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ABSTRACT: An evaluation of biotic and abiotic attenuation processes
potentially important to chlorinated and non-chlorinated volatile organic
compound (VOC) fate and transport in the 148 meter thick vadose zone beneath..:,- p ~ ?KI??2 p+~-~ $/ ;& ,,<$
the Chemical Waste Landfill (CWL) was conducted. A unique feature of thi$’”i‘g%W
evaluation is the comparison of two estimates of VOC mass present in the soil
gas, pore-water, and solid phases (but not including mass as non-aqueous phase
liquid ~APL]) of the vadose zone in 1993. One estimate, 1,800 kg, was obtained
from vadose zone transport modeling that incorporated molecular diffision and
volatilization to the atmosphere, but not biotic or chemical processes. The other
estimate, 2,120 kg, was obtained from the sum of VOC mass physically removed
duri~g soil vapor extraction and an estimate of VOC mass remaining in the
vadose zone in 1998, both adjusted to exclude NAPL mass. This comparison
indicates that biogeochemical processes were at best slightly important to
historical VOC plume development. Some evidence of aerobic degradation of
non-chlorinated VOCS and abiotic transformation of 1,1,1 -Trichloroethane was
identified. Despite potentially amenable site conditions, no evidence was found of
cometabolic and anaerobic transformation pathways. Relying principally on soil-
gas analytical results, an upper-bound estimate of21 percent mass reduction due
to natural biogeochemical processes was developed. Although available
information for the CWL indicates that natural attenuation processes other than
volatilization to the atmosphere did not effective y enhance groundwater
protection, these processes could be important in significantly reducing
groundwater contamination and exposure risks at other sites. More laboratory and
field research is required to improve our collective ability to characterize and
exploit natural VOC attenuation processes, especially with respect to the
combination of relatively thick and dry vadose zones and chlorinated VOCS.

INTRODUCTION
Industrial and waste disposal activities at numerous locations have caused

vadose zone contamination by introducing volatile organic compounds (VOCS)
such as chlorinated solvents (CVOCS). At some of these locations, the
contaminants have passed through the vadose zone and contaminated the
underlying groundwater. The vadose zone represents a potential buffer zone or
horizon of natural attenuation activity capable of reducing or eliminating chemical
impacts to groundwater quality. Natural attenuation processes potentially
important to VOCS in the vadose zone, and to protection of groundwater
resources, include biotic and abiotic transfoxmiation, volatilization to atmosphere,
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dispersion, dilution, and retardation due to inter-phase partitioning. In semi-and
and arid environments, the vadose zone natural attenuation capacity is especially
important because the depths to groundwater are often tens to hundreds of meters.

Biologically mediated natural attenuation has been shown important where
hydrocarbons are present in the vadose zone (Lahvis and Baehr, 1996). McCarty
et al., (1998) reported on cometabolic transformation of CVOCS (e.g.,
Trichloroethylene [TCE]) by injection of toluene. Natural anaerobic degradation
of TCE was observed by Wilson et al., (1994). The authors are unaware of any
published studies reporting on attempts to quanti~ the relative significance of
natural attenuation processes with respect to CVOCS in the vadose zone using site
characterization and remediation data of a type and quality characteristic of many
cleanup sites in the United States.

Objective. The purpose of this paper is to briefly summarize: 1) the history,
subsurface characteristics, and VOC contamination at a chemical waste landfill
located in a semi-arid region; 2) the assessment of historical VOC biotic and
abiotic influences at the site using data of the type and quality typically derived
from hazardous waste site cleanups; and 3) conclusions concerning whether
natural attenuation mechanisms have altered the VOC contamination at the site.

Site ‘Description. The Chemical Waste Landfill (CWL) is located at Sandia
National Laboratories/Albuquerque, New Mexico (SNL/NM). The 0.8-hectare
CWL was the primary disposal site for chemical wastes generated at SNL/NM
from 1962– 1981.

The vadose zone is approximately 148 meters (m) thick and consists of
poorly consolidated elastics associated with modem alluvial fans overlying valley
fill deposits. These deposits are comprised primarily of unconsolidated and semi-
consolidated sands, gravels, silts, and clays of the Santa Fe Group. Mineralogy of
individual elastics reflects the source materials which, depending on the
stratigraphic horizon, ranges from sandstone and limestone to granite and
metamorphic rocks. Buried paleo-soil horizons also exist. Soil volumetric
moisture content ranges from 0.01 to 0.15, with an average of approximately 0.07.
Average infiltration flux is 0.33 cm/year. Natural organic carbon content is
relatively low, estimated at 0.1 percent. Permeability to airflow is estimated at 2 x
10-9 to 3 x 10A cm2. Unsaturated hydraulic conductivity is estimated to be 1 x
10-’0 crdsec (SNL/NM, 1995, 1996, 1997).

Waste disposal operations, consisting of placement of containerized and
free liquids and solids into unlined shallow pits, began in 1962 and ended in 1981.
A variety of waste streams was disposed including organic and inorganic
materials. Organic wastes included oils, alcohol, and solvents at estimated total
disposal volumes of 79,210 liters (L), 6,560 L, and 173,724 L, respectively.
Inorganic wastes included metallic acids and salts, oxidizers, and reducers. Each
unlined pit was eventually covered with soil to surrounding grade.

Some of the liquid organic wastes migrated downward and laterally from
the pits as multi-component, non-aqueous phase liquid (NAPL). VOCS contained
in the wastes partitioned into the soil-gas, pore-water, and soil phases. Some of



the mass returned to the atmosphere via volatilization and diffhsion. Eventually,
gas-phase transport drove VOCs through the 148 mofvadose zone and to the
ground water. This conceptual model for V.OC transport was validated through
NAPL detection, soil and soil gas sampling, atmospheric sampling, and
groundwatersamp Iing. NAPL beneath two organic disposal pits was confirmed
and quantified using a partitioning inter-well tracer test (Inters/Duke Engineering
and Services, Inc., 1996). Extensive soil-gas sampling confirmed the presence of
a soil-gas plume. Atmospheric sampling at the CWL confirmed low level VOCS
in the air (SNL/NM, 1998a). Groundwater contamination by TCE was first
detected in 1990. Groundwater contamination in 1998 was not extensive; detected
TCE concentrations were less than 5 micro~ams/liter (SNL/NM, 1998b).

A cometabolic bioventing study was conducted in 1996 using soil
obtained fi-om various depths in the upper 24.4-m of the CWL vadose zone and a
background location. As part of the laboratory microcosm study, soil
microbiological analyses were conducted to determine the number of viable
bacterial and fimgi cells per gram dry weight under varied moisture content and
methane-in-air concentrations. Heterotrophs, methanotrophs, hydrocarbon-
degraders, and fungi were cultivated and counted using procedures documented in
Anderson et al., (1996). Significant populations of these groups were confirmed
throughout the 24.4-m horizon. Population counts in contaminated soils were
approximately one order of magnitude higher compared to background. Growth
was stimulated when potential carbon, nutrient, and moisture limitations were
removed. Population counts for all groups increased approximately two orders of
magnitude over six weeks when microcosms were amended with TCE and 3
percent methane-in-air (Anderson et al., 1996). Monitoring of soil gas oxygen and
carbon dioxide levels before and during several soil vapor extraction pilot tests
confirmed biological respiration in the field (SNL/NM, 1997).

DATA SUITABILITY AND ANALYSIS
The data utilized in this study were, for the most part, collected in general

accordance with standards, procedures, and guidance utilized by the
environmental industry as set forth in the late 1980s and early-to-mid 1990s.

The set of data available for the site was developed from site
characterization activities aimed at defining the magnitude and extent of
contaminants in the early and middle 1990s and in developing estimates of risk to
human health and the environment. Field remediation activities were focused on
efficient physical removal of VOCS and corresponding data reflect this fact. Not
surprisingly, the direct application of these data to a biogeochemical natural
attenuation study reveals data gaps. The more important data gaps exist because
soil-gas composition data, by far the most comprehensive data available, were the
data upon which the study is largely based. The value of soil-gas data to a
biogeochemical analysis is limited because soil-gas data provides only indirect
information on the biotic and abiotic activity in the aqueous-phase of the vadose
zone. An extensive in-situ pore-water-sampling program using lysimeters was not
performed at this site and, therefore, direct information on pore-water chemistry
was not available.



RESULTS AND DISCUSSION

Nature and Extent of VOC contamination. Table 1 presents a list of 42 VOCS
detected in soil gas from 1992-1997. Twenty-five (25) of these VOCS are
documented waste constituents, and the balance comprises probable waste
constituents and/or transformation daughter products. For each VOC, the
estimated disposal mass and the actual mass extracted after one year of extensive
vapor extraction Ilom a network of 11 extraction wells are listed. The disposal

Table 1 Summary of VOCS Detected in Soil Gas and Vacuum Extracted
Estimated Mass Estimated Maaa Ratio of VOC

Origin of VOCs of VOCS Disposed of Vocs Mass Extracted
VOCS Detected in Soil Gas Detected in Soil at CWL from 1962 Extracted from to VOC Mass

from 1992 to 1997 Gas to 1981 {kq) 1997 to 1998 (kg) Disposed

1,1, I-trichloroethane (TCA)
1,1,2-trichloroethane
1,1 ,2-trichlorotrifluoroethane
(Freon 113)

1,1dichlorcethane
1.1 dichloroethylene
1,2.4-trichlorobenzene
1,Z-dibromoethane (EDB)
1,24ichlorobenzene
1,24ichloroethane
1,2-die,’’loropropane
1,3, 5-trimethyib?nzene
1,3dichlorobenzene
1,4dichlorobenzene
4-ethyltoluene
4-methly-2-pentenone
(MIBK)
Acetone
Benzene
carbon disulfide
carbon tetrechloride
Chlorobenzene
Chloroform
cis.1 ,2-dichloroethene
Cyclohexane
DeCane
Dichlorodifluoromethane
(Freon 12)
ethyl benzene
Hexane
methyl ethyl ketone (MEK)
methylene chloride
m-xylene
n-nonane
n-octane
n-pentane
o-xylene
pxylene
tetrechloroethene (PCE)
Tetrahydrofuran
Toluene
trens-1 ,2-dichloroethene
trichloroethene (TCE)
Trichlorofluoromethane
(Freon 11)
vinvl chloride

waste constituent
(We)

probable wc

Wc

probable wc and
TCA degradation
product (alp)
TCA dp
possible wc
probable wc
Wc

w l,l,2TCAdp
possible wc
possible wc
Wc
Wc
possible wc

Wc

Wc

Wc

possible wc
Wc
Wc
WC, CT dp
TCE and PCE dp
possible wc
possible wc

probable wc
Wc
possible wc
Wc
Wc
Wc
possible wc
possible wc
possible wc
Wc
Wc
Wc
Wc
Wc
TCE and PCE dp
wc and PCE dp

Wc

TCE and PCE dp

9490
280

13970

NA’
NA
NA
430
260
240
NA
NA
250
250
NA

160
65740
9000
NA
530
220
290
NA
NA
NA

NA
170
NA
7690
900
560
NA
NA
NA
570
570
380
950
7250
NA
52170

6640

60
-=2

180

-=2
50
-=2
<2
<2
-=2
-=2
<2
-=2
<2
<2

2
690
40
<2
9
-=2
3
<2
<2
<2

-=2
-=2
<2
<2
70
4
<2
<2
<2
<2
4
30
<2
180
<2
690

40

0.012
0.004

0.01

NA
NA
NA
0.002
0.004
0.004
NA
NA
0.004
0.004
NA

0.01
0.01
0.004
NA
0.02
0.005
0.01
NA
NA
NA

NA
0.006
NA
0.0001
0.08
0.007
NA
NA
NA
0.002
0.007
0.08
0.001
0.02
NA
0.01

0.006
NA <2 NA

Toials 178960 2052

‘ NA - Not applicable. 2 Also includes mass of transformation product, 1,1-dichloroethylene.

estimates are extrapolated from a comprehensive inventory of wastes disposed
during the 1975-1981 operational period. The mass fractions of VOCS disposed in
viable containers, and remaining containerized since disposal, are not known. In
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addition to the 2060 kg of mass extracted in 1997-1998 (Table 1), approximately
230 kg of mass were extracted during pilot testing activities in 1995 and 1996.
The majority of mass physically removed since 1994, estimated as 2290 kg, was
mass extracted from the soil gas, pore water, and solid phases. Some of the mass,
qualitatively estimated at 25 to 50 percent of the total removed, was stripped fi-om
NAPL residing as a residual phase near the shallow extraction wells.

An estimate of the magnitude and extent of the soil gas plume in 1993,
comprising all detected VOCS, was developed using a modified version of the
MODFLOW code developed by the USGS (SNL/NM, 1998c; McDonald and
Harbaugh, 1988). The simulated plume indicating the magnitude and extent is
presented in Figure 1. The simulation incorporated waste disposal chronology,
NAPL source zone information, and vadose zone hydrogeologic features. Only
molecular diffision was simulated – biotic, abiotic, and advective processes were
not included. The simulation time period was 1962-1993. The simulated plume
matched reasonably well to soil-gas concentration data collected throu@ 1993
(over 245 sample analyses). The mass balance for the 30 year period showed
4,800 kg volatilized from NAPL source zones and entered the subsurface, 3,000
kg (62 percent) eventually volatilized to the atmosphere, and 1,800 kg remained
partitioned into soil gas, pore water, and solid surfaces of the vadose zone.
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FIGURE 1. Three-dimensional Image of Total VOC Soil
in 1993 based on Molecular Diffusion

Gas Plume

Based on preliminary evaluation, it appears that approximately 400 kg
VOCS outside of the NAPL-state remain in 1998. Given that approximately 1,720
kg of VOCS were extracted from other than NAPL-phase during the 1995-1998
period, it follows that at least 2,120 kg were present in 1993.

Biotic and Abiotic Transformations. A comparison of the 1993 VOC mass
estimates of 2,120 kg to the 1,800 kg estimate based on the diffusion modeling
saris biogeochemical losses indicates that biotic and abiotic transformation
processes have removed no VOCS from the plume since 1962. However,



uncertainties associated with the waste disposal history, characterization data, and
the conceptual and mathematical models for the site are significant. To account
for these uncertainties, a more meaningful estimate of VOC mass removed due to
biotic and abiotic processes would be between O and 1,000 kg. This range in mass
loss when compared to the estimated total mass of 4,800 kg volatilized from
NAPL and redistributed in the vadose zone (from the diffusion modeling) is
evidence that these attenuation processes were insignificant to slightly important
factors that controlled plume development through 1993. An upper-bound
estimate of the percent mass removed by these processes is 21 percent.

Strong evidence of biologically mediated transformation of CVOCS, or
even more readily degradable VOCS such as hydrocarbons and ketones, is not
indicated by the available data. Indirect evidence is provided by somewhat
depressed in situ oxygen levels and elevated carbon dioxide levels in 1995 (e.g.,
12 and 6 percent, respectively), confirmation that a mixed microbial community
exists, and the rare detection of PCE, TCE, and TCA daughter products (cis- 1,2-
Dichlorethylene, 1,1-Dichloroethane, and vinyl chloride). Additionally, a weak
trend has been observed in the individual VOC mass removal values which
suggests preferential removal of some of the 25 VOCS known to have been
disposed. This weak trend is based on the ratio of mass physically extracted in
1997-1998 to mass disposed (refer to Table 1). Ratio values of high relative
ma~itude indicate less mass was eliminated over the years throued natural
attenuation processes compared to the average, and those of low relative
ma~itude suggest the opposite. The average for the values listed in Table 1 is
0.006. The higher ratio values tend to be associated with the more recalcitrant
VOCS (i.e., chlorinated ethenes and ethanes), and the lower ratios tend to be
associated with the more readily biodegradable compounds (i.e., MEK, benzene,
chlorobenzenes). Biological activity at this site appears to have been dominated
by direct mineralization of the more labile (and less toxic) compounds.

Certain conditions existed in the sites’ history that could have promoted
more complex biotransformation pathways. Toluene co-existed with TCE and
other VOCS that are known to be susceptible to fortuitous cometabolic breakdown
in the presence of toluene mono-oxygenase. Alsoj readily degradable substrate
(e.g., aliphatic and aromatic hydrocarbons, alcohol, ketones) probably saturated
localized regions beneath certain pits and may have promoted high biological
oxygen demand that, for at least a limited time, supported anaerobic conditions.
No evidence was found of cometabolic or anaerobic degradation.

Factors that could have limited biological activity include inadequate soil
moisture, nutrients, carbon substrate, microbial diversity, and/or excessive
chemical toxicity due to presence of concentrated inorganic and organic waste.
The bulk aerobic nature of the vadose zone at this site prevented anaerobic
activity, at least at levels detectable years after waste disposal ceased.

Many VOCS degrade slowly due to abiotic processes such as hydrolysis
and elimination reactions. The most obvious abiotic transformation observed is
associated with TCA. McCarty (1997) discusses the processes of elimination and
hydrolysis in converting TCA to 1,1-Dichloroethylene (1, 1-DCE) and acetic acid,
respectively. Vapor extraction in 1997-1998 removed 55 kg and 47 kg of TCA
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and 1,1-DCE, respectively. Because 1,1-DCE was not a documented disposal
constituent, it is concluded that TCA transformed abiotically through elimination
to 1,1-DCE. Less than 2 kg of 1,l-Dichloroethane and no detectable vinyl
chloride were removed, and this supports the assertion that reductive
dechlorination was not a transformation pathway for TCA or 1,1-DCE.

CONCLUSIONS
An assessment of field and analytical data compiled from years of site

characterization and remediation at the CWL indicates that limited biotic and
abiotic transformation of VOCS has occurred in the vadose zone. Although a
detailed assessment of these natural attenuation mechanisms can not be made with
the available data, we estimate that biotic and abiotic processes either had little
effect or removed as much as 21 percent of the mass volatilized from NAPL from
1962 through 1993. This estimated range of contribution suggests that the actual
contribution of natural biotic and abiotic processes, considered as a group, was
not significant enough to make a practical difference with respect to potential
exposure and risk to human health and the environment. The one process that did
seem to limit plume growth and groundwater impact over the years is gaseous-
phase transport to the atmosphere – 62 percent of all mass volatilized from
subs~ace NTAPLis estimated to have been removed since 1962 by this process.
Of course, the contribution of all attenuation processes combined is si~ificant.

Researchers and practitioners should carefilly consider whether natural
attenuation, due to biotic or chemical abiotic processes, occurs at significant
levels in the vadose zone. Unfortunately, field and analytical data generated
during cleanup projects conducted heretofore are ofien inherently too broad and
general to be of great utility in quanti~ing biogeochemical activity. Because more
attention has gone towards study of the aquifer environment, natural attenuation
processes of the saturated zone are currently better understood then those of the
vadose zone. Especially where the vadose zone is relatively thick and
groundwater is of high value, it is recommended that laboratory and field research
be directed towards developing a better understanding of biotic and abiotic
processes that can determine the natural attenuation capacity of the vadose zone.
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