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EXECUTIVE SUMMARY

This database of chlorinated solvent plume characteristics was compiled for the Technology
Transfer Division at the Air Force Center of Environmental Excellence. The primary objective of
this study was to identify key characteristics of parent and daughter chlorinated solvent
plumes and to determine important relationships between plume characteristics and
hydrogeologic and environmental variables. The results are intended to aid site managers by
providing them with general plume length information, which they can use to estimate the
likelihood of off-site migration and the potential effectiveness of natural attenuation for
plume management. This information also helps engineers focus on collecting plume and site
characterization data that are most important for estimating plume lengths.

A secondary objective of the study was to estimate field-scale biodegradation rate constants by
calibrating the BIOCHLOR model (Aziz et al., 2000) to plume centerline data from the
database. Unlike other methods of rate constant estimation, this method accounts for daughter
product formation and degradation and yields a biodegradation rate constant rather than a
gross attenuation rate constant. Biodegradation rate constants were correlated with site
variables when sufficient data were present. These rate constants and correlations provide site
managers with literature rate constant values to be used in the BIOCHLOR model for natural
attenuation screening purposes.

Chlorinated ethenes (i.e., perchloroethylene (PCE), trichloroethylene (TCE), cis-1,2-
dichloroethylene (cDCE), vinyl chloride (VC)) and chlorinated ethanes (i.e., 1,1,1-
trichloroethane (TCA) and 1,1-dichloroethane (1,1-DCA)) were the constituents of interest in
this study. Mean hydrogeologic property values and chlorinated solvent concentration data
were extracted from site reports for the most contaminated unit. Plume lengths were determined
using isopleths for each chlorinated ethene or chlorinated ethane constituent included in the
site report. Plume lengths were delineated to the 1 ppb contour, in most cases, by measuring from
the upgradient to the downgradient edge of the plume. Plume length information for BTEX
found in association with the chlorinated solvents was also tabulated. Data from a total of 24
sites and 93 individual chlorinated solvent plumes are included in the database.
Approximately half the site data were from Air Force Bases, with the remainder from
industrial sites where solvents had been released. The sites were widely distributed across the
country. Most of the sites contaminated with chlorinated ethenes had TCE or TCE and PCE as
the parent compounds. Only one site had PCE as the sole parent compound.

The following are the key results of the study. These findings should be viewed as general
trends and may not necessarily apply to a given site. However, the results presented below
should prove useful for site managers evaluating the potential impact of dissolved chlorinated
solvent and BTEX plumes at chlorinated solvent release sites.

Chlorinated Solvent Plume Characteristics

» At sites contaminated with chlorinated ethenes only, TCE or ¢c-DCE was the most likely
constituent to have the longest plume at the site. TCE and c¢c-DCE had median plume
lengths of 1215 ft and 1205 ft, respectively.

* VC had the shortest median plume length of 860 ft. Because the daughter product plumes
were coincident or almost coincident with the parent plumes, these results indicate that
vinyl chloride is unlikely to be the longest plume at a site. This is an encouraging result
given the relatively high associated carcinogenicity of vinyl chloride. Because laboratory
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studies report that VC degrades slowly via reductive dechlorination, these results suggest
that other degradation mechanisms are at work in degrading vinyl chloride.

Of the chlorinated ethanes, TCA had a shorter median plume length (865 ft) than 1,1-DCA
(1650 ft) and 1,1-DCE (1470 ft). TCA'’s shorter median plume length is likely due to its
degradation by both abiotic and biotic mechanisms.

cDCE, VC, and ethene, daughter products of reductive dechlorination, were found at 92%,
79%, and 58% of the sites, indicating that reductive dechlorination is widespread at the
sites in this database. The presence of BTEX at 75% of the sites may explain the high
incidence of reductive dechlorination.

Large increases in chloride concentrations within the plume relative to background levels
are further evidence of significant reductive dechlorination.

BTEX Plumes at Chlorinated Solvent Release Sites

BTEX plumes had a median length of 750 ft, much longer than the 101-180 ft median BTEX
plume lengths reported at retail UST sites by other investigators.

Longer BTEX plumes may be linked to larger source areas or spills or more anaerobic
conditions than those typically found at retail UST sites.

Factors Impacting Dissolved Solvent Plume Length

The plume width in the source area (or source area width) was used to represent the size of
the NAPL-affected source area. The product of the source area width and the maximum
dissolved phase solvent concentration was strongly correlated with plume length. This
finding indicates that source characteristics, including the extent of DNAPL migration, are
the most important factors impacting the maximum dissolved chlorinated solvent plume
length.

Chlorinated ethene plume lengths were moderately correlated with seepage velocity and
groundwater travel distance, indicating that advection is also an important factor
impacting chlorinated solvent plumes. Therefore, the seepage velocity should be
accurately determined to predict plume lengths.

Environmental factors, such as temperature, pH, dissolved oxygen, and redox potential
were not strongly correlated with chlorinated ethene plume length. However, there was a
strong trend of increasing PCE plume length with increasing redox potential, once the PCE
plume length was normalized to remove the effects of advection. These results suggest that
source width, source strength, and seepage velocity are more important factors impacting
overall plume length than environmental conditions that are conducive to reductive
dechlorination.

Biodegradation Rate Constants and Factors Impacting Rate Constants

Field-scale biodegradation rate constants were estimated for 35 plumes using the
BIOCHLOR model. BIOCHLOR is an analytical model that assumes first order sequential
kinetics for reductive dechlorination, thereby accounting for daughter product generation
and degradation. The resulting median rate constants and half-lives are shown below for
the chlorinated ethenes and chlorinated ethanes. Note that the majority of sites in this
database had significant BTEX contamination (an indirect electron donor). These rate
constants can be used as literature values in model simulations for anaerobic plumes that are
not electron donor-limited.
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Rate Constant Half Life

Constituent (llyr) (yr)
PCE 1.1 0.63
TCE 1.2 0.58
cDCE 1.2 0.58
VC 1.7 0.40
I,I,I-TCA 2.4 0.29
I,I-DCA 0.3 2.3

* TCE, cDCE and VC rate constants were strongly correlated with biodegradation capacity
(i.e., expressed assimilative capacity). TCE rate constants increased with increasing
temperature and hydrogen concentration.
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1.0 INTRODUCTION

The ultimate goal of this study was to further the understanding of solvent plume
characteristics to enable better management of chlorinated solvent plumes. By understanding
key factors influencing solvent plumes, engineers and decision-makers can more effectively
prioritize sites requiring remediation and identify conditions where natural attenuation is
likely to be a viable plume management strategy. Knowledge of typical plume lengths and the
effects of hydrogeologic and environmental conditions on plume length also provide the site
manager with valuable information about the likelihood of off-site migration and impact to
sensitive receptors.

It has been shown in previous studies that the nature of plume behavior can be better understood
by analyzing a population of plumes. Studies, such as the Lawrence Livermore National
Laboratory study of benzene plumes at 271 underground storage tank sites in California (Rice et
al., 1997) and a subsequent study of 605 underground storage tank sites in Texas (Mace et al.,
1997), led to greater insight and understanding of benzene plume behavior, risks, and the
potential for natural attenuation as a plume management strategy.

Another study, based on plume dimension data collected in the Hydrogeologic Database
(HGDB) (Newell and Connor, 1998; Newell et al., 1990), indicated that dissolved chlorinated
solvent plumes were much longer and wider than BTEX plumes at retail UST sites (i.e. gas
stations) as shown in Figure 1.

BTEX VS. OTHER PLUME DIMENSIONS

REPORTED PLUME DIMENSIONS
(TO DETECTION LIMIT)

Oft 0f 40ft it 800 1000ft o
T T T T
213 ft x 150 ft

BTEX PLUMES AT
RETAIL LUST SITES
(BTEX COMPOUNDS,

42 SITES)

1000 x 500 ft

CHLORINATED
ETHENE PLUMES
(PCE, TCE, DCE,

OR VC, 88 SITES)

OTHER
CHLORINATED
SOLVENT PLUMES
(E.G., TCA,

DCA, 29 SITES)

x 500 ft

CHLORIDE,
SALT WATER
PLUMES
(25 SITES)

-

Data Source: Unpublished data from HGDB (Newell et al., 1990; API, 1989)

Oft 200ft 400ft 60Oft 800ft 1000 ft

REPORTED PLUME DIMENSIONS
(TO DETECTION LIMIT)

Figure 1. Plume Length Comparison
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Recently, a chlorinated solvent plume study was released by Lawrence Livermore National
Laboratory (LLNL) (McNab et al., 1999). The LLNL study focused on the effects of
hydrogeological parameters on plume length and investigated temporal trends of chlorinated
solvent plumes. All chlorinated solvent plumes were lumped together because no statistical
difference existed between the plume lengths of the various constituents. The LLNL study found
no evidence of reductive dechlorination at one third of the sites investigated and found
reductive dechlorination had a relatively subtle effect on plume lengths. The most important
factors impacting plume length were advection and source strength.

To gain further insight into the characteristics and behavior of chlorinated solvent plumes,
the Technology Transfer Division of the Air Force Center for Environmental Excellence
embarked on the BIOCHLOR database project. In the BIOCHLOR study, key characteristics of
individual chlorinated solvent and daughter product plumes were identified and the effect of
hydrogeologic and environmental factors on the plume lengths were investigated. The
constituents of interest were the chlorinated ethenes (i.e.,, perchloroethylene (PCE),
trichloroethylene (TCE), cis-1,2-dichloroethylene (cDCE), vinyl chloride (VC)) and the
chlorinated ethanes (i.e., 1,1,1-trichloroethane (TCA) and 1,1-dichloroethane (1,1-DCA)). In
addition, data on BTEX, ethene, and ethane plumes at chlorinated solvent release sites were
collected and analyzed. Chlorinated solvent data were used also to calibrate the BIOCHLOR
model to generate field-scale biodegradation rate constants. Emphasis was placed on
chlorinated solvent plumes found at Air Force Bases; however, solvent plumes from a number of
industrial sites were also included in the study. Almost all the sites in the database showed
evidence of reductive dechlorination.

1.1 Objectives
This study addressed the following two general areas related to chlorinated solvent plumes:

* Typical dimensions for chlorinated solvent plumes and key factors that are correlated to
plume length

e Typical biodegradation rate constants for dissolved chlorinated solvent constituents in
groundwater and factors correlated to biodegradation rate constants

The first objective of this study was to determine plume lengths for chlorinated ethenes and
ethanes for the sites in the database. Median plume lengths were determined using data
extracted from existing site investigation and feasibility reports and information on other site
variables were compiled. Plume lengths for each identified chlorinated ethene were
correlated with hydrogeologic and environmental variables to wunderstand which
hydrogeologic or environmental variables have the most pronounced impact on plume length.

The second objective of this study was to determine field-scale rate constants using the
BIOCHLOR model (Aziz et al., 2000) and plume centerline data from the database.
BIOCHLOR is an analytical model, developed for the Air Force Center of Environmental
Excellence, which simulates the reactive transport of chlorinated solvents in the subsurface.
An important attenuation mechanism of chlorinated solvent plume migration is
biodegradation. However, the biodegradation rate constants reported in the literature vary by
over 4 orders of magnitude, making it difficult to choose a reasonable rate constant value for
modeling purposes. Furthermore, many of the rate constants reported in the literature do not
account for daughter product formation. In this study, the BIOCHLOR model is calibrated to
data from the database to determine field-scale rate constants that can be used in the
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BIOCHLOR and other transport models. The rate constants estimated from the database span
a smaller range and are correlated to site variables to assist the site manager or modeler to
select an appropriate literature value for modeling purposes.

1.2 Background

Chlorinated solvent plumes are often found at Air Force Bases because solvents were widely
used as degreasing agents and as chemicals in fire protection training. Chlorinated solvents,
such as TCE, PCE, and 1,1,1-TCA, are predominantly released to the subsurface as Dense Non-
Aqueous Phase Liquids (DNAPLSs) that can penetrate an aquifer below the water table (Pankow
and Cherry, 1996; Wiedemeier et al., 1999; Schwille, 1988). The mobile DNAPL becomes
trapped as a residual DNAPL in the pores and fractures of the aquifer and, being sparingly
soluble in water, acts as a long-term continuing source of dissolved constituents in the
groundwater. Once dissolved, solvents may sorb to the soil phase, especially where organic
matter is present. The plume is attenuated by sorption to the aquifer material, dispersion,
dilution, abiotic reactions (for some constituents), and biodegradation.

Biodegradation can be an important process in the natural attenuation of chlorinated solvents.
At chlorinated solvent contaminated sites, the majority of solvent biodegradation occurs by
reductive dechlorination (Wiedemeier et al., 1996). Reductive dechlorination is a microbially-
mediated reaction whereby a chlorine atom on the chlorinated solvent is replaced by a
hydrogen atom (Vogel and McCarty, 1987). During reductive dechlorination, hydrogen acts as
the electron donor and the chlorinated solvent acts as an electron acceptor and thus becomes
reduced. Typical pathways for the chlorinated ethenes are as follows:

Halorespiration
(Reductive dechlorination)

Rapid; occurs under all
anaerobic conditions

Rapid; occurs under all

anaerobic conditions Aerobic

Oxidation by
Cometabolism

Direct Aerobic
Oxidation
Slower; sulfate-reducing and
methanogenic conditions

Aerobic or Anaerobic
Oxidation

Slower; sulfate-reducing and
methanogenic conditions

Aerobic

Ethene Oxidation

Slower; sulfate-reducing and
methanogenic conditions

Aerobic

Ethane Oxidation

Figure 2. Reaction Sequence and Relative Rates for Halorespiration of Chlorinated
Ethenes, with other reactions shown (Adapted from Wiedemeier et al., 1999).
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For chlorinated ethanes, reductive dechlorination pathways are shown in Figure 3. 1,1,1-TCA
also undergoes abiotic degradation to form either 1,1-DCE or acetic acid (Vogel and McCarty,
1987).

Hydrolysis

Halorespiration
(Reductive dechlorination)
(Rapid; 0.5-2.5 yr half-life)

1,1,1-TCA B

Forms 20% 1,1-DCE,
Rapid; may occur under all
anaerobic conditions

80% acetate)

Hydrolysis
(Slow; 61 yr half-life)
1,1-DCA >
Slower; sulfate-reducing and
methanogenic conditions
Hydrolysis
(Very rapid; 0.1 yr half-life)
Chloroethane »

Slowest; sulfate-reducing and
methanogenic conditions only

Ethane

Figure 3. Reaction Sequence and Relative Rates for Halorespiration of
Chlorinated Ethanes Associated with 1,1,1-TCA Degradation, with other
reactions shown. (Wiedemeier et al., 1999)

The environmental chemistry and the oxidation-reduction potential of a site play an important
role in determining whether reductive dechlorination will occur. Based on thermodynamic
considerations, reductive dechlorination will occur only after both oxygen and nitrate have
been depleted from the aquifer, because oxygen and nitrate are more energetically favorable
electron acceptors than chlorinated solvents when hydrogen is the electron donor (Wiedemeier
etal., 1999). A detailed flow diagram outlining redox reactions in the subsurface can be found in
Appendix C.

Hydrogen is recognized as a key electron donor during reductive dechlorination (Gossett and
Zinder, 1996; Holliger et al., 1993; Carr and Hughes, 1998). Hydrogen is produced in the
subsurface by the fermentation of a wide variety of organic compounds including anthropogenic
compounds, such as petroleum hydrocarbons, and natural organic matter. Dechlorinating
bacteria then use hydrogen as an electron donor to facilitate dechlorination of the solvents.

In summary, if biodegradation is occurring, daughter products will be evident and the plume is
expected to be shorter than predicted by considering only dissolution, dispersion, sorption, and
volatilization.
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2.0 METHODOLOGY
2.1 Site Selection and Data Collection

For a site to be included in the database, sufficient chlorinated solvent concentrations, electron
acceptor concentrations, and water quality information were required. If chlorinated solvent
concentrations were too low (i.e., close to the detection limit), the plumes were ill defined, or
significant commingling of plumes was evident, the site was excluded.

Data from site investigation, treatability, and natural attenuation reports were used to compile
the database. Questionnaires were completed using mean hydrogeologic property values
extracted from the site reports for the most contaminated unit (see Appendix A for sample
guestionnaire). Seepage velocities were calculated from mean hydraulic conductivity,
hydraulic gradient, and porosity values. Plume lengths were determined using concentration
isopleths for each chlorinated ethene or chlorinated ethane constituent included in the site
report. The plume lengths and widths were delineated to the detection limit reported onthe
isopleth maps, which in most cases was 1 ppb for the chlorinated solvents. The plume length
was measured from the upgradient edge to the downgradient edge of each plume, as illustrated
in Figure 4. The source was assumed to be the center of the confirmed or suspected NAPL zone or
the area of highest dissolved contamination. Chlorinated ethene and chlorinated ethane
concentrations near the plume source and centerline were included, along with concentrations of
electron acceptor/metabolic by-products and potential fermentation substrates, and water
guality parameter values.

Plume width

Source
Area Width

Plume length

Figure 4. Plume Length and Width Delineation

Site and plume characteristics were summarized using quartiles. Quartiles consist of the 25th
percentile, the 50th percentile (median), and the 75th percentile. Each quartile has the same
number of data points. A number at the 25th quartile indicates that 75% of the measured values
are greater than that value and 25% are lower. Minimum and maximum values were also
calculated to determine the range of plume or site characteristics.

Plume lengths were correlated with various hydrogeologic and environmental variables. R?
values were calculated to estimate the correlations for the sample of plumes in this database.
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2.2 Biodegradation Rate Constant Estimation

Field-scale biodegradation rate constants were estimated using the BIOCHLOR model and
plume centerline data from the database. BIOCHLOR is an analytical model, which simulates
the reactive transport of chlorinated solvents in the subsurface and assumes sequential first
order reductive dechlorination (Aziz et al., 2000). An overview of the model’s governing
equations, boundary conditions, solution technique, and assumptions is presented in Appendix D.
Other approaches for estimating field-scale rate constants do not take into consideration the
effect of daughter production formation, and some methods lump all attenuation processes
together to generate an attenuation rate constant. The strength of using the BIOCHLOR model
for biodegradation rate constant estimation is that daughter product formation and
degradation are incorporated in the model and the resulting biodegradation rate constant will
reflect this. Although the effects of advection, dispersion, and retardation are also accounted
for in the model, the resulting rate constant is a biodegradation rate constant (not a lumped
attenuation rate constant). The limitation of this approach is that the model will permit only
one retardation factor for all of the constituents. However, in aquifer matrices with low
amounts of organic carbon or plumes near steady-state, the choice of retardation factor becomes
less important and will not impact the magnitude of the rate constant.

Rate constants were estimated by calibrating the BIOCHLOR model to chlorinated solvent
concentration data near the plume centerline. Only chlorinated solvent data taken from wells
screened at similar intervals were employed. Furthermore, data were used only from wells in
the part of the plume deemed to be anaerobic (i.e., D.O. less than 1 mg/L). The mean hydraulic
conductivity, hydraulic gradient, and porosity were used as inputs to the model to determine
seepage velocity. A fixed value of longitudinal dispersivity, based on data reported by Gelhar
et al. (1992) and summarized in Aziz et al. (2000), was employed. Transverse dispersivity was
assumed to be one tenth of the longitudinal dispersivity and vertical dispersivity was set to
zero because the depth of the plume usually approached the depth of the saturated zone. The
simulation time was taken to be the amount of time elapsed from the date of first solvent
release to the date of chlorinated solvent data collection. Initial concentration data were
based on the dissolved concentrations of solvent in the source zone, with the assumption that
these concentrations are similar to those in the source zone shortly after the start of the release.
To calculate a common retardation factor, the retardation factors for the compounds present at
the site were averaged. Rate constants were estimated by adjusting the rate constants until the
BIOCHLOR concentration predictions best matched the field data, as determined by
minimizing the sum of squares of the residuals.

Rate constants were correlated with various hydrogeologic and environmental variables. R?
values were calculated to estimate the correlations.
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3.0 RESULTS
3.1 Site Characteristics

Air Force Bases were the primary focus of this investigation, but a large number of industrial
sites were also included as shown in Figure 5. FTA refers to Fire Training Area sites, where
solvents were typically mixed with fuels and set ablaze for fire training purposes with the
unintended release of both contaminant types to the subsurface. In total, the database
comprises 24 sites, with widespread representation across the country as shown in Table 1 and
Figure 6. Most of the sites had TCE as a parent compound (either alone or together with PCE),
as shown in Figure 7. Only one site had PCE as the sole parent compound.

Other
4%

AF/Not FTA
17%

Industrial
41%

AF/FTA
25%

Landfill
13%

Figure 5. Breakdown of Site Type in BIOCHLOR Database
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Table 1

Facility Information for Sites in BIOCHLOR Database

Chemical Release Date

Time Since Release

Facility/Site Name State Site Process Chemicals Used in Process Initial Final (yrs)
1. Aerojet Superfund Site California Septic Waste Solvents/Degreasers/Septage 1960 1977 34
2. Altus AFB/LF-04 Oklahoma Landfill Paint Wastes 1956 1983 41
3. Cape Canaveral AS/CCFTA-2 Florida Fire Training Area Solvents/Degreasers/JP Fuels 1965 1985 31
4. Cape Canaveral AS/Facility 1381 Florida Missile Technology Solvents/Degreasers/Waste Acids 1968 1989 28
5. Chemical Distribution Facility Oregon Chem Distribution Solvents/Degreasers/ TEX 1979 1985 17
6. Chemical Manufacturer/Waste Site Michigan Chemical Refining/Incineration Solvents/Degreasers/Chemical Waste 1969 1980 27
7. Chlorinated Site #1/Hanger Alaska FTA Hanger Solvents/Degreasers/JP Fuels/Gasoline 1940 1980 53
8. Chlorinated Site #2/Tank Farm Alabama Refueling Tank Farm Solvents/Degreasers/JP Fuels 1961 1983 34
9. Chlorinated Site #3/Junkyard Alabama Junkyard Solvents/Degreasers/Gasoline

10. Eielson AFB/Site 45/57 Alaska Fire Training and Photo Lab Solvents/Degreasers/Photo Chemicals

11. Hill AFB/OU-5 Utah Engine service/repair Solvents/Degreasers/Gasoline/Sodium Cyanide 1942 1979 54
12. Industrial Facility/Plume 1 Ontario Metal Manufacturing Solvents/Degreasers 1940 1989 56
13. Industrial Facility/Plume 2 Ontario Metal Manufacturing Solvents/Degreasers 1940 1989 56
14. Kelly AFB/MP Site Texas Metal Plating Shop Solvents/Degreasers/Metals 1970 1981 27
15. Landfill #1 New Hampshire Waste Disposal Solvents/Degreasers/TEX 1969 1984 27
16. Landfill #2/VC Site Maryland Landfill Ag/Munic/Ind Wastes, PVC 1960 1981 37
17. Offutt AFB/Bldg. 301 Nebraska Acid Pit & Manufacturing Solvents/Acids 1942 1965 54
18. Offutt AFB/FPTA3 Nebraska Fire Training Area Solvents/Degreasers/JP Fuels 1960 1990 34
19. Plattsburgh AFB/FT-002 New York Fire Training Area Solvents/Degreasers/JP Fuels/waste oil 1955 1989 41
20. Sterling/OW-31/0W-41 Texas Pond/Sewer Solvents/Degreasers/Gasoline/Diesel/VC 1950 1960 41
21. Sterling/Unit K Texas Solid Waste Management Unit Solvents/Degreasers/Gasoline/Diesel 1950 1982 46
22. USCG Site North Carolina Solvent Disposal Solvents/Degreasers/Ind. Wastes 1958 39
23. Westover ARB/FT-03 Massachusetts Fire Training Area Solvents/Degreasers/JP Fuels 1940 1964 55
24. Westover ARB/FT-08 Massachusetts Fire Training Area Solvents/Degreasers/JP Fuels 1964 1986 31

Note:

—_

remaining sites provided by Air Force Center for Environmental Excellence (AFCEE).
2. The time since release is the year the data were collected minus the initial release date.

11

. Data on Sites 1, 5, 12, 13, and 15 provided by Beak International Incorporated. Data on Sites 7, 8, and 9 provided by Radian International LLC. Data on Sites 6, 16, and 22 provided by USEPA. Data on
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Figure 6. Map Showing Location of Sites in the BIOCHLOR Database

(Numbers Correspond to Sites Listed in Table 1)

Unknown PCE
VC 4% 4%

PCE and TCE
29%

TCE
55%

Figure 7. Breakdown of Chlorinated Ethene Parent Compounds at 24 Sites
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3.2 Site Hydrogeologic Conditions

The sites in the BIOCHLOR database encompass a wide range of soil classifications, but 62% of
the sites had silty sands. Table 2 presents a summary of the hydrogeology for the major
contaminated unit for the sites in the database. The median seepage velocity was 60 ft/yr, the
median hydraulic conductivity was 4x10° cm/s, the median gradient was 0.002 ft/ft, the
median effective porosity was 0.25, and the median fraction of organic carbon was 0.0018. These
hydrogeologic conditions are representative of nationwide groundwater flow conditions, where
a median seepage velocity from 290 sites of 88 ft/yr and a median hydraulic conductivity of
5x10° cm/sec from 287 sites, as reported by Newell et al. (1990).

TABLE 2

SUMMARY OF SITE HYDROGEOLOGIC CHARACTERISTICS
Units | Minimum |25th Percentile] — Median — |/5th Percentile] Maximum Mean n
Avg. Depth to GW (ft; BGS) 2.0 6.4 15.0 295 52.5 20.2 24
Seepage Velocity (ft/yr) 29 16.8 60.3 152.2 1287.5 229.9 24
Hydraulic Conductivity (cm/s) 7.00E-05 1.54E-03 4.10E-03 1.78E-02 2.00E-01 2.61E-02 23
Hydraulic Gradient (ft/ft) 0.001 0.001 0.002 0.015 0.040 0.010 24
Effective Porosity (dim.) 0.03 0.20 0.25 0.30 0.38 0.25 21
Saturated Thickness (ft) 10 27 40 55 390 55 24
Soil Bulk Density (kg/L) 1.40 1.60 1.65 1.65 1.81 1.64 13
[Fraction Organic Carbon (dim.) 1.00E-06 7.68E-04 1.85E-03 4.79E-03 3.00E-02 4.40E-03 16

Note:
1. Soil and aquifer characteristics identified for major contaminated unit.

3.3 Presence of Observed NAPL

Information regarding NAPL contamination was collected whenever possible; however, the
data were scant (see Table B.1 in Appendix B). This undoubtedly stems from the difficulty
associated with delineating the extent of NAPL contamination (Pankow and Cherry, 1995;
USEPA, 1993). DNAPL was observed at 6 out of the 24 sites and LNAPL was observed at 7 out of
24 sites. Using dissolved phase concentrations that exceed 1% of the aqueous solubility as an
indicator of NAPL (Newell and Ross, 1992), 12 out of 24 sites had NAPL. Although the
presence or absence of observable NAPL did not appear to be correlated with chlorinated
solvent plume length, a relationship between plume length and source width, which is related
to NAPL migration processes, was noted (see Section 4.2).

3.4 Chlorinated Solvent Plume Lengths

Plume lengths are of particular interest because this information provides an indication of the
likelihood of off-site migration and impact to downgradient. The dissolved plume length
guartiles for chlorinated ethenes, chlorinated ethanes, and chloride are presented in Tables 3
and the detailed table showing data from individual sites can be found in Appendix B. In
addition, Figure 8 summarizes all the chlorinated ethene parent and daughter constituent
plume data.

13
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Table 3
Plume Length Summary
Plume Lengths (ft)
| Minimum | 25th Percentile| Median | 75th Percentile | Maximum Mean n
PCE 100 228 970 1335 13700 1933 11
TCE 250 450 1215 2600 11900 2137 21
cis-DCE 200 540 1205 3100 9400 2046 20
trans-DCE 440 1190 1200 1890 2750 1494 5
VvC 180 398 860 1310 3300 1084 15
Ethene 120 320 600 1045 1500 675 11
Chloride 270 863 1418 2900 4520 1848 14
BTEX 60 595 750 1270 3600 1183 15
TCA 130 365 865 2183 2700 1230 6
1,1-DCA 1040 1370 1650 1925 2500 1675 8
1,1-DCE 1000 1245 1470 1643 1820 1438 6
Cumulative
Probability

Y —0—-PCE

--.m-- TCE

—3—CcDCE

—a&—\C
100.0 1000.0 100000
Plume Length (ft)
Figure 8. Cumulative Probability Plot for Chlorinated Ethene Plume Lengths
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When comparing the chlorinated ethenes (i.e., PCE, TCE, ¢c-DCE, t-DCE, and vinyl chloride),
TCE and the DCE isomers have the longest median plume lengths, all in the 1200 ft range, as
shown in Table 3. Vinyl chloride has the shortest median plume length of 860 ft, followed by
PCE with a plume length of 970 ft.

The relatively short median VC plume length is encouraging given that VC has a higher
associated carcinogenicity than the other chlorinated ethenes. Because VC has a shorter
median plume length than ¢c-DCE, this implies that VC is being degraded more rapidly than c-
DCE, possibly by mechanisms other than reductive dechlorination. Laboratory studies have
shown VC to undergo reductive dechlorination at the slowest rates relative to PCE, TCE, and c-
DCE (Vogel and McCarty, 1985). However, other studies have shown that VC is oxidized
under iron reducing conditions (Bradley and Chapelle, 1996), acts as a primary growth substrate
under aerobic conditions (Davis and Carpenter, 1990) and is cometabolized under both anaerobic
and aerobic conditions (Gossett and Zinder, 1996; Dolan and McCarty, 1995). Therefore, VC’s
shorter median plume length may be attributed, in part, to its degradability under a variety of
redox conditions. Because VC plumes are usually coincident or nearly coincident with the
parent compound plumes (see section 3.6), they are less likely to reach downgradient receptors
than TCE and c-DCE.

Ethene plumes lengths (median length of 640 ft) are shorter than those of VC, likely because of
the volatilization and biodegradation of ethene. Conversely, chloride plumes are the longest
(median length of 1418 ft), stemming from the conservative nature of chloride in the subsurface.
The presence of ethene and chloride plumes, both products of dechlorination, provide another
line of evidence that reductive dechlorination is occurring. Furthermore, ethene is evidence of
complete dechlorination (rather than incomplete dechlorination where the process stops at c-
DCE or VC).

The plume length trends are different for the chlorinated ethanes. TCA’s median plume length
of 865 ft is shorter than that of its daughter product, 1,1-DCA (median plume length of 1650 ft).
This result may be explained by the fact that TCA is rapidly degraded by both reductive
dechlorination and by abiotic mechanisms (abiotic half-life of 0.5-2.5 yr) (Vogel and McCarty,
1987). The presence of a long 1,1-DCE plume ( median length of 1470 ft) is further evidence that
1,1,1-TCA is degraded abiotically (see Figure 3). 1,1-DCA has the longest median plume
length of the chlorinated ethanes and is longer than that of the chlorinated ethenes.

3.5 Relative Plume Lengths

The longest plume at a site is of interest from the standpoint of impacting adjacent sites and
downgradient receptors. Figure 9 shows the proportion of the longest plumes at the sites in the
BIOCHLOR database when only chlorinated ethenes are considered. ¢-DCE or TCE have the
longest plume at 79% of the sites and occur at almost equal frequency. The remaining 21% of
sites have VC and PCE as the longest plume. Note that vinyl chloride was the longest plume
at 3/24 or 13% of the sites. However, two of these sites had VC as the parent compound.

When both chlorinated ethenes and ethanes are present at a site, TCE and c¢c-DCE tend to be the

longest plumes as shown in Figure 10. However, approximately a third of the sites had either
1,1-DCA or 1,1-DCE as the longest plume.
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c-DCE
41%

VC
13%

8%

TCE
38%

Figure 9. Relative Proportion of Chlorinated Solvents Yielding
Longest Plumes (Chlorinated Ethenes Only)

DCA
20%

1,1-DCE
10%

20%

c-DCE
50%

Figure 10. Relative Proportion of Chlorinated Solvents Yielding
Longest Plumes (Chlorinated Ethenes and Ethanes)
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3.6 Plume Coincidence

Coincidence means that the maximum concentrations of the parent and daughter products occur
at the same well, as illustrated in Figure 11. Figure 12 shows that 88% of the sites in the
database had plumes that are coincident. The remaining 12% of the sites had plumes whose
maximum daughter concentrations occurred downgradient of the maximum parent compound
concentration, but only by less than 20% of the parent plume length. Similar results were
reported in the Lawrence Livermore chlorinated solvent plume study, which reported that
daughter product plumes are contained within or roughly coincide with the respective parent
plume (McNab et al., 1999).

Because all the plumes in this study were coincident or almost coincident, some conclusions can
be drawn regarding potential impacts to downstream receptors. Because VC has the shortest
median plume length and its highest concentration is usually coincident with that of the parent
compound, VC should be less likely to reach downstream receptors than TCE and cDCE. This is
encouraging in light of the high carcinogenicity associated with VC. Its shorter plume length is
attributed either to faster rates of reductive dechlorination or, more likely, its ability to be
degraded by a variety of mechanisms including aerobic metabolism, cometabolism under both
aerobic and anaerobic conditions, and oxidation by ferric iron reduction.

VC plume length VC plume length
| |

cDCE plume length cDCE plume length
Coincident Plumes Offset Plumes
(88% of sites) (12% of sites)

Figure 11. Coincident and Offset Plumes

4%

B Coincident

m0-10% of Plume Length

B10-20% of Plume Length

88%

Figure 12. Degree of Coincidence of Parent and Daughter Plumes
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3.7 Plume Widths

Median maximum plume widths and the width of the widest chlorinated solvent plume in the
source area are shown in Table 4. Median maximum plume widths range from 300 to 750 ft.
Because lateral dispersion is typically weak (Pankow and Cherry, 1996), the width of the
plume is dependent largely on the width of the source area. For the sites in this database, the
median source area width is 555 ft.

Table 4
Maximum Plume Widths Summary

Plume Width (ft)

| Minimum |25th Percentile] Median |75th Percentile| Maximum Mean n

PCE 90 205 750 1138 10100 1493 11
TCE 140 350 610 1400 9100 1208 21
cis-DCE 85 258 668 1025 8300 1172 20
trans-DCE 110 140 300 875 1320 549 5
VC 90 240 540 1030 1800 683 15
Ethene 100 150 400 585 730 382 11
Chloride 240 400 480 840 2950 854 13
BTEX 40 345 480 550 1400 495 15
TCA 170 236 365 659 1200 508 6
1,1-DCA 301 335 483 763 2000 685 8
1,1-DCE 200 343 385 574 800 456 6
Source Area Width 75 313 555 777 1300 585 20
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3.8 Dissolved Chlorinated Solvent Concentrations

The statistics for the maximum chlorinated constituent concentrations are provided in Table 5
and a detailed table can be found in Appendix B. The highest maximum concentrations were
associated with TCE (i.e., median concentration of 3.255 mg/L). This relatively high
concentration may be due to solubilization of free phase TCE and the relatively high solubility
of TCE (about 1100 mg/L). In contrast, PCE has the lowest median maximum concentration,
which is likely linked to its low aqueous solubility (about 150 mg/L at 25 °C) and relatively
rapid degradation rates (Haston and McCarty, 1999).

Table 5
Summary of Maximum Chlorinated Solvent Concentrations

Chlorinated Solvent Concentrations (mg/L)

| Minimum | 25th Percentile | Median |75th Percentile | Maximum Mean n

PCE 0.001 0.002 0.056 2.330 60.000 8.317 15
TCE 0.002 0.362 3.255 15.050 570.000 34.736 22
cis-DCE 0.004 0.191 1.240 10.825 300.000 22.428 22
trans-DCE 0.002 0.009 0.025 0.084 0.389 0.075 13
VC 0.001 0.071 1.300 2.700 6.520 1.840 16
TCA 0.002 0.120 0.180 0.258 30.000 3.855 9
DCA 0.001 0.005 0.059 0.441 11.150 1.145 12
1,1-DCE 0.002 0.016 0.039 0.249 3.800 0.479 11

The presence of high concentrations of c-DCE relative to t-DCE is indicative of reductive
dechlorination. c-DCE is the DCE isomer produced most frequently as a result of the reductive
dechlorination of TCE, while commercially manufactured DCE is composed largely of t-DCE.
Therefore, a high percentage (i.e., greater than 80%) of c-DCE relative to t-DCE indicates
reductive dechlorination (Wiedemeier et al., 1996). With the exception of one site, c-DCE is
present at concentrations one or more orders of magnitude greater than t-DCE concentrations,
indicating widespread reductive dechlorination.

Chlorinated ethanes (1,1,1-TCA and 1,1-DCA) are present at about one tenth the concentration
of the chlorinated ethenes. TCA is degraded under both abiotic and biotic conditions, which
may result in its lower concentration. Also, if TCA is degraded largely under abiotic conditions,
less TCA is converted to DCA. Both TCA and DCA are degraded under both anaerobic and
aerobic conditions, increasing the likelihood of their degradation and lower groundwater
concentrations.
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3.9 BTEX Plume Characteristics

An interesting finding from analysis of this database is the long length of BTEX plumes at
chlorinated solvent release sites as shown in Table 6. BTEX plume lengths range from 60 to 3600
ft with a median plume length of 750 ft, and BTEX plume widths range from 40 to 1400 ft with a
median width of 480 ft.

Table 6
Summary of BTEX Plume Dimensions at Chlorinated Solvent Sites

BTEX Plume Dimensions (ft)

| Minimum [25th Percentile] Median |75th Percentile | Maximum Mean n
Length 60 595 750 1270 3600 1183 15
Width 40 345 480 550 1400 495 15

The median length of BTEX plumes in this database is considerably longer than the median
BTEX plume length of 132 ft reported in a compilation of four fuel hydrocarbon plume studies
focusing on gas station releases (Newell and Connor, 1998) and slightly longer than the median
plume dimensions reported for Air Force Bases contaminated with fuel hydrocarbons
(Wiedemeier et al., 1999) as shown in Figure 13.

BTEX Plumes at
Chlorinated Solvent
Sites

BIOCHLOR database
(This study)

15 sites

p——480 ft ——

750 ft i

AF Fuel Hydrocarbon
Sites

Wiedemeier et al., 1999
38 Sites

[oy]
F—310ft —

555 ft i

Fuel Hydrocarbon Sites
(Primarily gas stations)

10

Newell and Connor, 1998
2 604 Sites

[y
- w

Figure 13. Comparison of Median BTEX Plume Dimensions
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One explanation to account for the differing BTEX plume lengths is the spill size. By examining
the width of the plumes, it is possible that larger and/or more disperse spills occurred in the
case of Plumes A and B relative to plumes typically found at retail UST sites (Plume C). Larger
spills would result in larger plumes.

Another explanation to account for the longer BTEX plume lengths at chlorinated solvent sites
is the nature of the NAPL. At sites with mixed fuel and chlorinated solvents, some BTEX will
dissolve in the DNAPL and travel downward through the saturated zone under the force of
gravity. As the DNAPL travels downward, lateral movement attributed to differences in
permeability in the subsurface stratigraphy can occur (Pankow and Cherry, 1996). This
vertical and lateral spreading of the DNAPL, coupled with the enhanced dissolution of BTEX
from the DNAPL because of the increased surface area, may account for the longer BTEX plumes
found at chlorinated solvent release sites relative to retail UST sites. More importantly, the
BTEX has the potential to migrate to areas of the aquifer that are anaerobic. Because BTEX
generally degrades more slowly under anaerobic conditions than under aerobic conditions, the
presence of DNAPL and the increased likelihood of anaerobic conditions may contribute to
longer BTEX plumes.

3.10 Electron Acceptor/Metabolic By-Product and Electron Donor Data

Electron acceptor data, shown in Table 7 and Appendix B, give an indirect indication of redox
conditions in the aquifer. At 16/18 sites, the dissolved oxygen decreased in locations upgradient
of the source to those downgradient. Sulfate decreased at 17/19 sites, indicating a high
frequency of sulfate-reducing conditions. Nitrate reduction was evident at 15/19 sites, iron
reduction was evident at 14/17 sites, and methanogenesis occurred at 13/16 sites. Reductive
dechlorination of chlorinated solvents has been demonstrated under nitrate- and iron-reducing
conditions, but the most rapid biodegradation rates, affecting the widest range of chlorinated
aliphatic hydrocarbons occurs under sulfate-reducing and methanogenic conditions (Bouwer,
1994). The electron acceptor data support the chlorinated solvent concentration data, which
showed widespread reductive dechlorination.

Highly reducing conditions are driven by the oxidation of substrates such as natural organic
matter and anthropogenic compounds, such as BTEX in gasoline. After these substances are
degraded under aerobic, nitrate-reducing, iron-reducing, and sulfate-reducing conditions, they
are fermented to produce hydrogen (see Appendix C for a flowchart of redox reactions). At
10/18 sites, BTEX concentrations are greater than 1% of the solubility of at least one BTEX
constituent, indicating ample supply of fermentation substrate. At the six sites where hydrogen
was measured, the median value was 4 ng/L and the hydrogen concentration ranged from 0.6 to
12.3ng/L.

A high percentage of sites (i.e., 58%) had detectable ethene concentrations. This value is
considered an underestimate of the occurrence of ethene because ethene was not measured at
every site in the database. The presence of ethene and ethane are evidence of complete
reductive dechlorination. Incomplete reductive dechlorination occurs when dechlorination
stops at c-DCE or VC. Only 6/24 (25%) of the sites showed incomplete dechlorination. These
results differ from those reported in the LLNL chlorinated solvent plume study (McNab et al.,
1999), where one third of the sites did not proceed beyond TCE and one third did not proceed
beyond c-DCE. However, the population of sites differed between the two studies, with most of
the LLNL sites being in California and Oregon and the BIOCHLOR sites being distributed
around the country. Different amounts of native organic matter and fuel co-contaminants in the
groundwater may be responsible for the difference in the incidence of complete reductive
dechlorination between the two studies.
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Table 7
Electron Acceptor/Metabolic By-Product Data Summary

[ Onits Minitmum | 25th Percentile | Median [ 75th Percentile | Maxrmum Mean n

A Dissolved Oxygen| (DO, mg/L) -1.867 0.372 1.945 4.404 8.500 2.628 18
A Sulfate (SO.#, mg/L)| -710.000 7.345 18.850 52.700 201.000 5.097 19

A Nitrate (NOs, mg/L) -1.180 0.065 0.170 1.254 5.645 1.013 19

A Ferrous Iron  |(Fe 11, mg/L) -15.950 3.250 6.620 31.600 600.000 84.059 17

A Methane (mg/L) -9.510 0.183 1.477 4.584 22.399 3.264 16
Max. Ethene (mg/L) 0.001 0.008 0.257 0.903 7.750 1473 14
Max. Ethane (mg/L) 0.004 0.027 0.173 2.923 3.850 1.336 6
Max. Dissolved H2 (mg/L) 6.05E-07 2.09E-06 3.98E-06 4.45E-06 1.23E-05 | 4.49E-06 6
Max. Total BTEX (mg/L) 0.006 0.096 1676 8.924 75.800 11.125 18

Note:
1. Values for ADO, ASO,, and ANO; calculated as average background concentration minus minimum plume concentration. Values for AFe and
Amethane calculated as maximum plume concentration minus average background concentration.

3.11 Water Quality Parameters

Water quality parameters were also examined for the sites in this database. Summary
statistics are shown in Table 8 and the detailed data can be found in Appendix B. A highly
negative redox potential of less than -100 mV has been linked to reductive dechlorination under
field conditions (Wiedemeier et al., 1996). In this database, the median minimum redox
potential was -116 mV, a value conducive to reductive dechlorination.

Table 8
Water Quality Parameters Summary

Units Minimum 25th Percentile Median ‘/oth Percentile] Maximum Mean n

A Chloride (mg/L) -235.9 115 77.0 181.9 5097.7 443.1 19

A Chloride (mmol/L) -6.6 0.3 22 5.1 143.6 12.5 19

Min. Redox Potential (mV) -340 -170 -116 -60 158 -104 17
Background Avg. TOC (mg/L) 0.5 48 8.6 18.4 34.9 121 11
ATotal TOC (mg/L) -27.1 -15 10.3 19.6 299.5 355 12
Avg. pH ) 5.6 6.6 7 72 75 6.8 22
Minimum Alkalinity (mg/L) 10 82 207 315 520 204 21
Maximum Alkalinity (mg/L) 260 320 354 500 940 439 21
Avg. Temperature °C) 5.7 10.8 15.4 20.75 26.2 15.7 22

Note:
1. Values for Achloride and Atotal TOC calculated as maximum plume concentration minus average background concentration.

Nine out of twelve sites where TOC was measured showed higher TOC within the plume
compared to background, an indication that TOC (in the form of fuel or other hydrocarbons) was
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co-contaminating the aquifer. High concentrations of fermentable substrates, such as BTEX,
have been linked to higher levels of reductive dechlorination because they ferment to produce
hydrogen, an electron donor for reductive dechlorination (Wiedemeier et al., 1996).

Generally, all the sites had pH levels close to neutral, with the median pH being 7.0. The
median temperature was 15.4 °C, and the aquifer temperatures ranged from 5.7 to0 26.2 °C.

At the 18 sites where chloride concentrations were measured, all but three showed increasing
levels of chloride, indicating reductive dechlorination (Table 8). Table 8 also shows the
median A chloride concentration (i.e., maximum chloride concentration in plume - average
background concentration) is 2.2 mmol/L, and Table 9 shows the median maximum VOC
concentrations in mmol/L. These data show that the amount of chloride produced (2.2 mmol/L)
is much higher than the maximum that could be produced if all the dissolved solvents in the
source zone are completely degraded (i.e., 0.122 mmol/L in Table 9). This analysis suggests
that the high concentration of chloride is originating from the reductive dechlorination of
solvent that is dissolving out of residual or mobile DNAPL.

Because chloride is a by-product of reductive dechlorination, elevated chloride concentrations
are indicative of reductive dechlorination. The higher concentration of dissolved solvents in
the source area coupled with the availability of larger amounts of electron donor (i.e.,
hydrogen from the fermentation of BTEX compounds) suggest that the high amounts of chloride
are being generated by reductive dechlorination of solvents in the source area. The temporary
depression of dissolved concentrations in the source zone will drive the mass transfer of solvents
from the residual or mobile phase into the bulk aqueous phase. Therefore, reductive
dechlorination can speed the rate of source mass decay, as has been reported elsewhere (Carr
and Hughes, 2000).

Table 9
Chloride Concentration vs. VOC Concentrations
Constituent Concentration Conc. of Chloride
if Complete Degradation
(mmol/L) (mmol/L)

PCE 0.0003 0.001
TCE 0.025 0.074
cis-DCE 0.013 0.026
trans-DCE 0.0003 0.001
VC 0.021 0.021
Total Chloride NA 0.122
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|
4.0 PLUME LENGTH CORRELATIONS

Chlorinated ethene (i.e., PCE, TCE, ¢-DCE, VC) plume lengths were correlated with various
hydrogeologic and environmental variables to determine important factors impacting plume
length. In general, there were insufficient data to estimate correlations for the chlorinated
ethane plume lengths.

4.1 Effect of Advection

One important factor influencing chlorinated solvent plume length was the effect of advection.
Logarithmic plots of plume length vs. seepage velocity for the chlorinated ethenes are shown
in Figure 14. For each constituent, the plume length increases as the seepage velocity increases
(with R? ranging from 0.14 to 0.43), indicating that advection is a moderately important factor
impacting chlorinated ethene plume lengths.

When plume length was plotted vs. seepage velocity multiplied by time (i.e., the distance
groundwater traveled since the release occurred) similar trends were observed. Plume lengths
increased with the distance the groundwater had traveled on a logarithmic scale, with R?
ranging from 0.21 to 0.35 as shown in Figure 15. This result is in agreement with the LLNL
chlorinated solvent plume study, which concluded that chlorinated solvent plume lengths
correlate with groundwater velocity (McNab et al., 1999).
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Figure 14. Correlation of Plume Length with Seepage Velocity
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4.2 Effect of Source

Previous studies have indicated that the size of the source may be an important factor
impacting plume length (Rice et al., 1995; Mace et al., 1997). Because residual DNAPL is
difficult to detect, the extent of the source area is often poorly defined. To represent the effect
of the source size, the effect of the source area width was examined. The source area width is
the width of the widest plume in the source area. The logarithm of the plume length was
plotted vs. the logarithm of source area width and good correlations were obtained for each of
the chlorinated ethenes as shown in Figure 16. As the source area width increased, so did the
plume length, with R? ranging from 0.38 to 0.52.

Poor correlations were obtained when maximum plume length was plotted against maximum
concentrations; however, when plume lengths were plotted versus the product of source width
and maximum concentrations as shown in Figure 17, good correlations were obtained. R? values
varied from 0.38 to 0.76, implying that data obtained in the source area alone are useful for
estimating maximum plume lengths.

Both Figures 16 and 17 indicate that the size of the source is a key factor impacting chlorinated
solvent plume length. Source areas at chlorinated solvent release sites may be larger than
those found at retail UST sites, for example, possibly because of larger or more dispersed
historical releases and/or the dense non-aqueous phase nature of chlorinated solvents. During
the active period of the release, the solvent or DNAPL travels vertically downward through
the saturated zone. As the DNAPL travels downward, considerable lateral movement,
attributed to differences in permeability in the subsurface stratigraphy, can occur (Pankow and
Cherry, 1996). The DNAPL migration has the effect of increasing the surface area of the
DNAPL and the size of the source zone, resulting in higher rates of dissolution and longer
dissolved plumes. Pankow and Cherry (1996) provide a detailed discussion of source zone
characteristics and dissolution.
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The effect of both source size and seepage velocity on plume length is shown in Figure 18. In this
figure, each grouping depicts dissolved plume lengths and widths for chlorinated ethenes,
ethene, chloride, and BTEX at a particular site along with time since release and the site type.
The plumes are drawn to reflect plume length and width but not actual shapes, and all plumes
are assumed to be coincident.

The source area width (used as an indicator of the size of the DNAPL source zone) and seepage
velocity of that site are plotted on the graph using black circles with crosses. Longer plume
lengths for the chlorinated ethenes are correlated to higher seepage velocities (right hand
side of the chart) and larger estimated source sizes (top of the chart). Chloride and BTEX
plumes are also shown for comparison where these data are available.
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4.3 Effect of Electron Donors

During reductive dechlorination, chlorinated solvents act as electron acceptors and become
reduced. An electron donor, such as hydrogen, is required to complete the reaction (see
Appendix C). Many natural organic compounds or anthropogenic compounds, including BTEX,
can also ferment to produce hydrogen in the subsurface. To test the effect of electron donors on
plume length, chlorinated solvent plume length was plotted vs. maximum BTEX concentration
and also versus hydrogen concentration. There was no apparent correlation with chlorinated
ethene plume lengths and the maximum BTEX concentration. A trend of shorter plumes was
observed as the hydrogen concentration increased but the data set was not sufficiently large to
generate reliable correlations. As shown in Figure 19, there was a marked difference between
chlorinated ethene plumes at sites with and without BTEX. The plumes at sites with BTEX
were considerably shorter, because the BTEX can serve as a source of electron donor needed for
the reductive dechlorination of the chlorinated solvents.

100000

10000

T -
LEGEND
— Maximum with
— 75 Percentile I:l BTEX
1000 — Median [7] without
— 25 Percentile BTEX
— Minimum

100

Plume length (ft)

10

PCE TCE CDCE vC

Constituent

Figure 19. Chlorinated Ethene Plume Lengths at Sites With and Without BTEX

A good correlation between solvent plume length and the BTEX plume length exists (with the
exception of one outlier) as shown in Figure 20, which is likely attributed to the effect of
advection and/or the size of the source on both plumes. Figure 21 demonstrates the effect of
advection on BTEX plumes. Here BTEX plume length is strongly correlated to groundwater
travel distance (i.e., seepage velocity multiplied by time since release), suggesting that
advection is an important factor impacting plume length. This result contrasts with both the
California and Texas UST studies (Rice et al., 1995; Mace et al., 1997) that showed BTEX
plumes to be short (with median plume lengths of 101 ft and 181 ft, respectively). In addition,
the California study found that the hydrogeologic parameters had little relationship to plume
length.

The BTEX plume length is also positively correlated to the source width (a proxy for extent of
NAPL migration), as shown in Figure 22. The assumption that is made is that the larger the
source area width, the further the NAPL migration and the more surface area that is available
for dissolution. More available surface area will lead to higher mass fluxes of dissolved
solvent from the NAPL and the consequence will be longer plumes. This relationship may
explain, in part, the long BTEX plumes found at chlorinated solvent sites versus those found at
retail UST sites.
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4.4 Correlations with Chloride

During reductive dechlorination, chloride ions are released in succession. Thus, elevated levels
of chloride ions are indicators of reductive dechlorination. To investigate how chloride plumes
compare to chlorinated solvent plumes, chlorinated ethene plume length was plotted vs.
chloride plume length as shown in Figure 23. As the solvent plume length increased so did the
chloride plume length. However, the chloride plume length was almost always greater than
the solvent plume length, as anticipated. Chloride is not retarded and is conservative and thus
is expected to be longer than the solvent plume. The chloride plumes are actually longer than
the numbers suggest because the detection limit for chloride is higher than for the solvents
(e.g., 0.2 mg/L vs. 1 pg/L). The trend of increasing chloride plume length with increasing
solvent plume length is linked to advection and plume age.
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4.5 Environmental Effects

Various environmental parameters, such as average groundwater temperature, pH, dissolved
oxygen concentrations, and redox potential were plotted versus chlorinated plume length and
normalized plume length. Plume length normalization was conducted to remove the effects of
groundwater water velocity and plume age. The only environmental factor that was strongly
correlated to normalized plume length was the redox potential as shown in Figure 24. As the
redox potential decreased, the normalized PCE plume length decreased. This result indicates
that redox potential is an important factor for predicting PCE plume lengths, once the effect of
advection has been factored out. The normalized TCE plume length was only weakly correlated
to redox potential (i.e., R?=0.14), and VC and cDCE normalized plume lengths were poorly
correlated to redox potential, likely because they are degraded under a variety of redox
conditions.

£l o024
8| E

~I= 020
=1l

c E 0.16
4le

g < o012
3|

a|g o008
wilo

Q B oosd *

-400 -300 -200 -100 0 100

minimum Redox (mV)

Figure 24. Normalized PCE Plume Length vs. Redox Potential
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5.0 RATE CONSTANT ESTIMATION

The analytical model, BIOCHLOR, was used to estimate rate constants for plumes in the
BIOCHLOR database. The BIOCHLOR model accounts for the sequential first order decay of
chlorinated solvents and accounts for daughter product generation. Rate constants were
estimated only for plumes with sufficient centerline concentration data, site data, and
information about the original solvent release. Only data from wells with dissolved oxygen
concentrations of less than 1 mg/L (i.e., wells deemed anaerobic) were used. A summary of the
estimated rate constants can be found in Table 10 and Figure 25. Half-life data can be found in
Table 11. For the chlorinated ethenes (i.e., PCE through VC) the median values of the rate
constants ranged from 1.1 1/yr to 1.7 1/yr. VC had a slightly higher median rate constant than
the other chlorinated ethenes. This result might be attributable to the variety of mechanisms
by which VC is degraded (Bradley and Chapelle, 1996; Wiedemeier et al., 1999). As a result,
the estimated VC reductive dechlorination rate constant may actually be a gross
biodegradation rate constant. Table 12 presents laboratory and field-derived rate constants for
comparison. Rate constants estimated with the BIOCHLOR model were of similar magnitude
to rate constants determined using field data, but were considerably smaller than laboratory
derived values with the exception of the VC rate constant (Wiedemeier et al., 1999).

Only a limited number of rate constants could be estimated for TCA and DCA. Rate constants for
DCA were estimated where there was no parent TCA present. The reported rate constant for
TCA represents a lumped rate constant, incorporating the effects of both abiotic degradation
and biodegradation, because of the difficulty in isolating the effect of reductive
dechlorination. From the limited data set, it appears that TCA degrades faster than DCA.
This result is likely due to both the abiotic and biological degradation of TCA.

Table 10
Rate Constants Summary

Rate Constants (1/yr)

| Minimum |25th Percentile Median 75th Percentile | Maximum Mean n
PCE 0.8 -- 11 -- 24 1.4 3
TCE 0.3 0.5 1.2 24 3.2 15 10
cDCE 0.1 0.7 1.2 2.2 20.9 BI5) 9
VvC 0.4 0.6 1.7 4.9 12.2 3.6 7
TCA 1.6 - 24 - 3.2 24 2
DCA 0.2 -- 0.3 -- 1.2 0.5 3

-- . Insufficent data to calculate
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Table 11
Half-Lives Summary
Half Lives (yr)
| Minimum |25th Percentile Median 75th Percentile | Maximum Mean n
PCE 0.29 -- 0.63 - 0.87 0.50 3
TCE 0.22 0.29 0.58 1.4 2.3 0.46 10
c¢DCE 0.03 0.32 0.58 1.0 6.9 0.20 9
VC 0.06 0.14 0.42 1.1 1.7 0.19 7
TCA 0.22 -- 0.29 - 0.45 0.29 2
DCA 0.60 - 2.3 - 3.9 1.28 3
-- . Insufficent data to calculate
Table 12

Rate Constants Reported in the Literature

(from Wiedemeier et al., 1999)

Rate Constants (1/yr)

|Range of Laboratory-Derived Values

Median Field-Derived Values

PCE
TCE
cDCE

VvC
TCA
DCA

13.9
0.04-126
3.15-9.36

0.01

3.6
1.6-3.5

11
11

2.9
5.8
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Figure 25. Biodegradation Rate Constants for Chlorinated Solvents and BTEX

Figure 25 compares the rate constants for dissolved chlorinated solvents estimated in this study
to BTEX rate constants estimated by Rifai et al. (1998) in another study. This figure shows that
the BTEX rate constants are within the same order of magnitude as the chlorinated solvent rate
constants. Although this is a small sample set, it implies that chlorinated solvents may
degrade at a similar rate to BTEX compounds under anaerobic conditions. If sufficient electron
donor is present, relatively high chlorinated solvent biodegradation rate constants are

possible.
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|
6.0 BIODEGRADATION RATE CONSTANT CORRELATIONS

This section reports factors influencing the magnitude of chlorinated ethene first order
reductive dechlorination rate constants. These correlations should be viewed as preliminary in
nature due to the limited data set available.

6.1 Biodegradation Capacity

The reductive dechlorination rate constants for TCE, ¢c-DCE, and VC correlated well with
biodegradation capacity (also known as expressed assimilative capacity). Biodegradation
capacity is an estimate of the amount of electron acceptors consumed in the biodegradation of
organic compounds (such as BTEX). Higher biodegradation capacity values imply the
consumption of large amounts of electron acceptors and suggest more highly reduced conditions.
In Figure 26, R? values of 0.20 to 0.64 were obtained when correlating solvent rate constants with
biodegradation capacity. Higher rate constants were obtained at higher biodegradation
capacity values or under more highly reduced conditions. This result is consistent with other
studies that have shown chlorinated solvent degradation to be optimum under sulfate-reducing
or methanogenic conditions (Bouwer, 1994).
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6.2 Effects of Temperature and Hydrogen Concentration on TCE Rate Constant

Both temperature and dissolved hydrogen concentration were found to have a large impact on
the magnitude of the TCE rate constant. As temperature increased, the TCE rate constant
increased, with a R? of 0.70, as shown in Figure 27. This result suggests that reductive
dechlorination may occur more rapidly in warmer climates. However, when the normalized
TCE plume length was plotted versus temperature, there was only a weak trend of decreasing
normalized plume length with increasing temperature (R? of 0.14).
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Figure 27. Effect of Temperature on TCE Rate Constant

Another important factor impacting the TCE rate constant is the hydrogen concentration.
Hydrogen is used as the electron donor by many dechlorinating bacteria, and the magnitude of
the hydrogen concentration has been linked to different redox conditions (Chapelle et al.,
1996). In Figure 28, higher hydrogen concentrations are correlated with higher TCE rate
constants. One explanation for this trend is that when the hydrogen concentration is higher,
the rate constant is larger because the number of dechlorinating bacteria is higher and/or the
availability of hydrogen is not limiting the reaction. Due to the limited data available (only
3 points), more information is requi