the 
ratio 2:1) accounted for over 80 percent of the original equivalent TCE mass. The typical 
daughter products formed biologically, such as cis-DCE and VC, accounted for only 3 
percent of the original TCE mass. Additional by-products were found including 
hydrocarbons (C1 to C4) such as methane, propene, propane, l-butene, and butane. 

At sites with naturally occurring reduced iron (i.e., magnetite) or at sites with iron-
rich mineralogy and strong reducing conditions, ferrous iron minerals are present and can 
degrade chlorinated solvents without the corresponding production of common biological 
daughter products such as 1,1-DCA from 1,1,1-TCA or cis-DCE and vinyl chloride from 
PCE and TCE.  Yet, reduced iron mineralogy is not a common natural attenuation 
parameter evaluated at most sites. Abiotic attenuation is not yet considered an integral 
part of MNA. The problems in incorporating abiotic attenuation into MNA are how to 
prove the existence of the abiotic pathways and how to apportion (if feasible) the 
degradation between biotic and abiotic pathways. 
 
ABIOTIC “FOOTPRINTS” 

The NRC book, Natural Attenuation For Groundwater Remediation, suggests that 
many attenuation processes cannot be directly observed, but that they leave “footprints” 
that can be used as evidence of the process: 

“Mechanisms that cause contaminants to degrade or transform in the subsurface 
cannot be observed directly, but they leave footprints that can be detected in 
groundwater samples.”(NRC 2003) 

The footprints that the book offers as evidence of MNA include consumption of electron 
acceptors, presence of daughter products, and detection of metabolites, all of which are 
biologically derived.  Are there equivalent footprints for abiotic processes? Abiotic 
processes present four footprints: plume degradation patterns, mineralogical 
characterization, characteristic products, and confirmatory microcosm studies.  
 
Plume Degradation Patterns. One of the accepted markers for abiotic attenuation is the 
loss of the parent compounds without the sequential production of mono-dechlorinated 
products. If one plots the molar concentrations of the chlorinated compounds with 
distance from the source area, one can differentiate between abiotic and biotic conditions. 
Biotic conditions are evidenced by a divergence of the contaminant concentrations with 
distance and often show a slower degradation or an accumulation of lesser chlorinated 
compounds. Abiotic conditions are evidenced by a parallel decline in molar 
concentrations with distance.  

Consider the following five sites 
1. Site A: The source area contained significant levels of petroleum hydrocarbons 

that “fueled” the biodegradation of 1,1,1-TCA to 1,1-DCA. The dissolved plume 
extends south from the source approximately 300 meters (m) where it abruptly 
attenuates to CVOC concentrations <0.01 mg/L. The dissolved plume outside the 
source area primarily occurs near the alluvium/bedrock interface at 30 to 60 m 
below ground surface (bgs). In descending order, the stratigraphic sequence 
includes fill, organic marine clay, silty sand alluvium, and fractured Franciscan 
Formation bedrock, an iron containing serpentine rock. Abiotic degradation is 
most likely the primary attenuation process outside of the source area. 



 
FIGURE 2. Site A 

FIGURE 3. Site B 

2. Site B. The Site is an industrial facility that has operated since the 1960s.  Several 
distinct plumes of chlorinated solvents have been detected in groundwater at the 
Site.  The main plume is predominantly 1,1,1-TCA and its daughter products. A 
second plume contains PCE, TCE and daughter products.  On-site, the plumes 
occur in a shallow aquifer composed of interbedded fine silts, clays and peat to a 
depth of 3.5-5.0 m. Biodegradation is the primary process. 

3. Site D is a tropical site consisting of 3 to 4 m of fluvial deposits over 2 to 6 m of 
saprolite. Degreasing activities in this industrial area have resulted in the release 
of PCE to soil and groundwater.  The main plume is located in the sandy zone 
within the saprolite, where the primary contaminants are PCE and its associated 
daughter products. The site evidences abiotic degradation in the sandy deposits at 
the source area and biological degradation in the downgradient black organic clay. 

4. Site F operated as a dry cleaning facility in the 1970s and 1980s.  The site is 
underlain by 6 m of saprolite, composed of clayey-silts over a layer of coarser 
sand.  Under the sand is the crystalline bedrock from which the saprolite is 
derived.  The main plume occurs in the water-bearing zone of the saprolite. The 
primary contaminants are PCE and its associated daughter products.  The site 
shows evidence of both abiotic and biological degradation. 

5. Site G is sand. The upper 5 m of the sand are oxidized with red iron stains. The 
lower sands from 5 to 25 m are a cemented glauconitic sand. Primary 
groundwater flow is in the lower sands. Abiotic degradation is most likely the 
primary process. 

 
The following figures illustrate the degradation patterns for these sites. 

The loss of VOCs with distance for Site 
A (Figure 2) shows parallel rates with 
distance. Flow is through a reduced, 
carbon-deficient bedrock. No 
accumulation of any lower chlorinated 
compound is observed. The rate of 
abiotic degradation appears to be higher 
from 200 to 300 m than over the first 
200 m and may reflect a change in 
reducing conditions. 

The loss of VOCs with distance for Site B 
(Figure 3) shows a sequential pattern of 
degradation. TCA degrades to 1,1-DCA, 
which then degrades to chloroethane. The 
reduction is biologically driven with the 
peat providing the carbon to drive the 
biological process. The degradation appears 
to go to completion with the production of  
ethene and ethane. 



FIGURE 4.  Site D FIGURE 5. Site F 

FIGURE 6. Site G 

Sites D and F show a mixed pattern of degradation. In Site D (Figure 4), degradation 
in the first 30 m of the plume, which occurs in a fine to medium sand, appear to be 
abiotic as evidenced by the parallel degradation. From 30 to 70 m, the degradation 
becomes predominantly biological as evidenced by the divergence of degradation rates.  
The biodegradation is associated with a 1 to 3 m thick zone of organic clay.  Site F 
(Figure 5) appears to be mostly biological with a strong abiotic contribution especially 
from 50 to 100 m. The last 100 m of the plume is very strongly biological as evidenced 
by the divergence of the molar concentrations and the accumulation of vinyl chloride.  

 
Site G (Figure 6) is also an abiotic site. TCE 
was originally spilled into a leaking 
industrial sewer where it was co-mixed with 
a high organic waste stream. This caused an 
initial biodegradation of the TCE producing 
cis-DCE and vinyl chloride. However, since 
the geology is carbon-deficient, once the 
original carbon load was expended, the only 
degradation mechanism is abiotic. Without 
the presence of the glauconite, the 
chlorinated ethenes would persist, being 
attenuated only by dilution and dispersion. 
 

These figures illustrate the value of plotting the molar concentrations versus distance 
of the different CVOCs. Where the loss over distance occurs in parallel, the implication is 
that the processes are abiotic. Where the molar concentrations over distance diverge and 
an accumulation of lower chlorinated species occurs, the implication is that the 
degradation is biological. This technique also appears to demonstrate mixed biotic and 
abiotic processes.  
 
Mineralogical Characterization. In assessing the potential for reductive dechlorination, 



TABLE 1. XRD analysis. 
 

Geological Unit Potential Iron Minerals 
Identified by XRD 

Bedrock 

    Magnetite             
Iron chloride 

  Iron aluminum oxide -
hercynite 

 

TABLE 3: Reductive activity as function of reduced iron.
 

Geological Unit    
Treated 

Maximum %Loss 
1,1-DCE           

Maximum %Loss 
1,1-DCA             

Deep Bedrock 22.3 21.6 
Weathered 

Bedrock 17.5 0 

A-Sand 45.6 14.9 

 a screening method is to 
conduct polymerase chain 
reaction analysis to identify 
if the requisite bacteria 
needed for the 
dechlorination reaction are 
present. Abiotic attenuation 
has a functional equivalent, 

iron analysis, which is conducted in three parts. The first part is to conduct an x-ray 
diffraction analysis that identifies the likely minerals present. Table 1 provides an XRD 
analysis of a bedrock sample from Site A. The analysis identified two reduced iron 
minerals, magnetite, which is (Fe+3)2(Fe+2)O4 and hercynite, an iron aluminum oxide, 
which is Fe2+Al2O4. The presence of these minerals supports the presence of abiotic 
attenuation. 

The next analysis is to quantify chemically both the total iron and the reduced iron. 
Total iron is analyzed by EPA Method 200.7, which uses a nitric acid digestion followed 
by ICP analysis (inductively coupled plasma). The ferrous iron content is measured by 
digesting the soil in acid and then titrating the leachate with permanganate to determine 
reduced iron. Table 2 gives the results for Site A.  
 

TABLE 2. Analysis of total and reduced iron. 

Aquifer Material % Fe II             
(8 Hour Leach) 

% Fe          
EPA 200.7 % Fe as Fe II 

Deep Bedrock 0.32 1.34 24.1 
Weathered Bedrock 0.22 1.94 11.6 

Abiotic Ambient A-Sand 0.39 0.94 41.8 
 
The amounts of total and reduced iron have an impact on abiotic reactions. The role 

of reduced iron is obvious, as it is the active reducing agent; as a result, the more reduced 
iron, the more reducing activity.  The impact of reduced iron is seen in Table 3, which 

correlates with the 
degradation of 1,1-
DCE and 1,1-DCA 
with the geological 
units with the 
greatest amount of 
reduced iron (Table 
2). The A-sand, 
having the highest 
level of reduced 
iron, has the greatest 

overall reduction.  The weathered bedrock, with the lowest level of reduced iron has the 
lowest level of reducing activity. 

The amount of total iron becomes an important predictor of abiotic activity if there 
are active processes that increase the amount of reduced iron. In general, such processes 
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are anaerobic biological processes such as iron or sulfate reduction. Iron reduction 
produces ferrous iron, which can be adsorbed to iron minerals. Sulfate reduction produces 
sulfide, which can reduce iron forming pyritic minerals. There appears to be a 
“threshold” value for total iron of about 1% (Szecsody, 2000).  
 
Monitoring for Characteristic Products. In reflecting on the potential products of 
abiotic reduction, there are several characteristics which should be considered. First there 

are some unique products and second, 
there is a greater plurality of products 
than what is typically observed for 
biological processes. Figure 7 presents 
a diagram of the potential products for 
the abiotic reactions of chloroethenes 
based on abiotic reactions postulated 
by Vogel (1987). Based on this figure, 
the characteristic products for which to 
monitor are acetylenes, chloroethanol 
and acetic acid, in addition to ethene 
and ethane. The problem is that these 
are not standard analytes, and require 
special analyses. The analysis and 

detection of acetylenes has been used as a verification of abiotic reduction (Szecsody, 
2000). 
 
Microcosm Studies.  Microcosm studies are an important part of the MNA protocol. 
They are, however, primarily set-up along biological lines.  Microcosms have been used 
successfully to document abiotic processes for CVOCs (Ferrey, 2002). The current 
protocol is generally to run ambient conditions to show existing degradation and 
sterilized conditions to factor out biological reduction. The thought that any loss observed 
under sterilized conditions is due to abiotic reduction. The microcosm protocol is 
continuing to evolve. Several variations have been tried or are being considered. One 
variation that has been successfully applied is to add a reductant to enhance the abiotic 
process (Brown, 2005a), which is equivalent to running a carbon-amended microcosm for 
biotic MNA studies.  Another variation would be to conduct an oxidized control in which 
the soil is first oxidized to remove any reduced iron and sterilize the soil. Under these 
conditions, no loss of CVOCs due to biotic or abiotic reductive processes should be 
observed. A rigorous, proven microcosm protocol would be invaluable to furthering the 
appreciation of abiotic processes. 
 
CONCLUSION 

Abiotic reactions are typically overlooked in MNA evaluations. This lack of 
consideration has been, in part, due to a lack of protocols for assessing and demonstrating  
the existence of abiotic processes and their contribution to MNA. Four protocols are 
proposed to evaluate abiotic contributions to MNA. These protocols include: 

1. Creating plots of molar concentrations of chlorinated species versus distance. 
These “plume degradation patterns” can differentiate abiotic and biotic 



degradation. Biotic process show divergent degradation, abiotic show parallel 
degradation. 

2. Mineralogical analysis including XRD to determine mineralogy, and total and 
reduced iron to determine active minerals. 

3. Monitoring for non-traditional reaction products such as acetic acid and 
acetylenes. 

4. Conducting rigorous microcosm studies specifically tailored to abiotic processes. 
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