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Chapter lintroduction

1.1  SiteBackground

Beaverdam Road Landfill (BDRLF) is located on the north bank of the
Beaverdam Creek stream valieyBeltsville, Maryland USDA actively used BRLF as
a disposal site for nehazardous substances such as construction rubble and furniture
from the early 1940s through the 1980s, after which the landfill was closed and capped
with clay. As part of a facility wide Preliminary Assessment/Site Ingastn
conducted in 1991)SEPA designated BDRLF as an area of concern (AOC). In 1994,
USEPA placed the Beltsville Agricultural Research Center on the National Priorities List
(NPL) subjecting the BDRLF site to the Superfund or Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA).

Subsequently, several environmeratssessments of the site have occurred,
including a field reconnaissance study (1996), baseline groundwater sampling (1997),
and a Site Screening Process (SSP) investigation (1999). This work identified
trichloroethylene, along with a number of other cimated solvents at lower
concentrations in the shallow groundwater at the site. In accordance with the EPA
Superfund process, this prompted a more comprehensive set of site analyses starting in
2002, known as a remedial investigation (RI) and feasilstiigdy (FS). The RI/FS
identified the types, quantities, and locations of contaminants and suggested engineered
solutions to the contaminatiorAccording to the consulting reporty¢ biowall approach
was chosen among a number of remedial alternativesodits perceived relatively low

cost, feasible implementatioand presumedffectiveness.



1.2  Site Description

1.2.1 Surface Features

The BDRLF is located on the Beltsville Agricultural Research Facility
approximately 1,700 feet east of the intersectioBedverdam Road and Research Road,
on the north bank of the Beaverdam Creek stream valley. The site is a large dome shaped
(geotextile capped and soil and vegetative covered) landfill with steeply sloped sides, and
is surrounded by woods to the east andlsand a cultivated field to the west. The
landfill is approximately 500 feet north of Beaverdam Creek and its floodplain. Located
within the wooded tract is an unnamed intermittent creek to the east of the landfill that
eventually drains into Beaverdamegk to the south. There are no drainage courses or
culverts that lead directly from the landfill to either Beaverdam Creek or the unnamed
tributary.

Wetlands on the BDRLF are located on the southern and southeastern edges of
the landfill. The remaindef the site consists of filled uplands. The area to the east of
the landfill is characterized as transitional with the wetland boundary generally following

the topographical contour of the arsashown irFigurel.
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Figurel Wetland boundary at BDRL&s defined by BMT Entech

1.2.2 Geology and Soll

The landfill is directly underlain by the lower Cretaceous Arundel Clay

Formation. The soilstahe base of the landfill have 20 to 30 feet of alluvial sediment



overlying the Arundel Clay owing to the migration of the creek and its floodplain over
time. Groundwater contamination is confined to the alluvial silts, sands, and gravels

above the relately impermeable Arundel Clay.

1.2.3 Hydrology

Groundwater velocitieare known to vary at the sitén April of 2010, hydraulic
conductivity was measured monitoring well 2 MW2) and MW6. Rising and falling
slug tests were performed on MW6, batythefalling head test on M\& because the
well recharge levels were excessively slow. Slug tests were analyzed using Hvorslev
methodby BMT Entech The resulting hydraulic conductivity values ranged from
6.88x10°cm s'in MW2 to 1.02x10 cm s'in MW6 as sown inTablel. Due to the
long duration of the féihg head test (8 hours) for ME\the hydraulic conductivity is
considered an over estimate. Tligedences in hydraulic conductivity between the two
monitoring wells may be explained by the soil lithology of the respeetigas. In the
vicinity of MW 2, the soil was compastlt and clay whereas around Md/the soil
consisted of more silts and sands.

Tablel Slug test summary

MW-2 MW-2 MW-6 MW-6
(rising head) (falling head) (rising head)  (falling head)

Hydraulic mnductivity

o NA 6.88x10° 1.02x10* 9.14x10°
(cms)

During baseline groundwater sampling in 19B¥|T Entechassessed the
hydraulic gradient and flow direction using static water levels, along with surveyed well

locations and elevation data. The hydraulic gradient was determined to be 0.011 and the



flow direction was determingd be south from the landfillDuring the remedial

investigation the hydraulic gradient was recalculated by measuring water level in the nine
monitoring wells, five of whiclBBMT Entechestablished for the RI. The gradient was
foundto be 0.0125 and the localized groundwater flow direction weteschined to &

southsoutheast as shown kigure?2.
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Figure2 Groundwateflow direction diagramaken from the remedial investigan for
BDRLF (BMT Entech 2008b)

BMT Entechoriginally found the sepagevelocity at the site to be 36 m yf*
based on aestimatechydraulic conductivity of 1.0xIfcm s*, measured hydraulic

gradient of 0.011, and estimated porosity of 08ing themeaswedhydraulic



conductivites from 201Gand remeasuedhydraulc gradientthe revised seepage
velocity for the site ranges fro®.09m yr*to 1.34m yr'. These data are shown in
Table2 along with the actual expected flow rate of TCE given a retardation factor of 2

Table2 Seepage velocity and actual TCE velocity calculation

o Hydrau_lic_: Hydrau_lic_: Hydraulic Seepage Actual TCE
Monitoring well ~ conductivity  conductivity . velocity velocity
(cm's) myr)  9RIE ey (mmo)
2 0.00000688 2.2 0.0125 0.09 0.045
6 (rising head) 0.000102 32.2 0.0125 1.34 0.67
6 (falling head) 0.0000914 28.8 0.0125 1.20 0.6

1.3  Site History

Time Line

1943 through 1983 andfill operated by USDA for disposal of construction rubble,
furniture, and other debris.

1980 Landfill access restricted though some disposal continued.

1985 Industrial Waste Managemeermit issued by Maryland requiring installation of
four monitoring wells and annual sampling.

1991 Post Closure Care and Monitoring Plan

1991 Preliminary Assessment/Site Investigation conducted by APEX consulting firm.
Identified the function of the tadfill, duration of use, and assessed the potential for
release of hazardous substances in the future. The potential was considered low so no
groundwater data was collected.

1994 Beltsville Agricultural Research Center (BARC) added to National Peerltist
(NPL). The Agricultural Research Service (ARS) agreed to address all areas of

environmental concern at BARC pursuant to an executed Federal Facilities Agreement

7



(FFA) under the Federal Facilities Compliance Act (FFCA). Agreement obligated ARS
to investigate and remediate sites in accordance with the National Contingency Plan
(NCP), the Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA), Superfund Amendments and Reauthorization Act (SARA), and other
applicable Federal a@rnState regulations.

1996 Field reconnaissance BMT Entech Survey of the site revealed debris just east
of the landfill within the landfill perimeter fence. Debris included emptgélton

drums and a large compressed gas cylinder. The drumsogated approximately 100

f eet east of the base of the [ andfil!/l

On

the two drums were identified as “300 Supe

1997 Baseline groundwater sampling of four existing BARC well8MT Entet

found low levels of TCE (6fig L") andcis-1,2-dichloroehylene(12 ug L) in MW?2.

The data gathered were used to assess the existing groundwater condition, flow patterns,
and hydraulic characteristics. This is the first available source of groundwaltsoils

data Though some data wecellected in 1990 by Kidde Consultants, it has not been
retrieved BMT Entechcalculatel a hazard index in excess of the 0.5 threshold due to
metals, but the incremental lifetime cancer risk was below the 5 shi€shold.

Elevated levels all over BARC were later found to nullify the metals found at BDRLF.
January 1998BARC Desktop Collection Report including BDRLF. Employee

interviews were used to assess the use of the landfill. Several employees specifically
stated that no chemical disposal occurred at the landfill, though one stated that it could

have leen possible.



November 1998Site Screening Work Plan BBMT Entechsuggested further action on
this site based on poorly documented historical waste disposal practices.
January 1999Field activities of Site Screening Process (SSP) conducted. This 8P
mechanism established by CERCLA for determining if the area of concern (AOC)
identified warrants remedial action, further study through Remedial
Investigation/Feasibility Study (RI/FS) process, or no further aci8WiT Entech
Sampled four existinghonitoring welk, and nine geoprobe locatioms;luding seven
along the perimeter of the landfill and two between existing dgnadient wells and the
unnamed tributary to Beaverdam Cre€key also ollected celocated surface water and
sediment samples from five locations, two in the wetland at the base of the landfill and
three in the unnamed creekhis study provides the second source of groundwater and
soils data.
20022008 Remedial Investigatio

January 2004Five additional monitoringvells installed and sampledht this

time, BMT Entechalso sampled 20 geoprobe locations. The third available source

of data.

August 2004 Monitoring well sampling event.

February 2005Monitoring well samphg event.

October 2005Groundwater analyses including flow direction analysis.

November 2005Monitoring well sampling everg.

September 200@Monitoring well sampling evert.

March 2006 Draft Rl Report submitted t0SEPA

July 2007 USEPAcomnments received



March 2008 Final RI Report completed
April 2008- Monitoring well sampling ever8.
July 2008 Feasibility Study submitted to USDA
March 2009 Monitoring well sampling everf.
December 201:0Monitoring well sampling eventNo TCE was ogerved inMWe6.
Monitoring well eventlO.
March 2011 BMT Entechwhich hadchanged its name to BMT Designers and Planners
conducted sampling because no TCE had been fiouhé December sampling of M&V
Plus, they conducted slug tests to measure hydreafiductivity inMW2 and MW6,
relying previously orestimates based on soil typ€he other objectives of this field
effort included collection of further data on whether TCE is still being released from the
landfill and evaluation of the extent to whi€CE was being released to the unnamed
stream. BMT collected and analyzed geoprobe groundwater samples from seven wells
along the extent of the proposed biowall, two around MW6, and one due east of the
landfill. In addition, four water samples were cotkl showing decreased
concentrations from the 2004 sampling and still below drinking water standards for TCE.
May 2012 Monitoring well sampling event 11.
Presentin June 2012, SCS engineers finisleézhring the approximately 2 acres needed
to allowmachine access for biowall constructiohhe next stage of biowalonstruction

awaits funding.
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1.4  TCE Background

Trichloroethylene (TCE), perchloroethylene (PCE), and trichloroetfie@a)
are the most frequently detected volatile organic chemicals (VOCSs) in ground water in
the United Statef~ischer, Rowan and Spalding 198T)CE, thefocus of this study, is
associated with a number of adverse health effects including neurotoxicity,
immunotoxicity, developmental toxicity, liver toxicity, kidney toxicity, endocrine effects,
and several forms of cancer. The carcinogenicity of TCE igptminvolving multiple
carcinogenic metabolites acting through multiple metabolic pathways. According to the
USEPA s cancer guidelines, TCE is (USEBAIl Yy | i k
2001)

The unique properties and solvency of TCE have prompted its wide usage as an
ingredient in industrial <c¢cleani ndgRussa,l uti on
Matthews and Sewell 1992 CE is currently used primarily for its solvency of grease to
clean fabricated metal pafidSEPA 2011a) It is also commonly used in textile
processing, refrigeration, lubricants and adhesives, along with the production of vinyl
chloride, pharmaceuticals, and insecticiffeant and Pant 2009 CE enters the
atmosphere through volatilization during vapor degreasing operations and enters the
subsurface as a consequence of illicit or accidental discharge. TCE may also enter
surface waters via direct discharge and groundwater releases from contasiteated
(USEPA 2009)

The USEPAdrinking water standard for TCE%0 pg L. TheUSEPAhas not
set a TCE standard for air, but the Occupational Safety and Health Administration

(OSHA\) has set an exposure limit of 100 mifjds the highest permissible level of
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exposure averaged over am@ur workday. OSHA has set aninute maximum

exposure concentration of 300 mgib any 2 hour perioATSDR 2011b) The four
primary daughter products of TCE demtihation are also regulated under H8EPA

These include 1;Dichloroethylene (1,-DCE), cis-1,2-DCE, trans-1,2-DCE, and vinyl
chloride(VC). The DCE species are associated with liver problems while vinyl chloride
increases the risk of canq@fSEPA 2011a) Figure3 displays TCE and the intermediate

chlorinated ethenes associated with it.

('l\(‘?(‘/(‘l Cl\(.;(‘/ll (‘l\(.;(./(‘l
('I/ \II ('I/ \II H/ \Il
a b C
ll\(-_ m (/(,‘l Il\(.m -(‘/(‘I
(‘l/ \Il Il/ \ll
d ¢

Figure3 TCE and daughter produetolecuar structures (a) TCE with three chlorine
atoms and one hydrogen atom bonded to carbon atoms; )AE1(c) cis',2-DCE; (d)
trans’,2-DCE:; (e) vinyl chloride (Adapted from Pant and Pant, 2009)

1.4.1 Factors Affecting TCE and Daughter Product Groundwhtansport

1.4.1.1Hydgrogeologic Considerations

There ardour key hydrogeologigparametershataffect the transport of TCE and
related compounds in the groundwater. These include seepage velocity (Vs), hydraulic
conductivity (K), hydraulic gradient (ijand eféctive porosity (n) Seepage velocity
expressed in uts of length per time (e.g. §t™) is the actual interstitial groundater
velocity, equaling Darcy velocity divided by effective porositypital values are 0.5 to
200 ftyr™ (Aziz et al. 2000) This parameter is calculated by multiplying the hydraulic

conductivity by hydraulic gradient and dividing by effective porosity.
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The effective porosity is a dimensionless ratio of the volume of interconnected
voids to the bulk vb u me of the aquifer matri x. 't di
excludes all nortonnected pores. This parameter is usually estimated. For example, one
commonly used value for silts and sands is an effective porosity of D@%enico and
Schwatz (1990)report a range of effective porosity values for different soil textures.

These dat are summarized ifiable3.

Table3 Porosity for different soil textures

Soil Texture n (unitless)
Clay 0.01-0.20
Silt 0.01-0.30
Fine Sand 0.1060.30
Medium Sand 0.150.30
Coarse Sand 0.200.35
Gravel 0.100.35
Sandstone 0.0050.10
Unfract. Limestone 0.00%0.05
Fractured Granite 0.000050.01

"Domenico and Schwartz, 1990

Hydraulic conductivity describes the rate at which water can move through a
permeablanedium. The density and kinaic viscosity of the water must be considered
whendetermining hydraulic conductivitjFetter 2001) Pump tests or slug test ased
to measure hydraulic conductivity. Typical values for K for a range of soil texdtees
displayed inTable4. Hydraulicgradient refers to thdape of the potentiometric surface,
which in unconfined aquifers amounts to the slope of the water tébls.parameter is
expressed in units of length per length. Typical valuesrfaie range of 0.00040.05

ft ft 2.
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Table4 Values for hydraulic conductivity (K)

Soil Texture K (cm s%)
Clays <1x10°
Silts 1x10° - 1x10°

Silty sands 1x10°- 1x10*

Clean sands 1x10%-1

Gravels > 1

1.4.1.2Dispersivity

Dispersion refers to the process whereby a dissolved solvent will be spatially
distributed longitudinally, transversely, and vertically because of mechanical mixing and
chemicaldiffusionin the aquifer. Combinethese processes result in the plume shape
characteristic of dissolved solvent masses in an aquifer. Field measurement of
dispersivity is difficult; however, estimations may be made based on the length of the
plume or distance to the measurement point. Dispersivity values can range3over 2
ordes of magnitude for a specified plume length or distance to measurement point

(Gelhar, Welty and Rehfeldt 1992)

1.4.1.3Physiechemical properties of TCE and related daughter products
The most relevant physichemical properties of TCE and related chlorinated
ethenesat 25°C and 1 atm aregsented iMable5. For use of the presented
di mensionl ess Heaerdrfyrendonstmpretratatres, one

eguation to make adjustmentSchwarzenbach, Gschwend and Imboden 2003)
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Table5 Physiachemical properties of TCE and daughter products at STP

Molecular HP vapor Solubitliy®  Koc”

Compound \\eight (dimensionles€4/C.) (Pr;ens]S:g; (mgLY)  (Lkg?
PCE 1658 121 19 143 269.2
TCE 131.4 0.39 58 1000  153.9
cisDCE 99 0.34 200 800 52.33
transDCE 99 0.4 331 600 69.62
1,1 DCE 99 1.62 59.1 5500  74.83
VC 62.5 5.95 266 2540  33.87

& (Schwarzenbach et al. 2003)

® (Dong et al. 2008)
¢(Wiedemeier et al. 1999)

The density of TCE is 1.46 g thiwhichisgrea er t han wat enf’' s den
'making it heavier than water. This means
water solubility of 1000 mg twill sink through the subsurface until low permeability
formations stop its movement. In the environment, TCE forms plumes of dense
nonajueous phase liquid (DNAPL) at the base of an aquifer and a trail of residual
saturation in the path of downward transport. Pools of TCE DNAPL can serve as source
areas for ground water contamination as unsaturated groundwater contacts the pool and
TCE patitions into the aqueous phase. For example, at a site in Texas it was determined
that 8 kg of noraqueous phase TCE was responsible for contaminating 12%3yaltths
of water at an average concentration of 176 ppb (as cited in Russel et al. 1992)

TheHenry’ s Law Constant is a measure of t
volatilize once dissolved inwatefForTCE, t he Hen B6/Pasn’/n®mon st ant i
0.39 dimensionless at 20{Cable5), which makes for relatively rapid transfer to the
atmosphereAs cited by(Russel et al. 1992}he evaporation halffe of TCE in water is
on the order of 20 minutes at room temperature in both static and stirred veksetsr y ' s

constantvaries slghtly between authors and is dirggroportional tdaemperature.
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Al so, the di mensionl ess Henr ywaterorcwatesrt ant m
parameter. Herehte di mensi onl e sisedediialathe gdseousdOGEN st an't
concentratior{C,) divided by theaqueous concentratigC,). Henr y’' s const ant
vary with temperature and may be adjusted
empirically at varying temperatures, or calculated using formulations such as that devised

by Heron et al(1998) which is what was done in this report.

1.4.1.4Adsorption

The Ky.can be estimated from the water solubility and octanol water coefficient,
but in the casefal CE a number of empirically derived values exist. Chiao et al. (1994),
found an average Jof 86 from 13 literature values. The values considered by Chiao et
al. (1994) were derived empirically for a range of soils, organic matter contents, and TCE
concentrations. This value is nearly the same as the conservative value of 87 L kg
reported in the literatur@Viedemeier et al. 1999)

Shen and Wilson (2007) found,dalues using three different methods including
a tracer study, 48 hr sorption isotherm study, aRfl day batch sorption study. The
values for each method were 23, and 14 L kg respectively, though the authors use
the highest of the values as a reference in their paper. The media they tested was similar
to the media used in this study compos&80% (v/v) shredded tree mulch, 10% (v/v)
cotton gin trash, and 40% (v/v) sand.

The literature contains little information on TCE partitioniagrganic rich
materials, but Zytner (1992¢ported a Kcfor peat moss of 189 L kga Kocfor organic
rich top soil of 115 L kg and a kcfor sandy loam soil of 50 L kg Shen and Wilson

attribute the low values they found to a lower surface area to volume ratio in the plant
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mulch used, but do not make any measurements to test their conjBcioiged al.

(2009) use a value of 159 L kdalling on the high end of those reported by Chiao et al.
Dong et al. provide values for the entire group of chlorinated ethenes related to TCE,
making this paper a valuable reference. The valuesdadigplayed inTable5 come

from this paper. Regardless of thg; Kalue used for reference, the wide variability in
literature values indicates the need to estaldpecific organic partitioning coefficient
values for the media under question.

The distribution coefficient (K represents the mass of some constituent, such as
TCE, per unit mass of soil divided by the mass of the constituent per unit volume of
wate in contact with the soil. df TCE in the groundvater zoneKy can be estimated
using the relation k= Ky X focwhere §cequals the fraction of organiaidon in the
ground water zoneThis parameter is site specific and depends on the fraction of organic
carbon in the groundater zone and on the value af:KChiao, Currie and McKone
1994)

The retardation factor is a function of adsorption defined asatfeeof the
groundwater seepage velocity to the rate that organic chemicals migrate in the ground
water. A value of 2 indicates that if the groumdter seepage velocity is 100/ft", then
the organi chemicals migrate at approxirabt 25 ftyr’. Vaues typical for solvents in
shallow aquifers are 1 to 6. The actual value is usually estimated using soil bulk density
( i, effective porosity (n), and the distribution coefficieng)Es shown in Equation 1:

(Eg. 1) R=1+Kypy/n
A range of véues for the retardation factor of TCE have been reported depending

on the type of aquifer and concentration of TCE studied. If the retardation if&
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assumed to be 2 based on the worklehran, Olsen and Rec{@©87) thenTCE should

move at half the speed as water througls soid aquifers

1.4.2 Distribution of trichloroethylene in the environment

Based on the chemical and physical properties of TCE, one would expect to find
the contaminant distributed throughout the envirentn the air, ground and vadose
water, and for short periods in surface water. Indgohen and Ryan 198&sed an
estimate made by tHéSEPAand others that 60% of the total TCE produced in the
United States is lost to the atmosphere, with negligible discharge into water bodies. The
subsurface environment has experahsignificant contamination with TCE in both the
vadose and saturated zones. This problem stems from spills, leaking transfer lines,
storage tanks and poor environmental awareness. Once in the subsurface, the high
density and low K of TCE encouragesogvnward movement into groundwater until an
impermeable barrier is reached. When a spill is of a large enough volume or deep
enough in the ground, losses to volatilization may be insignificant compared to transport
in groundwatefRussel et al. 1992)

In the vadose zone, TCE may entex #yueous phase via soil pore water, the gas
phase via volatilization, or exist as NAPL. The ability to exist in each of these three
phases highlights the potential upward or downward mobility of TCE in the subsurface.
Although large spills may move rajly through the vadose zone and into groundwater
until an impermeable layer is reached, smaller spills are restricted by the surface tension
exerted at the capillary fringe of the water table. Once a DNAPL plume of TCE reaches
an impermeable layer theofls of the contaminant will coincide with groundwater flow

and follow the horizontal orientation of the impermeable layers. TCE existing as
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DNAPL at the top of an aquitard will contribute TCE to solution as groundwater flows

over and around it, thereby a&berating the spread of the contaminant.

1.4.3 Degradation mechanisms and coefficients

Chlorinated aliphatic hydrocarbons (CAHs) may be degraded via three metabolic
processes. Reductive dechlorination is an anaerobic process in which chlorinated ethenes
areused as electron acceptors. -@etabolism is an aerobic process in which chlorinated
ethenes are degraded as a result of fortuitous biochemical interactions which yield no
benefit to the bacteria. Direct oxidation is an aerobic or mildly anaerobiaédoicing)
process in which minimally chlorinated ethenes are used as electron donors. At a given
site, one or all of these processes may contribute to TCE degra@ti@nd Williams
2000)

Reductive dechlorirteon, the mairdegradingprocess believed to occur in
biowalls and other permeable reactive barriers, occurs under anaerobic conditions,
yielding ehene or ethane as final produatsshown irFigure4. At each reaction step, a
chlorine atom is replaced by a hydrogen atom, producing hydrochloric acid (HCI) as a
byproduct. Among the environmental conditions that determine the effectiveness of
reductive dechlorination, the most important may be the concentration of other organics
to act as electron donors. Also, other electron acceptors can hinder TCE decbiorinati
These electron acceptors are oxygen, nitrate/insoluble manganese, insoluble ferric iron,
sulfate, and carbon dioxide, in order of bacterial prefer@apt and Pant 2009)

Reductive dechlorinatiois the procesassumed to play the most significant role in TCE

degradation in biowalls.
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1.11- 1,1-DCA I—- Chloroethane I—» Ethane
CH3CH3
CIS 1,2-DCE
Ethene
— = Trans-1,2-DCE Vinyl Chloride I—'
CH3CH3

11DCE

Perchloroethens TCA = Trichloroethane
Trichloroethene DCA = Dichlorethane
Dichloroethene

PCE

TCE
— —= Minor pathway DCE

— = Major pathway

Figure4 Reduction dechlorination pathy&for common CAH¢Vogel and McCarty
1985, Vogel and McCarty 1987)

In addition to microbially medted reductive dechlorination, TCE and the other
CAHs may bereduced by reactive metalllfide minerals (e.g. iramonosulfide). When
the process results from biological and geochemical processes, it is referred to as in situ
biogeochemical transformatiofhere are two pathways for abiotic degradation of TCE
by FeS(Butler and Hayes 2001)The most important pathway accounting86:90% of
degradation at pH 7.3, produces acetylene. Bacteria readily ferment acetylene to ethanol
and acetate, which sulfate or ir@fl) reducing bacteria readily oxidize to carbon dioxide
(Kennedy et al. 2006)The other abiotic pathay producesis-DCE, which may also
experience anaerobic biological oxidation to carbon diofdadley 2003) Dong et al.
(2008) found that abiotic transformation of PCE and TCE in a microcosm study was
typically much slower than microbial redive dechlorination. This difference in
degradation rates was attributed to the slow abiotic transformation of PCE and TCE by
reactive minerals that were present at concentrations typically below 1 g/L.

Alternatively, Shen and Wilsof2007)found hat abiotic transformation of TCE

associated with FeS provided a major contribution to the removal of TCE from the
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groundwater at Altus AFB. This was attributable to the high concentrations of sulfate in
the groundwateranging from 1400 to 2600 mg*(He, Wilson and Wilkin 2008)
Therefore, it is expected thatith sufficient sulfate and reactive iron species both abiotic

and biotic degradation of TCE could significantly contribute to mass reductions in TCE.

Pathway 1——

PCE TCE cis-DCE vVC Ethene
Cl Cl Cl Cl Cl Cl H Cl H H
\ / (1) \ / (1) \ / (1) \ / (1) N /
c=C — C=C — C=C " e C=C —_ Cc=C
Cl Cl Cl H H H H H H H
Pathway 2
(2) (2) (2)
CI-C=C-Cl —— CI-CECI-H —— H-CEC-H —
Dichloroacetylene Chloroacetylene Acetylene

Figure5 Pathways for (1) biotic reduction ofCE and (2) abioticeductionby iron
monosulfide (modified from Butler and Hayes, 2001)

Co-metabolism of TCE&nNd the other CAHss carried out by methanotrophic
bacteria in soil conditioned with methane. Methane monooxygéntd®) is the
enzyme responsible for aerobic degraatatiThis process is termed-ooetabolism
because the reaction uses enzymes, but does not provide any useable energy to the
microorganismgAlvarezCohen and McCarty 1991 his process is illustratad

Figure6 for TCE degradation

Aerobic
axygenase jos ?
TCE =———> Cl,C~CHCl 5>5>3CI"+ other products
7oA epoxide
IH +0, H,O

Figure6 Cometabolism of TCE by methane monooxgenase under aerobic conditions
(McCarty 1993)
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Direct oxidation of chlorinated solvents involves the less chlorinated reductive
dechlorination prodcts acting as electron donors for some bacteria. These bacteria can
use VC and DCE as an energy and organic carbon s@aoéand Pant 2009)This
process may occur in the presence or absenceygeox Bradley et al. (1998a and
1998b) found that humic acids in mulch and compost mixtures may serve as electron
acceptors in energy yielding reactions that result in the oxidation of DCE and VC under
anaerobic conditionsAn example of an energy yieldj aerobic VC oxidation pathway
is shown inFigure?.

H a [6] mo H o «a

] \ 74/

G emres C — —» various intermediates

N\ /
CcC=C N
l-/ \H ( \, / \ (HCOOH, HOCCOOH)
NADH NAD' H H

m incorporated
into cell mass
Energy + CO, + H,0+ CI'

Figure7 Intracellular VC degradation pathway yielding energy to the orgdhianmans
and De Bont 1992)

TCE degradation has been repreéented usingofider decay such that the rate of
biotransformation depends on the concentration of the contaminant aatkthe r
coefficient(Aziz et al. 2000) When sequential first order decay is occurring, the decay
of the solvent in question proceeds via first order kinetics, but it is also simultaneously
produced by the preceding compound. Typuzdle ranges for the most common
chlorinated solvents are displayedTiable6 along with their haHives (Data adapted
from Wiedemeir et al. 1999)The half-life equals 0.693 divided by the firstder decay

coefficient.
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Table6 First order biodegradation constant duadf-life range for TCE and related
chlorinated solvents

: - _ *half-life in
Compound *First order decay coefficient () groundwater
Perchloroethylene 0.07 t0 1.20 9.91t00.58
Trichloroethylene 0.05t0 0.9 13.86t0 0.77
cis-1,2-Dichloroethylene 0.18t0 3.3 3.85t00.21
Vinyl Chloride 0.12to 2.6 5.78 10 0.27

"Weidemeier et al. 1999

1.4.4 ModelingChlorinated Solvent fRnsport

The fate and transport of TCE in the environment can be modeled using a number
of modeling techniques though ti&SEPAhas created two asfriendly models for the
task. These alBIOCHLOR and REMchloor Remediation Evaluation Model for
Chlorinated Solvents. BIOCHLOR and REMchlor differ in the analytical method used
to model transport and degradation anduhéerlying assumptions made about the
source area. REMChlor can account for variationsonmpiwater source and plume
remediation while th8IOCHLOR assumes constant source concentratidhis allows
the user oREMChlor to consider various engineered reméaliatnethods as well as
naturalattenuatiorin the source arealndeed, the main dgfence between REMChlor
and previous models includig)OCHLOR s that the former provides the means to
represent chemical reaction parameters (rates, yield coefficients) as functions of both
time and distance from the sou(€alta 2008) In this section, | provide background on
theBIOCHLOR model becauskuse it to assess the chosemeglial action. A shorter
summaryof REMChlor is provided for comparison.

BIOCHLOR was developed by a team of researchers supported by the U.S. Air

Force Center for Environmental Excellence (AFCEE) to simulate natusalation of
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chlorinated solvents in groundwater under anaerobic reducing conditions. The model is
programmed to run in Microsoft Excel and based on the Domenico analytical solute
transport model BIOCHLOR simulates 1D advection, 3 dispersion, linear

adsorption, and biotransformation via reductive dechlorination. Three different model
types may be tested with the tool including (1) solute transporoutitiecay, (2) solute
transport with biotransformation modeled as a sequentiabfidgr decay procesand

(3) solute transport with biotransformation modeled as a sequentiairiilest decay

process with two different reaction zones (each zone has a different set of rate
coefficients)(Aziz et al. 2000)

BIOCHLOR aims to answer the question, how far will a dissolved chlorinated
solvent plume extend if no engineered controls or source area reduction measures are
implemented? It does $xy predicting the maximum extent of dissolygtase plume
migration, which may then be compatedyotential exposure point&8 I OCHLOR was
intended for two uses. First, as a model to determine whether the potential for natural
attenuation is high enougb warrant a thorough natural attenuation study. Sdgpas
aremediation by natural attenuation (RNA) grovmater model to address selected
chlorinated solvent problems.

BIOCHLORIs limited to applications with simple grounhter flow conditions
ard should not be used where pumping systems create a complicated flow Viglerer
vertical flow gradientaffect contaminant transpoBIOCHLOR simplifies site
conditions by assuming constant source, hydrogeological, and biological parameters.
Therefor, the model should not be applied where extremely detailed, accurate results are

required. BIOCHLOR s limited to use with chlorinated ethanes and ethenes that degrade
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via sequential reductive dechlorination and should not be applied to compounds that do
not degrade based on sequentialfngter kinetics.

Input data categories for the model include hydrogeologic, dispersivity,
adsorption, biotransformation, general, source, and field data. Hydrogemwéogioeters
include seepage velocity (Vs), hydraulic conductivity (K), hydraulic gradient (i), and
effective porosity (n). Dispersivity can be represented longitudinally, transversely, and
vertically. The user is given some common values for longitudispersivity and
relationships for calculation of transverse andigal. Adsorption data includequifer
matrix bulk density, organic carbon partition coefficiengKfraction organic carbon
(foo), and retardation factor (R), which is a functiontd bther parameters
Biotransformation is represented witte firstorder decay coefficients dissolved
solvent hakHlives (t/2) for the compounds of intere§&enerainput parameters include
thelength andvidth of the model area argimulation time Source datancludethe
source contaminant concentrations, width, and depth. Field concentrations and distances
from source may be entered to help calibrate the model.

REMChlor is a screeninlgvel mass balance approach for simulating the transient
effects of simultaneous ground water source and plume remediation. The modeling tool
combines separate models of source and plume behavior to achieve simultaneous
consideration of partial source remediation and contaminant degradation within a plume.
The caitaminant source model is based on a power function relationship between source
mass and source discharge. The model serves as-ddpaadent mass flux boundary
condition to a new analytical plume model, where flow is assumed to be one dimensional,

with threedimensional dispersion. The plume model simulatesdirdér sequential
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decay and production of several species, and the decay rates and parent/daughter yield
coefficients are variable functions of time and distabstng REMChlor one may
simulatenatural attenuation or remediation efforts that enhance plume degradation. The
plume remediation effort may be temporary or delayed in time, limited in space, and it
may have different chemical effects on different contaminant species in the decay chain

(Falta, 2008)

1.5 Comprehensive Environmental Response Compensation and Liability act

(CERCLA) Background

The Comprehensive Environmental Response, Compensation and Liability Act
(CERCLA), commonly known as Superfumvdas enacted by Congress on December 11,
1980. As the name Superfund suggests, CERCLA created a tax on the chemical and
petroleum industries and over five years created a $1.6 billion trust fund for cleaning up
abandoned or uncontrolled hazardous waste siths.law is comprised of three main
elements starting with the establishment of prohibitions and requirements concerning
closed and abandoned hazardous waste sites. It provided for liability of persons
responsible for releases of hazardous waste at these sites; and established a toust fund t

provide for cleanup when no responsible party could be identified.

The law authorizes shetérm and longerm response actions. Shtetm
removals occur when actions may be taken to address releases or threatened releases
requiring rapid responsd.ong-term response actions occur in the event of releases or
threats of releases of hazardous substances that are serious, but not immediately life

threatening. The latter action occurs only if a site is listed®BPA s Nat i onal
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Priorities List (NPL). Such is the case at BDRLF and the remedial action underway there
is a longterm response. CERCLA made the revision of the National Contingency Plan
(NCP) possible. The NCP provides the procedures and guidelines used to respond to
actual and potential hamdous releases. The NPL was also created from the revised
NCP.

In the case of BDRLF, the USDA was the agent responsible for addressing the
perceived contamination. As is often the case, USDA hired a consulting firm, BMT
Entech t o navigate the CERCLA process. It
USEPAstated process until BDRLF could be removed from the NPL. The preteets
with discovey of a site, which may be made by citizens, state agencied SBEA or
the pepetrator. ThetdSEPAevaluates theotentialfor release of hazardous substances
from the site through the Superfund cleanup process. First, a Preliminary
Assessment/Site Inspection (PA/SI) is made wherein it is assessed whether a site requires
immediateor shortterm response actions. If the site is deemed a definite threat it is
placed on the NPL. Next, the Remedial Investigation/Feasiblity Study (RI/FS) is
undertaken. The RI determines the nature and extent of contamination. The FS assesses
the tratability of site contamination and evaluation the potential performance and cost of
treatment technologies.

The Record of Decision establishes and explains the chosen cleanup alternative.
The Remedial Design/Remedial Action comprises the preparattmgplementation of
plans and specification for applying site remedies. This is when the bulk of cleanup is
supposed to occurConstruction Completion identifies completion of physical cleanup

construction, but does not indicate whether the cleanup was successful. Post Construction
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Completion is meant to ensure that Superfund response actions provide for ttegriong
protection ® human health and the environment. A site is deleted from the NPL once all
response actions are complete and all cleanup goals have been achieved. Finally, a site

may be reused or redevelop®&SEPA 2011h)

1.6  Scope of Wk

This report presents a case study ofréreediation procedsr the Beaverdam
Road Landfill (BDRLF), consisting of a reassessment of the decision making process and
chosen remedial action. Analyses incorpatéterature review previously collected
data, and experimental ddataassess whether the process and final decision at BDRLF
meet thdUSEPAgoals of protecting hunmehealth and the environmeniith thecase
study review| reevaluatd the assumed efficacy of the biowall. Inliscrutinizel the
methods and conclusions reached inseerareports and peeeviewed literature on
the topic.The analysis of site data consistedafeview and reevaluation of data
collected by BMT Entech between 1997 and 20&EfployingGIS, | made maps
showng the temporal and spatial trends in TCE contamination whiskd tcanswer the
guestion underlying the thesisalso usd site data to reevaluate the potential for natural
attenuation at the site.

Theexperimentatomponent was originally conceig exclusively tassist in the
design of the biowall, but is now serving the double purpose of providing data to assess
the chosen remedial action. We compared ten biowall treatments to degrade and retard
chlorinated ethenes. The ten treatments are etividto two baseline mixtures, MX1 and
MX2, described volumetrically as (1) 30% mulch, 30% compost, 40% sand and (2) 50%

mulch, 10% compost, and 40% sand. Within the first baseline mixture, we assessed the
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effects of three doses of zero valent iron 0,100 ml L' and three doses of crude
glycerol 0, 10, 30 ml t* of solid. We also examined two combinations of the low and
high amendment levels. For MX2, we only tested-amended mixture, the low dose of
ZV1 and glycerol, and the combination of the low amendments due to the hypdtiaesis
MX1 would outperform MX.

To answer whether the biowall meetstf@EPA s mi ssi on st at emen:
empirical research, site analysis, and literature review to address the following questions:
(1) can we prove efficacy of the biowall once it is installed, (2) does the Ibiowet the
remedial action objectives established in the feasibility study, (3) does the biowall
address the assessed risk, (4) and is the risk worth acting on? | provide a separate
discussion of the performance of the biowall materialsraassess thgotential for
natural attenuation at the site, relatbah of these sections to the four questions in the
conclusion of the thesis. Additionally, | provide a synthesis of my findings and a
response to the thesis including recommendations for futureatpmh of biowalls and

lessons from this case study that can benefit future remedial actions.
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Chapter 2ZZase Study Evaluation

Mulch biowalls have been installed at least 13 facilities in 1X&ages to treat
primarily CAHs, but also perchlorate and explosivenpounds. In the followingase
studyreview, | summarize and critique biowall use at the following sites: Altus Air Force
Base (AFB), Oklahoma, Offut AFB, Nebraska, and Seneca Army Depot, New York.
These sites were chosen for their similarities in regambntaminant concentrations and
aquifer characteristics, and the amount of information available about the sites. To
provide background on the potential effectiveness of permeable reactive barriers at
degrading chlorinated ethenésummarizethe biowd project for each of these sitaad
then presena critical analysis of biowall performanc&able?7 provides the seepage
velocities and TCE flowates through the aquifer materials at each of the sites and

includes the USDA Beaverdam Road Landfill (BDRLF) for comparison.

Table7 Seepage and TCE flow rates through groundwater

. Seepgge Retardation TCE velocity
Site velocity factor 1
(m month™) (m month)
Altus AFB 0.86 2 0.43
Offut AFB 7 2 3.5
Seneca g 43 2 0.21
Depot
BDRLF 0.11 2 0.056

2.1  Altus Air Force Base pilot scale biowall

The biowall at Altus AFB was installest Oklahoma, USA from June 19 to 23,
2002. It wasomprised of 228 (300 yd) of mulch (50 % of volume), 46 160 ycf)
of cotton gin compost (10% of volume), and 20%(&65 yd) of sand (40%). A

northerly and southerly transect wenstalled perpendicular to the biowall to establish
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upgradient, whin biowall, and downgradient chlorinated ethene concentrations.
Sampling of groundwater occurred approximately 8 meters upgradient, within the
biowall, and downgradient from the biowall at 1.5, 3, 9, and 29 meiérsse transects

along with sampling pats later installed by thSEPAare shown irFigure8.

|
EPAUII0 © @ EPADIIO North
: EPAfi10 :
EPAU109 q) q) EPAD109
| EPAfio9
EPAU108 b EPAD108
I ErAfios
I
ErAaU107 © EPAD107 .
[ Northern line
OU-1-01 @
I ~

EPAUMPO1 O
|

_____ e——r—

V4

| MPg1, M Péz. MPO03, MP04, MPO5
% EPAU106 ¢) d) EPAD106
I EPARIOG | > Biowall
| I
EPAU105 ¢ ¢ EPADI105
|

EP.

¢ EPAD104

q) EPAD103
|
|

CP EPAD102
Aoz |

{? ————— O —-
d Y

|
EPAU104 ‘1')

I E

|

EPAU103

EPAU102 q)
| EP
I
EPAUMP06 ©
WLO019 PQ7, MPOS, MP09, MP10

|
EpPAUL01 © EPADI101
| EPA101 | 10 m

! ! O EPaD100

QO 2.5 cm diameter well, installed in Novembr 2004 and January 2005
C) 5 em diameter well, installed in June 2002

O 10 em diameter well. installed before June 2002

Figure8 Altus Air Force Base sampling illustration frdm et al.(2008)

Sampling occurred at 1 month from installation (July 2002), 3 months (September
2002), 9 months (March 2003),17 months (November 2003), 25 sabpt SEPA (July
2004) (USEPA), 34 months (April 2005), and a partial sampling in April 2007 by the

USEPA 58 monthsafterinstallation. Along the two transects perpendicular to the
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biowall the primary contaminants detected at the site were TCEi&B(CE. The
highest concentration of TCE measured during monitosiag 8mg L™ at the northerly
upgradient monitoring well. Concentrationsctd DCE ranged up to 1.&hg L™ at the
northerly upgradient monitoring well. Additional momnitay wells (2.5cm diameter)
were installed by the USEPA National Risk Management Research Laboratory/Ground
Water and Ecosystems Restoration Division (NRMRL/GWERD) in November 2004 and
January 2005 along three transects parallel to the biowall upgradient, within, and
downgradient of the biowall. They were subsequently sampled in April 2007, giving a
total of 58 months of biowall performance data.

There are a number of problems with the quality of the data reporiga ley al.
2008, Henry 2008)ncluding potential errors with ehsampling apach. For instance,
(Lu et al. 2008}tate that water samples were collected with a peristaltic pump at the well
head using a polyethylene plastic tube inserted into the Welirsall and Eckhardt
(1987)found that groundwater samples collected with a peristaltic pump showed
significantly lower TE& concentrations than samples collected with a submersible pump
as done at BDRLFTheUSEPAapproved method faneasuringrolatile organic
compoundsn groundwaters USEPAMethod 5030B. It utilizes 40 mL glass screap
volatile organic compound analggiVOA) vials fitted with Teflorfaced silicone septum
caps. The vials must be completely sealed and filled at the time of sampling to prevent air
loss and TCE volatilization of the water. They must also be labeled and stored at 4°C.
Although the samplesere preserved with trisodium phosphate and stored in a cooler,

the exact vessel used to store the samples is unknown as is the storage tenmpeeseire.
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erroiswereconsistent at least and may not as a consequence have affected reported
removal efficiemies.

Another issue is thddackgroundcontaminantoncentrations along theansects
studied were never established. Although two wells upgradient from the biowall existed
and were monitored before 2002, no downgradient wells inwlitrethe eventuaNorth
and South transects existed. Therefore, it is erroneously assumed that the entire observed
decrease in CAH concentrations downgradient from the biowall is attributable to
degradation. The impacts of dilution and dispersion must be accountemiiiate
assessments of biowall effectiveness.

Groundwater flowatesand TCE retardation within the groundwatdtuencethe
observed TCE concentratons The authors’ calculation of
the biowall was flawed by their failure tmnsider groundwater flow and TCE
retardation. The seepage velocity reportetHbgry (2008)was0.1 ft/day This is
equivalent to 36 feet/yr. However, if you assunmiaimum retardation factaf 2
(Mehran et al. 1987 the groundwateand convert to metrjchen TCEwvould have
only moved 25 meters after 58 mon#i.43 meters/month.

This means that theeporting of chlorinated ethenes at 29 meters (~100 ft) from
the biowall never actually represented TCE that had passed through the biowall from the
upgradient well. Moreover, it probably means that all of the measurements at th& furthe
downgradient monitoring well actually represent background TCE concentrations totally
unaffected by the biowallTable8 shows the distance betwethe monitoring wells and
biowall-upgradient wellsgxpected amount of time needed for TCE to reach the

monitoring wells, and the sampling times in months from biowall installation. As seen in
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Table8, accurate calculations of removal efficiencies due to the biowall at the given
monitoring wells downgradient would require sampling at 10, 12, 19, and 42 months
from well installation at the 4 downgradiewells followed by comparison of the

measured CAH concentrations in the upgradient well at the time of initial measurement.

Table8 Expected TCE movement at Altus AFB

MW Timeto MW Timeto MW

Monitoring distanceto MW distanceto from from upgradient Sampling

well (MW) biowall (m) upgradient wel(m) biowall (o) well (mo) times o)
A 15 8.9 3 10 1,2,8, 16, 24,33
B 3 10.3 7 12 1,2,8,16,24,34
C 9 16.0 20 19 1,2,8,16,24,35
D 30 36.0 67 42 1, 2,8, 16, 2436

TCE starting at the biowall could have traveled to the first (1.5 meters) and
second (3 meters) monitoring we{MW) within a year of biowall installation. It would
have taken approximately 1.7 years for this TCE to reach MW 3, 9 meters downgradient
of the biowall. This means that since the TCE concentration in the biowall was 48
L within the biowall in July of 2002 it would be expected that the same or less TCE
would be found during theeptember monitoring event at MBV/1.5 meters
downgradent. This is roughly the case in that a TCE concentration pg35* was
found in September at MV(Henry, 2008) whereas in July the reading wasj2p0™.

Assuming the stated groundwater flow and TCE retardation factor i(R¥uld
have actually taken the TCE 3 montbgravel from the biowall to MW. So, the stated
groundwater flow an®RF may be an underestimateegardless, the measured TCE
concentration spiked to 17@ L™ 6 months later ilMW2 when it was sampled idarch
2003. This information suggests that the reported biowall TCE concentrations are an
artifact of high levels of TCE sorption to the biowall media. This highlights the need to

consider the downgradient TCE concentrations when calculating biowalVaém
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capacity and or to consider the distribution coefficient for TCE when measuring TCE
using a headspace volatilization method.

Following this parcel downgradient, one would expect thadss™ to show up at
MW 4 in March 2003 7 months after samplingSeptember 2002. The concentration is
130ug L™ however. This makes it difficult to interpret the data and underlies the need to
clearly establish background CAH levels over the entire transect that will be used to gage
biowall efficacy.

Parsons, t consulting firm involved with the projecalculated removal
efficienciesfor the biowall by comparingithin-biowall concentrationso upgradient
from the same time. The average decrease in TCE concentrations in the last sampling
was 96 percent. Pexot reduction in total molar concentrations of chloroethenes ranged
from approximately 18 to 96 percent. The emphasisitnn-biowall concentrations of
chlorinated ethenes and TCE neglects the trend for total chlorinated ethenes to increase
downgradienfrom the biowall. For example, the last two measurements show an
increase in total chlorinated ethenes in MWC and MWD relative to the upgradient well.
This underlies the need to report removal efficiencies based on a clearly tracked parcel of
water as pposed to comparing concentrations taken from separate locations which may
not have started out at the same concentratRamoval efficiencies based on
downgradient well concentrations were not calculated, but would have yielded

significantly lower remuwal efficiencies.
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2.1.1 Conclusions

1.TCE levels were unquestionably decreased within the biowall as compared to the
upgradient and downgradient monitoring wells. This decrease seems to have been
maintained at least to 1.5 meters downgradient from the biowall

2.cisDCE was produced after TCE contaminated water passed through the biowall.

3. It is not appropriate to plot the molar concentration of TCE or total chlorinated ethenes
on a graph with distance from the biowall on thaxis and to imply or assuntieat the
difference in concentration between the upgradient and downgradient wells is attributable
to the biowall unless it has been established that the groundwater under question passed
through the biowall. Otherwise, the concentration would just septébackground.

4. Background contaminant levels must be ascertained and plotted along the transect that
will be used to asse biowall effectiveness before monitoring for the efficacy of the

biowall begins. Otherwise, assumptions about groundwaterdita TCE retardation

would have to be made to confirm that the perceived treatment effects are not false

positives.
2.2  Offut Air Force Base pilot scale biowall

A pilot-scale biowall was installed at Offut Air Force Base (AFB) near Omaha,
Nebraska in Agust 2000. The groundwater contamination at the site consisted of a
3,000t plume with maxinum TCE concentrations of 2.2 rhg where the biowall was
placed. The media used in the biowall was comprised of 50% mulch and 50% coarse
sand on a volume basi$he mulch was generated at the site using shreiides and

leaves. The authoessumed an effective porosity of 0.15, making the gitevater
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seepage velocity 0.23day-" or 7 ft mé*. Assuming a retardation factor of 2 for TCE

and converting to met, TCE would flow atl.1mmo™. Like the investigators of the

Altus AFB biowall, GSI neglected the retardation of TCE in the groundwater and the rate
of groundwater flow itself in their calculations of biowadmoval efficiencies. However,
these authors did establish control wells to ascebb@tikgroundlr CE con@ntrations

over the study periodThese wells were positioned to the south of the biowall as shown

in Figure9. In addition, the six wells used &ssesshe biowall weresampled right after
biowall completion providing a orgme baseline sample.

Biowall performance was assessed using two upgradient, feurgiadient, and
two control wels sampled four times during a-t®onth period. The upgradient wells
were approximately 4.3 m (15 ft) from the biowall and the downgradient wells were
positioned at 3 m (10 ft) and 6 m (20 ft) from the biowallhe wells vere sampled
starting right after installation, at 5 months, 13 monginsl 19 monthsFigure9 shows

the biowall and monitoring wells.
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Figure9 Offut Air Force Base pilot scale biowall illustratitrom GSI(2001)

A mean TCE removal rate for ti® months of monitoring of 73% was reported
for the biowall as measured by the differencenganconcentration betweendhwo
upgradient wells and thedrrespondingiearestvells downgradiet. The calculation
neglects theariation inupgradient TCE carentrations.TCE concentrations actually
increasedetween June 1999 and August 200€the ypgradient wells.For calculation
of accurate removal efficiencies, the amount of time between sampling events should be
timed to maximize the probability that E&oncentrations measured downgradient

actually correspond to groundwater concentrations previously measured in upgradient
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For more accurate removal efficiency calculati@&| couldhave compared the
1.9 mg L* found at time 0 in upgradieMW24Sto the concentration found in MW33S
7.3 monthslater because this would have allowed the original pafcECE to travel the
8 mbetween the wellgssuming a TCE flow rate of 1m mo®. Table9 shows the
expected amount of time needed for TCE to reach the monitoring wells, aactiube
sampling times in months from biowall installation. Accurate calculation of removal
efficiencies necessitas consideration of groundwater flow rates and the magnitude of

TCE retardation.

Table9 Expected TCE movement at Offut AFB
Timeto reach MW

Monitoring MW distanceto MW distanceto . Sampling

well (MW) biowall (m) upgradient well (m) from up(gnrqe;?ent well times(mo)
A 3 8 73 0,5, 13,19
B 6 11 10 0,5, 13,19

Five months after installation, DCE was clearly being produced based on the two
order of magnitude increase in the mean ratio of DCE to TCE that occurred in the
downgradient wells. Aftethis time the DCE:TCE ratio declineals did the amount of
DCE produced Despite the decrease in DCE production over time, GSI found that total
meanchlorinated constituents decreased by 60% between the upgradiezaest
downgradient monitoring wells whereas thentol plot had a mean percantrease of
12%.

Groundwater Services, Inc. calculated the amount of TCE and total chlorinated
solvent removal that could latributedto daughter and end product formation. The
calculation showed that only 25% of degraded TCHcba linked tccis-DCE, VC,

ethene, and ethane. In addition, complete anaerobic dechlorination of TCE to ethene and
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ethane accounted for only 10% of total lnlecination. This low molar balance could be
caused by losses of the most volatile metabolites VC, ethene, and ethane to the
unsaturated zone. Furthermore, aerobic microenvironments within the aquifer may have
permitted aerobic biodegradation of daugipieducts resulting in the formation of
acetylene. Finally, sorption may be responsible for immobilizing TCE and its daughter
products in the mulch biowall or the aquifer solids.

Sorption is not a permanent solution to groundwater contaminatiom @
Any given reactive matrix has a limited capacityabsorbthe contaminant and its
byproducts indicated by its point of saturation. Moreover, once the concentration of
TCE decreases below a critical threshold, desorption will occur and the coatdmwill
re-enter groundwatgZytner 1992) Despite these shortcomings of sorption as a
treatment method, sorptignay still enhancenicrobially mediated degration of TCE

because mostegradation occurs on $aces rather than in solution

2.2.1.1Conclusions

1. Like the Altus AFB pilot biowall, the Offut AFB biowall erroneously calculates
removal efficiencies by failing to consider groundwater flow and TCE retardation;
however, control wellsvereused to establish background TCE coniins across the
biowall site.

2. The authors calculated a molar balance for chlorinated ethenes passing through the
biowall which shows that only 25% of degraded TCE could be linked to its anaerobic
daughteiproducts. Suggested explanations include loss of volatile degradation products
to the unsaturated zone and or oxidation of daughter products in aerobic

microenvironments within the groundwater.
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3. Ignoring the errors in calculation of removal efficierioy TCE by the biowall, the
average removal efficiency between the upgradient and nearesg@olent wells was
about 70%.The biowall successfully stimulated reductive dechlorination as evidenced
by the 2 order of magnitude increase in the DCE to T@& batween the upgradient and
10 ftdowngradient monitoring wells. Complete dechlorination of TCE to ethene and
ethane was observed; however, complete dechlorination did not occur until-sulfate

reducing and methanogie conditions wereeached
2.2.2 SenecaArmy Depot Biowall, New York

A permeable mulch biowall pilot test was implemented at the Ash Landfill at
Seneca Army Depot Romulus, New York to test the efficacy of this approach compared
to a ZVI PRB already installed at the site. The plume of chl@thsblvents at the site
extended approximately 1,100 feet from the landfill and was comprisetyrab$CE
andcis-DCE. Concentrations of total chlorinated etheneknuary 2006 reached up to
2.088 mgL™. The material used in the biowall consiste@@® cubic yards of shredded
whole deciduous and evergreen trees and 150 cubic yards of sand mixed together. The
direction of groundwater flow is east t@st. As an experiment, two biowalls were
installed in tandenthe eastern one separated from theteva wall by 10 feet. The
mulch-sand mix for the wst Biowall was coated with 880 gallons of soybean oil leefor
putting it into the trenchAssuming an effective porosity of 20 percent just as the authors
did produces an averagediar water velocity of 0.125 day” or 1.5 ft mé*. This
reduces to 0.281 mo’if one assumes a TCE retardation factor ah#l converts to

metric
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The wo parallel biowalls were installed between Jul§ 28d 22% and
groundwater monitoring commeet with the installation of 11 monitoring wells in
August 2005. Posnhstallation sampling of an existing and the new monitoring wells
continued in September 2005, October 2005, December 2005, and January 2006.
Although the pilot biowall was only testéar 5 months, the results of the pilot
investigation apparently warranted full scale applicatiomefrhulch biowall at the site.
The monitoring wells were positioned 3.7 m (13 ft) upgradient from the wall, within the
first wall, 2 m (7.5 ft) downgradig¢rirom the first wall, within the second wall, 2 m (7.5
ft) from the second wall, and 6.4 m (22.5 ft) from the secdrite biowalls and

monitoring wells are illustrated iRigurel10.

- Plan View of As-Built Biowall
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Figurel10 Biowalls and monitoringvells at Seneca Army Depditienry 2008)
Considering the rate of groundwater flow and a minimum TCE retardation factor

of 2, the TCE concentrations measured in all downgradient wells do not reflect the
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treatment effect of the biowall because it should have taken 10 months for TCE within
the biowdl to reach even the nearest downgradient monitoring welBahZ7.5 ft).
This idea is represented Trable 10, which shows the expected neoventof TCE at
Seneca Army Depot. Sampling took pld¢c@, 3, and5 months after biowall installation.

After 5 months the TCE within the biowall would have only moved 1.1 m (3.75
ft) within the aquifer. Regardless, background concentrations along teedtavere not
established prior to monitoring so it is unknown the extent to which the observed TCE
decreases along the two transects are the consequence of the biowalls. Aside from
potential errors in data interpretation, the data show that within tlealts TCE
concentrationsveregreatly depressed to the point of rdetect while downgradient
monitoring wellshadhigher concentrations ranging from 21§ L' to 25pug L. At 13
weeks, total chlorinated ethenes in batlwndgradientransects shot uje around or
above upgradient levels.

At 27 weeks, the CAH profile had become more diverseSIE degraded to
VC and VC to ethene. One explanation for this behavior is that the biowalls reached
saturation and then began to desorb the TCE causingpsieeved increase in chlorinated
ethene concentrations downgradient of the biowtdhry (2008)reported that the
percent reduction irotal molar concentrations of chloroethenes along the study transects
ranged from 86 to 99 percent over time, but this statistic only considers-iiitiviall
concentrations compared to upgradient from the same time.

In both transects, total molar conaaribns of chloroethens appear clearly
depleted within the biowalls and a decrease is observed in the North Transect

downgradient as well. However, along the South Transect there was a general increase in
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total chlorinated ethene concentrations. Thesase in molar concentration

downgradient from the South Transect biowalls is explained as desorption of TCE from
native soils, mixing with untreated groundwater, and or indication that biodegradtion may
be limited to the immediate biowalls reactive zoAgain, it may be misleading to report
biowalls effectiveness in terms of withimowall concentrationsin addition to the role

of sorption in lowering withirbiowall concentrationss volatilization through the

biowall media, which may be more permeaiian thenative soil. This hypothesis can

be tested in the future with mass balances and possibly by measuring soil gas over the

biowall as compared to the upgradient soil.

Table10 Expected TCE mament at Seneca Army Depot
MW distanceto ~ Timeto reach Timeto reach MW

Monitoring MW to from East . . Sampling
. upgradient well MW from from upgradient :
well (MW) biowall (m) (m) biowalls (mo) well (mo) times(mo)
A 2.3 6.85 10 31 1,2,4,5
Distance from
West biowall (m)
B 21 12 10 55 1,2,4,5
C 6.4 16 30 75 1,2,4,5

2.2.2.1Conclusions

1. As in the other case studies, the authors fail to consider the effects of groundwater flow
rate and TCE retardation on perceived TCE removal efficiencies. Additionally, neither
control wells nor background contaminant concentrations were establisingdla

transects in question making it difficult to accurately decipher biowall treatment effects.

2. A clear increase in TCE anaerobic degradation byproducts was observed over time
indicating that the biowall effectively spurred anaerobic dechlorinatiginthat it took

time (27 weeks or ~6 months) for the microbial population and or the redox condition in

the ajuifer to become acclimatedkt is unclear how the rate of complete TCE
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degradation is dependent on microbial acclimation, oxidation reducitentgal, or
whether it is a combination of a sufficiently low redox state combined with the microbial

population adapted to this state.

2.3 Overall @Mnclusions

For the two sitesvith monitoring wellswithin the biowallsthe concentration of
total chlornated ethenesasreduced aninimum of 8%4 in the biowalls when compared
to upgradient monitoring wellsSTCE concentrations 3 m downgradient from the biowalls
were reducedompared taipgradientoncentrations measured concurreriytwere
generallyhigher than withirbiowall concentrationsFurthermore, in some cases
downgradient total chlorinated ethene concentrations increased possibly due to
desorption of TCE sorbed to native soil or because of errors in data interpretation.

For all the biowds, concentratiosof TCE degradatiobyproductsncreased
dowgradienfrom the biowalls, suggesting th#te biowallsspurred some leveif
biological reductive dechlorinatiorHowever, due to the absence of baseline data for two
of the sitesand the fdure to account for fluctuating upgradient TCE concentratibms,
difficult to clearly interpret thesgata. The chlorinated ethene mass balances and control
wells established at Offut AFB were useful tools for understanding biowall efficacy and
shouldbe employed in the future.

At all three sites, there remains a question as to the exaditions that allow
complete degradation of TCE although it appears that redox conditions sufficiently low
for sulfate reduction and methanogenesis are needed totd kefully reduced to
ethene. Future research efforts should focus on understanding whether a sufficiently low

redox state and adapted microbial community (e.g. sulfate and CO2 reducing bacteria)
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can totally and efficiently degrade TCE or whether \sggcific microbial populations
are needed. If it becomes clear that sufficiently low redox state is the deciding factor,
then decreasing ORP as quickly as possible will become the primary objective in biowall

—based remedial actions.

2.4 Recommendations

1. Sample along the transect that will be studied before installing the biasvalany

times as possible to establish baseline trends

2. Qearly establish seepage velociyd TCE flow rateslongthe studytransect before
biowall installation

3. Devisemonitoring regimens and calculate biowall removal efficiencies based on the
expected flow rate of TCE in the aquifer

4. As done by GSI for the Offut, AFB biowall, CAidassbalancesnaybeusedto better
understand the cap#giof biowalls to fully declorinate CAHs and DCE:TCE ratios may

be used to gage biowall effectiveness
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Chapter 3vlethods

3.1  Site Data Analysis

For the site data analysis, | have compiled and independently evaluated site data
collected by BMT Entech between 199The site data is presented dowith the
original interpretation of the data followed by my interpretation plus a brief quality
assessmenfThese data include groundwater, surface, soil and sediment, soil gas, and
modeling output. | also review data quality and interpretation. plihgose of the site
analysis is to understand the reasoning behind the seteatedlial action and to decide
whether it meets thd SEPAgoal of protecting human health and the environment.
Using GIS to visualize the site data, | provide spatialtanmporal representations
of groundwater contamination at the site, which permits heightened understanding of
contaminant behavior. The surface water, soil, and sediment, and soil gas data are
presented to provide the clearest possible picture of thencimatied site. Moreover
these data are used to further understand the sispsitific spatial and temporal
aspects of contaminant transpartonsiderthe potential for natural attenuation shown
by the data mainly in the form of reactive soil anddiged iram. Finally, | present the
BIOCHLOR model as run by BMT Entech and using altered input parameters.
Throughout the analysis | relate the original and revised data interpretation to the
guestion of whether the chosen remedial action and precgéangjon making process

protect human health and the environment.
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3.2  Batch Study Experimental Summary

The batch studwas conducted to provide guidance for the selection of biowall
materials and as a tool to assess whether the chosen remedial action could provide
significantly better treatment than the site soil. To achieve theseléhohglividual
treatmentsvere used. &ven of which related to the first admixture (MX1) and tloke
which to the second admixture (MX2). A full list of treatments is presentédblell.

The effectiveness of each treatment to fully degradeé Was determined by calculating

rates of degradation and total loss of chlorinated ethenes. Both metrics were derived
based on measurement of chlorinated ethenes in the headspace of the microcosms using a
GC/MS analyzer bYSEPAaccredited Maryland SpeatrServices. Total system TCE

and daughter products were determined using calculated values for dimensionless

Henry’s constant and solid partitioning co
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Table11 Experimental desigmatrix

Sample Label Media Replicates (?T:{Cf'rlosl(ﬁigz()a (mzl\lil‘lt')s(())lsiZs)
Sand BLK Autoclave Sand Blank 1 0 0
Sand SPK R1, R2, R3 Autoclaved Sand Spike 3 0 0
Soil SPK R1, R2, R3 Native SoilSpike 3 0 0
M1/C1: GO + Fe0 R1, R2, R: 1:1 Mix 3 0 0
hRA§/01: G10 + FeO R1, R2, 1:1 Mix - Gly L1 3 10 0
|\R/|§/01: G30 + FeO R1, R2, 1:1 Mix - Gly L3 3 30 0
|\R/|§/01: GO+Fel0RLR2, 4.\ oy 3 0 10
|\R/|§/01: GO +Fel00RL, R2, 1. yiv  Felo 3 0 100
'\RA§/01: G10+Fel0ORL, R2, .4 \no Gly Fel1 3 10 10
'\R/lzl/% G30+Fel00RL 1.4 viix- Gly FeL3 3 30 100
MS5/C1: GO + FeO R1, R2, R! 5:1 Mix 3 0 0
|\R/|§/01: GI0+FeORLR2 gy ciois 3 10 0
|\R/|§/01: GO+FelORLR2, v Folg 3 0 10

3.3 Hydraulic @nductivity

Hydraulic conductivityof the biowall mediavas measured using the falling head
permeability test for san@as 2002) Thetest was conducted on MX1 and MMaich
were comprised of 30% compost, 30% mulch, and 40% sand and 10% compost, 50%
mulch, and 40% sand respectivelyablel1). The test was performed using two
different columns for each treatment with a minimunfiooir replications performed on

each column.
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3.4  Biowall Nutrient AnalysisandMaterialDescription

The compost blend used was comprised of 10% food residual compost and 90%
leaf compost. Both materials were generated at the Beltsville Agricultural Research
Center (BARC) and stored prior to use at the old BARC airport site. The composts were
sent to PRIN State Agricultural Analytical Services Laboratory for physi@mical
analysis. The tests included percent solids, organic matter, pH, soluble salts, total
nitrogen, total carbon, carbon:nitrogen ratio, ammonium nitrogen, phosphorus,
potassium, alumima, calcium, magnesium, sodium, copper, iron, sulfur, and zinc.

The mulch used was obtained from the BARC compost research facility where it
had been stored since the summer of 2010. The mulch was 1 inch in diameter or less and
created fromtulip popla. The organic matter content of the wood chips was determined
using loss on ignition. Dry woodchips were placed in a muffle furnace at 550 °C for 4
hours. The percent organic carbon was calculated as half of the weight lost from ignition.
This assumethat about half the weight of the lost organic matter was comprised of
carbon. We used concrete sand as the coarse aggregate material in the biowall mixes.
The material was obtained from a storage area at BARC.

The glycerol used in the study was obéairfrom Emergent Industrial Solutions,

LP a glycerin retailer based out of Texas. Most of their glycerin is produced as a co
product of biodiesel production. According to their product specifications, the glycerin

was at least 78% glycerin by weight amdaximum of 13% water. A glycerol content

of 80% was used in thaitial carbon balance and all other calculations. The product

may have contained up to 0.03% methanol and had a pH between 5 and 8. As a source of

zerovalent iron (ZV1) we used iron agegate ETI CC004 (8+50) obtained from
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ConnelyGPM, Inc. The material is derived from ground up cast iron and contains iron
particles of varying sizes and valertheugh mainly zero valent being derived from
metal

Thesite soil used in the batch study came freoil borings made bBMT Entech
in March 2011. Two boring location® and 16were chosen because they are not
located in TCE hotspots. The portions of the borings within the saturated zone were used
which included 2 to 12t for boring 6 and 4 to 12 for boring 16. The borings were
combined in equal volumes and racthoroughly for the background soil mixture.
However, after restarting the experiment because of errors in spiking and having one soil
background jar fail, it was necessary to add more of soil bore 6 because 16 was
completely used up. Thus, the third replicate of the soil background had approximately

75% soil bore 6 and 25% soil bore 16 by volume.

3.5 Experimental Set p

Each reactor was comprisetla 1 liter jar, 0.5 L of solids, 0.3 L site
groundwater, and 30 pug of TCE. The remaining headspace was approximately 0.4 L due
to the porosity of the biowall mixtures. All the jars were sterilized in an autoclave prior
to use. The solids including theulch, compost, and sand were first weighed and added
to the jars followed by amendments of ZVI and or glycerol. The baseline mixtures MX1
and MX2 were created in 5 gallon sized batches prior to jarpsefor each baseline
mix, the components were naid in 2 L increments and each 2 L addition was created by
adding a third of the volume at a time and tamping the beaker 10 times. Volume
reduction in the admixtures was calculated by measuring the volume of each freshly

made admixture and comparingmeaured volume to the expected volume.
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The glycerol was added to the jars just prior to the water and initiation of the
experiment to minimize its degradation prior to the start. Then 0.25 L of background
groundwater, which was confirmed to have no datdetcontaminants, was added
directly to the jars. Next, the jars were capped and removed of air to the point of
vacuum. The vacuum facilitated spiking with the TCE. The TCE was added as a 50 mL
spike at a concentration of 600 ug tirectly into the @r with 0.25 L of groundwater via
a syringe port in the jar lid. This brought the starting concentration to 100 pigosen
because this is the upper limit of the ®AS calibration range. Subsequently, the jars
were repressurizedo just above ambiemressure Figurell1displays various parts of
the experimental setp including from top left going clockwise, jar pressurization,
storage at 10 °C in the wine comleattachment for G®MS sampling, and a profile of a
sand spike and MX1 with ZVI amendment.

The amendment dosages were apportioned on a volumetric basis in terms of
milliliters of amendment per liter of base mix. Amendments were added volumetrically
rather than on a mass basis because this simulates the field mixoeglpre which
would be performegolumetrically using the bucket of a tractor or béde. Three
levels for each anmeiment were tested for MXIFor glycerol, these included 0 mi‘L
10 m L™, and 30 mI [*. For ZVI, these included 0 mi. 10 ml L*, and 100 ml . To
test interaction effects between glycerol and ,ZAvé used two combined treatments
One with the low glycerol and ZVI dosend one with the high. Due to monetary
limitations and because it was hypothesized that MX1 woulgherform MX2only the

low dosage of glycerol and ZVI were tested for MX2.
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The glycerol doses were based on previous biowalls with emulsified vegeilable
amendment. The range of previously used liquid carbon amendments used is 2 to 5 gl yd
3which converts to approximately 10 to25 ml of glycerol per L of solithsis the chosen
glycerol doses reflect the low and high parts of this rard}él has not been previously
used in biowalls so there was not a clear historical precedent to basedlmd@sVI
has been used in permeable reactive barriers however, composing 50% of the volume
with some coarse additive such as sand occupying the remainingldpacg 2008)
Considering that the final amount of material needed for the BDRLF is about 200 yd
1520 i, adding ZV!I at a rate of 1% (low dosepuld still requiretotal ZVI-volume of
20 ydf or two dump truck loads. At $4 per pound$é2,500 per cubic yard, 20 3of
ZV1 would cost over 1 million dollarsRegardless, this rate was taken as the minimum
relevant amount of ZVI and chosen as the low dose while 100'mBk chosen as the
high ZVI dose. The high dose is not practical large biowalls due to the cost of ZVI,

but was worth considering for smaller biowalls or different designs.
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Figurell Examples of thex@erimental set up

In addition to the tested biowall media and amendments, vesltéee site soll
and pure concrete sand. The site soil was meant to show levelsitof degradation and

provide a reference for assessment of the performance of the biowall treatments. The
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sand spike was meant as a negative control. As showabie11, there were a total of
10 treatments, seven for MX1 and three for MX2. With three replicates for each
treatment plus three replicates for the background site soil and sand spikes there were
total of 36 experimental units (jars).

Sampling was staggered over the course of three days due to time limitations.
Each of the tree replicates for the 10 treatments were measured on a different day. Nine
samples were taken from each jar over thesmof this period. The jars were stored in
unmodified wine coolers set to 10°C for 144 days to simulate groundwater conditions.
This represents a marked difference from past batch and column studies of biowall
performance because all known maintainedtara at 20°C to 25°C. The coolers
blocked most light. Temperature was monitored with watchdog sensors and recorded

every two hours.

3.6 Mass Balance

Mass balances were used as both a quality assurance check and asa means
anticipating partitionindpetween solid, liquid, and gas phas&snass balance for the
sand spike was used as a quality assurance tieeekise it was assumed that all of the
TCE added to the sand microcosms partitioned into the aqueous or gaseeusAfteas
one week, we assuméhatall the TCE in the sand spikearfitioned into the headspace
and aqueous phases gover ned by °CHdSsintewe'addedl3@dpugeazit 10
jar initially, the mass balance shoultdlicate a value close to 30 ug in the gas and liquid
phases.After evaluating this assumption, the sand spike could be used as a basis for
calculation of solid partitioning in the other microcosms. The mass balance for the sand
spike wadMt = C V| + CeVe.
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The first step in the calculation of the quality checlssildalance was to convert
the headspace concentratfoom ppbv to g L™ using the ideal gas law at 10 °To
obtain the aqueous phase concentratba nr vy’ s | aw was empl oyed.
Henry’'s constant was derived ug1999a@tld he equ
°C. The constant calculated was 0.0Hviding the headspace concentration by 0.16
yielded the aqueous concentratioumL™. From here| calculatecthe mass of TCE in
the sand spikes by multiplying the volume of headspace and liquickioyeBpective
TCE concentrations and summing as showthémass balance above.
Another set of mass balancgascreated to predict partitioning of TGE& the
other microcosmsThe mass balance was formulatesing theequatiorMt = C V| +
CsVg+ CsMs. The starting liquid, solid, and gaseous volunas @.3, 0.5, andOL.
Di mensi onl es s (H) wasthesanse azabav&otdetarnine partitioning,
the mass balance was rewritten as=NC *V +[C /*H’ | V4G *Mgakd solved for
C.. Onceknown,Gwas cal cul ated using Henry's Law &
was calculated assuming a linear adsorption isotherm.
The distribution coefficient (R used to estimate solid partitioning was calculated
using an organic carbon partitioning dogént derived byShen and Wilso2007)using
biowall material with similar makep to the ones used here. The calculationa&s
made assuming the relationshig#K*foc. The fraction organic carbondfwas
obtainedfor MX1 and MX2by dividing the carbon mass by the total mass for three
replicates and averaged. The carbon mass was derived by measuorgathe matter
mass losonignition at 550 °C for three replicates of each mix and dividingumy

assuming approximately 50% of the organic matter mass lost was ¢Briady and
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Weil 2008) Due to variations in the averaggfor MX1 and MX2, two different I

values were used.
3.7  Groundwater Aalysis

Thegroundwater used was collected frivilV4. Weremovedhe water with a
peristaltic pump run by a gas powered generator. MW 4 represents background
groundwater conditions at the site because it is not impacted by flow from the landfill.
We measum@ depth to groundwater, dissolved oxygen (DO), temperature, pH, oxidation
reduction potential (ORP), conductance, and turbidity at the time of ne@asuot using

anHoriba U-10 Water Quality Checker
3.8 Batch Study Data Aalysis

| assessed the ability of eaghthel0 batch treatments to degrade TCE by
calculating total TCE mass removed from the jars after 144 days. The percent mass of
TCE removed was identical to the percent reduction in headspace concentration, but this
measure does not consider the 25 naldspace removal at each of the 9 measurements.
So, TCE mass degraded had to be calculated byesting the mass removed during
sampling. The TCE removed during sampling was calculated by multiplying 25 ml by
the concentration of TCE in the headspadbatime of measurement.

The concentration had to first be converted from units of pplg t6* using the
ideal gas law at 10°CThe calculation of percent degradation was made using the TCE
mass after five days as the Bhd the mass after 144 days agJdM The treatments were

compared using the average, standard deviation, and variance of the three reflietes.
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averagealegradatiorefficiencies were compared using bar graphs. Cuisig data

analyss included ingrpretation of outliers and other anomalous results.

58



Chapter 4Resultsand Discussion

4.1  Site Data Analysis

Tablel2displays the tests and methods used to an#éigzeoil, sediment and
groundwater samples taken at BDRLFCL stands for Target Compounds and Analytes,
a set of compounds that tt&SEPAhas designated as priority pollutantor baseline
monitoring well sampling (1997all the tests for groundwaterere applied. The SSP
included monitoring well sampling, geoprobe well sampling, and surface water and
sediment sampling. Surface soil, subsurface soil, surface water and sediment samples
were analyzed according T@ble12, but SVOCs, pesticides, and PCBs were excluded
from the groundwater tests because they were not previously detected in the monitoring
wells during the Baseline Groundwater Studye Rl included hthe tests represented
in Table12.

Table12 Tests and methods for soil, sediment, and groundwater analysis at BDRLF

Matrix Test Method
TCL VOCs SW8260B
TCL SVOCs SwW8270C
TCL OC Pesticides SW8081A
TCL PCBs SwW8082
Surface Soil  Chlorinated
Herbicides SWB8151A
TAL Metals SW601B/7471A
TOC Loyd Kahn
pH SW 9045C
TCL VOCs SW8260B
. TCL SVOCs SW8270C
étr‘gj;‘gj;fefo" TCL OC Pesticides SW8081A
Surface Water TCL PCBs SwW8082
Sediment Chlorinated
Herbicides SW8151A
TAL Metals SW601B/7471A
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4.1.1 Soil Gas Survey

As part of the RI, BMT Entech conducted a soil gas survé&ovember 20020
identify likely locations of V@ contamination within thehallow aquifer. This data was
used to select optimum locations for subsequent soil borings airgstakation of
additional monitoring wells, and to provide a preliminary indication of the magnitude and
extent of VOC contaminatin at the site. Samples were collected froethfdet below
ground surfackased on the sampling grid showrnAippendix A FigureA-1. Initially,

32 soil gas locations were sampleglubsequently, an additional 20 locations were
sampled based on the resutf the first round of sample$n the end, 62 samples
including diplicates were takenSample analysis was performed at a nearby base
support laboratory equipped with a gas chromatogaaphother appropriate analytical
equipment.

Soil gas results fof CE andPCE,the most commonly detected compourate
shown inFigurel4 andFigurel5in maps made by BMT Entech which assume
decreasing concérc circlesof concentratiomround contaminant hotspotsor TCE,
there were two hotspots; onenteredapproximatel\256 ft southsouthwestt B4, and
the othercenteredapproximatelyl64ft southeasat Q. As shown irFigurel2 and
Figurel4, there was one oth&rcationwhere TCE was detected at trace levels between
the two hotspotat E4 In the RI, BMT Entech generally refers to the VOC hotspots
lumping TCE, PCE and a numbafrVOCs together. Thestate that these hotspetsre
140 feet souttsouthwest and the other 120 feet southeast. These numbers differ from the

ones presented here. The shortest distance between the TCE hotspotrgBre it
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and the landfill boundary is 78 m or 256 ft rather than 140 feet. The distance between the

second TCE hotspot at?Gvas found to be 50 m or 164 ft rather than 120 ft.

It is unclea how BMT Entech arrived at thedistance measures, but here | have
presented the distance between theregetated boundary of the landfill and the center of
each hotspot, measuring the distance in ArcMAP 1BOEhotspots were founuh three
regions as showmiFigurel5andFigurel2. The southeast hotspot preceded the TCE
hotspot byabout115ft occurring at F2vhile the southwest hotspot was well aligned
with the TCEat B4. Thethird and largest hotspethere PCE was foundas centered
approximately 28 feet uth of the toe of the landfill at point EF45. BMT Enteldes
not appear to have used the correct concentration in their nkagusel15is incorrect.
Figurel2 has the correct value.

PCE was more prevalent in soil gas in terms of concentration and frequency of
detection. Groundwatesampling has showed littRCE, an observation that BMT
Entech attributed to 6 times lower solubildyf P CE and i ts higher
Some of thénighest concentratiaof VOCs in soil gasveredetected at grid locations-A
4 and B4. However, groundwater sampling opear laterand soil sampling 5 months
later showeaho VOCs in this regionMW3 was placed in the center of this hotspot, but
has never yielded VOC contaminated wafEhis could be due to volatilization through
the soil surface, losses due to volatilization during flooding, migration, or sdrae ot

form of natural attenuation such &anspiration by trees or biogeochemical degradation.

Regardless, the disappearance of these contaminants indicates natural attenuation of one

form or another, rapid migration of the contaminants off the site, or failure to detect them

due to choice odampling location.
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The interpretation of the soil gas survey provided by BMT Entech was limited to
the already mentioned information. By remapping the soil gas data in ArcGIS | have
made a number of obs&tions and interpretation€ontrary to the lowikelihood of
natural attenuation predicted by BMT Entech based oBMOE€HLOR model and
groundwater samplinBMT Entech 2008hb)the soil gas survey showed significant
evidence of chlorinated solvent degradation most notably at sampling points A4, B4, and
G2. Atthese three sites showrFigurel2 andFigure13thepossibleparent compounds
PCE andPCAwere found along with most or all of the degradation byproducts expected
under biotic or abiotic reducing conditions. For example, at G2 thereadyig L™
PCE, 75.5ug L* TCE, 59.3ug L™ cis-DCE, 36.68.g L™* 1,1-DCE, and 19.0fug L™
trans-1,2-DCE for the chlorinated ethenes and 488" 1,1,:-TCA, 46.32ug L™ 1,1-

DCA, 57.02ug L™ 1,1,2,2PCA for the chlorinated ethanes plus 99.05.™ of 1,2DCP,
which may or may not be related to the other chlorinated solv¥irtyl chloride did not
show up in any of the soil gas samples.

The ceoccurrence of these CAHSs indicates that the site is capable of natural
degradation without intervention, an observation supported by the experimental work
discussed in the next sectioBoth PCE and 1,1,2,RCA are known to degrade under
similar canditions and the role okactive irorhas been established in a number of
studiegJung and Batchelor 2008, Butler and Hayes 2000addition 1,1,2,2 PCA can
degrade directly tois-DCE andirans-DCE byreductive3—elimination or indirectly from

the intermediate TCE via hydrogenoly&ising and Batchelor 2008)
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Figurel2 Chlorinated ethenes detected during 286iRgas sirvey.
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Soil Gas Survey: Chlorinated Ethanes 2002
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Figurel3 Chlorinatel ethanes detected in the 2002 gas survey
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The overlapping colored points ligure12 andFigure13 provide a visual ofhe
probable degradation occurring at the site. Although these degradation byproducts have
been found in the groundwater at the site since the start of monitoring the concentrations
are much lower. This is probably due to the higher volatility of tigeadkation
byproducts relative to the parent compound TCE combined with extremely shallow
groundwater and periodic flooding. As mentioned inRh¢2008b) PCE has been
detected to a lesser extent than TCE in the groundwater probably because it is less
soluble and has higher volatility than TCE despite its greater size.

Not mentioned in either the Tidewater Inc. reporther Rl is the 1054.68g L™
PCE found at point EF4%{gurel12). In 2002 this PCE was approximatdl§0 mfrom
the landfill in the direction of groundwater flow. tfe PCE came from the landfill and
traveled via groundwater in the saturated zone it would have taken about 75 years at the
fastest documented seepage velocity of 1.34 th ¥his means it would have been
deposited in 1927, which is not possible sitieelandfill was not in commission.

Another more likely possibility is that it was deposited closer to the site where it was
detected. This may be true for points EF58, DE5S8, and E6 all of which are even further
from the landfill than EF45. None of tleepoints would benefit from the biowall based

on its placement shown Figure12 by the whitered points and it is unlikely that this
contamination is still at the site based on the proximity to the creek and the volatility of
PCE.

Another source of evidence that the sib@mtamination did not originate in the
landfill is detection of TCE, PCEBndPCA at Z3 plus numerous degradates in A3 and

B4. Point Z3 is not in the flow path of the landfill and A3 and B4 may not be based on
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the flow path shown ifrigure2. They may originate from somewhere in the agricultural
field or somewhere at its fringe where it is possible old farming equipment was buried.
1,1,2,2PCA was once commonly used a refrigerant. It is possible that at least at
points Z3, A3, and A4 it originates from beud refrigerators or freezers. Considering
that the concentration of 1,1,2PZA is at least six times higher than all the other
detected VOG in A4 and abou80 times higher in the nearby point ABseems probable
that at least in this vicinity the origin of the contamination is 1,1PZ2 from a
refrigerator or some other cooling unit buried in the ground that is degrading to known
metabolites. The presemof PCE at these locations complicates this view as it is not a
known degradate of 1,1,2RCA. One possible explanation is that lower levels of PCE
were disposed of along with the refrigerator or cooling unit.

The soil gas survey showed T@Rd the dter PCE daughter produat&l not
occur independelyt of PCEin most cases. Only two instances of TCE detection
independent of PCE were made at pol2sand EF12.This is another indication that the
subsurface at the site is capableezfucing chlorinted solvents. Of course, it is possible
that the ceoccurrence of thessompounds is merely coincidence and that they actually
originate from different sources; however, due to the relative isolation of the points of
soil gas contamination it is more pedile that these contanants are related in origin.

In addition to the canccurrence of PCE and related daughter proglisctse co
occurrence of chlorinated ethanes and ethenes. For example, the largest concentrations of
chlorinated ethanes occur at game locations asgsificant chlorinated ethee detection
points as shown iRigurel2 andFigurel3at points A3, A4, B4, and G2A3, A4, and

B4 are not in the immediate flow path of the landfill, suggesting that the contaminants at

66



these points originate from buried debris close to these points. Féch|dropropane
(DCP)found to ceoccur at A4, B4, and G2 may come from fumigants used for

agricultural purposes buried along with the source of the chlorinated ethenes and ethanes
or may stem from the same source asOCP was also used as a solvent, paint stripper,

and varmsh (ATSDR 2011a)

4.1.1.1Conclusion

The initial interpretation of the soil gas survey by BMT Entech was linaited
flawedas it only minimally discusxli the PCE and TCteund at BDRLFE An example
of the erroneous data interpretation is seen by the distance from the landfill the two PCE
and TCE hotspots were stated to be from the landfill. They were said to be 140 feet
southsouthwest and 120 feet southeast when inaditfuithe distances appear to 2&6 ft
and 164 ffor TCE and 256 ft and 75 ft for PCE plus another peak 298 ft south of the
landfill. The ceoccurence of chlorinated ethanes and ethenes and multiple degradates of
PCE and or 1,1,2;PCA was not explored all. Moreover, significant occurrences of
PCE along the creek about 115 meters south of the landfill were not mentioned at all.
The highest PCE concentration of 1054.68 [fidetected at the site occurred in this
vicinity at point EF45.

Contrary topreviously conceived notions of the site, thénterpretation suggests
that there is strong evidence that some of the contamination detected at the site did not
flow from the landfill. This igdue tothe location and or distance from the landfill af th
detected contaminanits relationship tdhe landfillboundaries and the groundwater flow
direction determined by BMT Entecfhis statement is also based on the conservative

assumption of the faster of two groundwater flow raetermined for the siteFinally,
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the soil gas survey provides evidencedignificant natural attenuation of chlorinated
ethenes and ethanasthe sitan the form of the caccurrence of PCE, 1,1,2R2CA, and
most of theirabiotic and biotic anaerobic dechlorination byprcidu Not every point

with significant PCE or 1,1,2;RCA showed above trace levels of degradates, but three
of the locations showed the occurrence of significant degradation byproducts indicating

that conditions are amenable at least in some regiong sftthto natural attenuation.
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4.1.2 Soil

Althoughparameters related to site soil were measured in the groundwater for all
monitoring eventsactual soil sampling and analysis only occurred for the Rl in 2004.
During this time, soils were sampled from the s&@borings used to collect ground
water. The soil testing was meant to further delineate areas of suspected contamination,
and to assist in selection of additional monitoring well locatidrige locations for the
borings were determined by the soil gas survey results Vidth Entech interpretetb

showtwo peak areat the Southeast and Southwest of the landfill

4.1.2.1Surface Soil

Surface samples taken from the top 6 in and subsurface samples representing
aquifer soils were takenThe details okurface soisampling are presented in the Rl
section 3.6.1(BMT Entech 2008h) Samples were collocated with the geoprobe soil
borings. Samples for VOCs were collectgdplacing the soil directly into a 4aoil jar
with zero headspacesoil for the remaining analyses was composited in stainless steel
bowl before containerizing.

The VOCs methylene chloride, styrene, and TCE were detected in surface soil.
Methylenechloride was found in 11 of 20 samples, but all below the reporting limit
leading BMT Entech to conclude that it was probably a laboratory contaminant. Styrene
was detected 3 times and TCE 2. Both locations B17 and B18 where TCE was detected
correlate wih a TCE hotspot indicated in both the soil gas suriFeyufel12) and the RI
groundwater samplind-{(gure23). BD17 and BD18 are the same locations a&sRI17
and RIGW18 shown irFigure23. These same locations showed subsurface TCE too.

The styrene was found in B18 and B20 which also correlate well with this TCE hotspot
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and B2 which is in the vicinity of the other TCE hotspot to the southwest. None of the
VOCs detected exceeded thdiBEPARegion 3 residential soil RBC or ecological
SSSVsNo SVOCs or pesticides were detected above allowable levels.

The metals aluminum, antimony, arsenic, iron, manganese, andrthaléte all
detected above theaiesidenial soil RBCs However statistical analysshowedno
significant difference between BDRLF and background data sets for Beltsville Research
Center. Due to the importee of iron for degradation of chlorinated solveritsspatial
variability at the site is present@aFigurel6. The range o$urfaceiron was 21,700 mg
kg'to 6700 mg kg for BD-B14 and BB20 respectivelyTableA-2). Total organic
carbon was detged in 15 of 20 samples ranging from 738 to 20,100 rify 1&pil pH

ranged from 4.5 to 6.2, with an average of 5.05.

4.1.2.2Subsurface Soils

The subsurface soil samples were taken in the same way as the surface gpils bein
managed differently for the VOC analysis and the other tests. In addition, samples were
scanned with a photionization detector (PID) to assist in the sample selection. The
greatest depth of collection was 16 BGS. Samples were collected and ahalszeéan
the methods present@dTablel2 Because ARARSs for subsurface soil are not available
BMT Entech using th&/SEPA s -te-groauhdwater Soil Screening Legd|SSLs) with
a dilution attenuatiofactor (DAF) of 20(USEPA 1995) TCE was detected in 5 out of
20 samfes. The maximum concentration of 669 pg-keas detected in sample BD
B17, which corresponds well with the other soil gas survey and surface sampling. TCE
was also deteatkin the adjacent soil boring BB18 at 30.2 pg k§. BMT Entechstates

that this represents the eastern edge of the soila@apot. No further interpretation of
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the remaining sites with TC&Easmade. Other VOCs were detected, but they were
considered laboratory contaminants. TCE was the only contaminant detected above its
soil DAF20 SSL of 0.26 pg kg. There were no exceances of DAF20 SSLs for

SVOCs or pesticidesFigure16 displays spatial distribution of subsurface iron ranging

from 40,400 mg kg for BD-B11 to 518 mg kifor BD-B17 (TableA-2).
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Soil Iron in mg/kg Measured During the Rl 2004

Surface lron Subsurface Iron
¢ 518 -3000 ¢ 518 -3000
© 3001-6000 @ 3001 -6000
O 6001 - 9000 @ 6001-9000
O 9001 - 25000 . 9001 - 25000

O 25001 - 40500 . 25001 - 40500

Figure16 Spatial Distribtution of Soil Iron Measured during the Rl 2004.
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4.1.2.3Soil Conductivity

In addition to soil samplindMT Entech used conductivity probing to assess the
lithology and continuity of clay layers downgradient from the landfill. Conductivity
logging was conducted at 31 locations and was meant to assist in the placement of further
monitoring wells. As the mae suggests, conductivity probing measures the electrical
conductivity of the subsurface. The probing indicated that the floodplain soils around the
landfill are a mix of discontinuous sand, silt, and clay lenses. From the tip of the landfill
south towadl the stream channel, the total amount of sand, number of sand lenses, and the
thickness of individual sand and gravel units increases meaning that the hydraulic
conductivity closer to the stream is likely greater tblmse to the landfill. A low
permeabity clay unit from approximately 25 fe@GSto about 40 feeBGSwas
detected and confirmed by the well drilling and believed to be the Arundel formation
which is known to be 100 feet and greater in this region.

4.1.3 Surface Water and Sediment

To date, BMTEntech has monitored surface water on four occasiohs.first
two monitoring events included collocated sediment samples, but none of the sediment
samples contained significant contaminant levels. Thenfiostitoring event coincided
with the SSP inanuary of 1999. During thisvent three locationsere testedh the
creek and two in the wetland to the southwest of the larfBfgurel). No chlorinated
solvens were detected. The next monitoring event wasnuary 2004 for the RI. Five
locations along the creek were samped one in Beaverdam Creekhrée of thdive
in the creelshowed detectable levels§ BCE though none above the MCEigurel?).

In March 2011, BMT Entech sampled four lgoas in the unnamed creek. The two
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southern most points showed decreased levels of TCE from the RI of 0.46 agd. 0.3
The May 2012 sampling showed no detectable TCE in swfat&suggesting that
negligible TCE is reaching the creek at this timithe RI sampling showed that no TCE
was making it to Beaverdam Creek reaffirming the conclusion in the RI that surface
water @ntamination from the BDRLF is not a human or ecological health risk.

Interpreting the surface water data would be facilitated by additional data about
stream volume at the time of measurement, which could be easily estimated by the water
depth as long deng as sampling locations are fixed. The last two measurements were
made in the same locations, but the previous two were made at different points along the
creek further complicating interpretatioAssuming equal water volumes in the creek at
the time of each measurement the data may be interpreted as follows. TCE had not begun
to enter the creek in 1999, but by 2004 kigh concentrations around M\Were
emptying into the creek. By 2011, the initial plume had begun to dissipate as most of the
TCE associated with the plume had already exited the site via the dRegjardlessf
the data interpretatio,CE levels in the creek have never exceadecEPA MCL
Therefore, the application of the biowall 50 to 100 feet from the creek is not warranted a
the surface water is not a source of contamination downstream. In the future, it is advised
that the measurement points in the stream remain the same and that stream depth at the

point of measurement is made to assist data interpretation.
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Figurel7 Surface water monitoring at BDRLF in relation to groundwater contamination.
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4.1.4 Groundwater

BMT Entechcollected data on groundwater contamination starting in 1997 w
MW 1 throughMW4. The purpose of this sampling event iasvaluate existing wells
and collect data for future site planning and risk screeniingse wells were sampled
once more in January 1999 for the S&fore the Rin 2004. Having convinced the
USEPAthat more study was necessary with the SSP, BMT Entetdlled and sampled
MWS5 throughMW9 for the RI in January 2004~rom August 2004 to May 2@}all the
wells were sampledightadditionaltimes except for MV and MW6 which were
sampled an added tamrin March 2011.Three times between 1999 and 2011, teragy
groundwater sampling wells were used td tesgroundwater contaminant3hese
monitoringevents occurred January 1999, January 2004, and Marctc@bitiding
with monitoring well sampling.These datare presented in spatial context in the
following three maps§igure22, Figure23, andFigure24.

The primary contaminants of concarompelling the remedial action at BDRLF
areCAHs. Therefore, these are the primary datagmeshereeven though low levels
of other VOCs, SVOCs, and pesticides have been found at the site. Site iron data is
presented and interpreted however due to the possible importance of reactive iron
compounds in degradation of CAHEAH levels forall the monitoringwells between
1997 and 2011 amtisplayed inTableA-6 of Appendix A As shown inTableA-6 b and
f, only MW2 and MW6 have shown TCE levels consistently above MCL s,
Figure19 andFigure20 show temporal change in TCE concentrationthwiMW?2 and
MWS6 respectively.Figure19 shows thaT CE concentrations in MW2 have generally

declined despite for a local peak in August of 20B®yure20 shows that MW6 also saw
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a localized maximum in August 2004 and then a general decline until March 2011 when
the concentration shot up from 0580 ug L.

BMT Entech statethat this indicates continued release from the landfiit,this
is not supported by the site data. The TCE found in MW6 in March 2011 would have
exited the landfill 45 years prior assuming no retardation, the flow direction shown in
Figure2, and a seepage velocity of 1.34 rit §fable2). The distance beeen MW6
and the closest part of the landfill boundary indicateéigure18is 60 m. The water
from GW515 msoutheastrom MW6 alongthe flow path shown ifrigure18 would
haveexited thdandfill 60 yearsprior. This interpretation suggests aluerreleasdor
the TCE observed at the sit€nowing that TCE has been enterithg surface water at
the site since at least 20 BMT Entech 2008h)I estimate that TCEas been leaking
from the landfill since the mid940s soon after its creatioiihere is nalearevidence
for a more recent release of TCE from the landfill.

The most recent possible release of TCE shown by the data is around 34 years
assuming RIGW17 is in a region with seeme velocity close to MW@-{gurel8). The
actual release may be closer to 50 years if the hydraulic conductivity of the aquifer in this
region is lower than arouldW6. RI-GW16 upgradient in the general flow path of RI
GW?7 has TCE at 0.114 pg'lsuggesting no more recent releases of TClfave
annotatedrigure18 with red lines indicating flow direction and red boxes highlighting
noteworthy spatial and temporal trends.

Box 1 of Figure18 shows thatvithin thatgeneral vicinity new TCEeleases are
not occurring Obviously these points are not within the immediate flow pataoh

otherand there is 5 m of separation between the points. It is possible that the
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contamination at the site is localized enough to have missed the 20R@14nd
measurements. This highlights the need to maintain the same sampling points over time
to allow for accurate temporal analysis of site ddtae conclusion regarding this cluster
of points is that TCE has not continued to exit the landfill throughrdgion SSRGW4
had the highestverrecorded TCE concentration at the site of 810 jig GW04
measured 2 years later is withithe immediate flow path of SSBW4 and showed the
highest recorded TCE concentration for this sampling event with 780" ud\t a
seepage velocity df.34 m yt* the TCE in SSRE5W4, would take 268as to reach
GWO04. Theefore, after 13ears this localized mass of contamination remains on the site
roughly in between the two points.

Box 2 shows thaini 2004at RI-GW14 TCE wasnotfound while in 2011at
GWO5, 460 pg L' was detecte8 m downgradientThe GWO05 point is 80 m from the tip
of the landfill and at a flow rate of 1.34 ni'ythis TCE would have left the landfill in the
early 1950s.Again, this provides evideedor an older contamination event sometime
between the mid940s and early 1950s.

Box 4 shows thasignificant TCE releases have not occurred in this region for
the duration of observatiorHowever,SSR-GW8 and SSFGW9 showthat even in 1999
detetale levels of TCE 00.83 pg L and 4.5 pg [* were present despithe low
seepage velocity of 0.09 pg'found in MW2and the 100 m to 115 m distance from the
landfill. Even at the highest seepage velocity of 1.34 hitywould have taken 75 to 86
years to reach this point from the landfill with the exact figure depending on the route
taken. This suggests an alternative origin for the . TOBe possibility is th@ CE soil

gas hotspok98feet south of the landfill shown iigure1l5 andFigurel2 point EF450r

80



the TCE hotspot locate2b6 feet souttsouthwesof the landfil shown inFigurel4. The
first spotis the most probable source consideritsgproximity to the groundwater points.
If the PCE hotspotithe source of the TCEUnd in box 4 and SSBWS9, then it

strongly suggestthat PCE is being reduced to TCE. The presence of 0.36'p§\(C

in 1999 at SSRGW8 shows that reducing conditions sufficient enough to generate VC
from PCE or TCE are presenticatingthat the TCEcould have come from the PCE

hotspot.
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Temporal and Spatial Trends in
Groundwater TCE Conmlnation at BDRLF
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Figure 18 Spatial and temporal trends in TCE concentrations in the groundwater at
BDRLF.
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The peak in TCE concentrations for MW2 and MW6 in August 2004 highlights
the potential seasonality of groundwater concentrations wherein samples taken during the
end of the summer when the aquifer volume is at its lowest will show higher TCE
concentrations This poses a problem in interpreting the site data which can be addressed
a number of ways. For one, measurements can be made in the same month every year to
account for seasonal variability in precipitation and more importantly evapotranspiration,
which is at its greatest in the summer months imilgatlantic region of the United
States In addition, the depth to water table can be noted at each monitoring well at the
time of sampling to get a sense for the overall aquifer volume. It might béledssi
estimate changes in volume in the aquifer based on changes in the potentiometric surface
of the aquifer if enough monitoring wells are sampled. By accounting for seasonal
changes in aquifer volumes in these ways, a more accurate interpretat©g of T
contamination at this site and others could be made.

The constant presence@$-DCE in MW2 suggests a greater level of reductive
dechlorination has and continues to occur there than in MWéhvilst showedcis-
DCE above the MCL in April 2008 This may be partly attributable to the greater
residence time around MW2 which stems from the one order of magnitude lower seepage
velocity (Table2). The recent appearae ofcissDCEin MW6 may indicate localized
changes in the soil microbiota permitting biological reductive dechlorinatisimply
more reducing conditionsThe presence afis-DCE in MW2 and MW6 and ol,1-DCE
in MW6 showsthat reductive dechlorinatids occurringat the site A possible reason
for the observed degradation byproducts is geochemical degradation spurred by reactive

iron in the site soil. Dong et §R008)found that abiotic reductive dechlorination
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happens much more slowlyath biotic, which matches well with the higher levelgisf
DCE found in MW2 where the residence time for TCE is much higher than in MWB6.

The otherseverwells have shown TCE levels below detection limits for the
entire eight year period or below the MQir fTCE. Values of 0 indicate levels below the
detection limit which was 0.17 pg'i(TableA-6). During the SSP, MW1 showed TCE
levels at 45 pg I: exceeding the MCLbut showed no detettie TCE thereafter.

Because reactive iron species can reduce CAHs | have presented the spatial
distribution of iron in the groundwater throughout time to assess whether a positive
spatial link can be made between iron and degi@dat the site Figure21 shows the
distribution of iron sampled from the geoprobe wells at the time of boring. The sample
wereanalyzed based on the Target Analyte LT3tl() using the method listed ifable
12. The range of iron values was 182G9L*to 665000ug L™ (TableA-7) wherea for
the monitoring wells sampled at the same time it was §igd0"to 22100ug L™ (Table
A-8), approximately one order of magnitude lower. Because the monitwelghad so
much lower values it was difficult to clearly present them on the same map so these
values are excluded frofigure21. The same phenomenon is seethe11997
monitoring well iron dataTableA-9). This suggests that the well packing of sand and
gravel and the well screen mayfeelucing the dissolved and particulate iron in the water

yielding an inaccurate measure of total and reactive iron.
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Nevertheless, the 2004 monitoring well sampling showed the presefereoak
iron Fe(ll) in all the wells except MW2. For instand®V4 from which water was
extracted for the batch experiment inl2Ghowed 5.88 mg Fe(lly'L MWS8, the
permanent well with the highest and most consistent TCE contamination showed the
second highest levels of Fe(Il)&B mgL™ (TableA-8). Ferrous iron was measured
using a Horiba bL0 Water Quality Checker as part of the geochemical characterization
of the site. Considering that this may be an order of magnitude underestimate of Fe(ll), it
is possible that the site has catesable amounts of reactive iron which could promote
the biogeahemical degradation of CAH&Vhen assessing the potential of natural
attenuation of CAHs in groundwater at future sites, it should be noted that the amount of
reactive iron measured in screenwells may be appreciably lower than what is actually

present in the groundwater.
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Groundwater Iron Geoprobe Wells 2004
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Figure21 Distribution of iron in groundwater sampled by geoprobe in January 2004.
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4.1.4.1Conclusions

1. Establish clear transects along ¢ineundwater flow path and monitor them over time
in the same exact locations to establish temporal and spatial trends in the data.

2. Account for the effects of aquifer volume on the TCE concentrations measured by
gaging depth to the water table at each@ang time.

3. More data orspatialvariations in groundwater flow at the site would permit more
accurate interpretation of the groundwater data.

4. Do not proceed with the biowall unless it is proven that the landfill is or will continue
to release TE.

5. When assessing the potential of natural attenuation of CAHs in groundwater at future
sites, it should be noted that the amourtotdl and ferrougon measured in screened

wells may be appreciably lower than what is actually present in the groterdwa
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Figure23 Remedial Investigation groundwater monitoring January 2004.
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Figure24 March 2011 sampling event in preparation for biowall construction.
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4.1.5 Quality and Interpretation of Site Data

The accuracy of the data is questionable in some instances. For example, the
December 2010 sampling which showedCE in the groundwater from M®@followed
by a spike back up to 530 pgHin March 2011. BMT Entech explained this as a sign of
continued release from the landfill, but it is also possible that thelemmtt measurement
was a lab or collection errohlternatively it may have resultddom seasonal variations
in the aquifer volume. Regardless, | showed in the section on groundwater that the TCE
detected in March 2011 would have been released from the landfill 45 years prior
anyway, nullifying the point that the spike represents coatimelease of TCE.

On multiple occasions during the RI, BMT Entech eitheompletely presented
or misrepresented site dat&or instance, the 1999 Site Screening Process indicated that
background MW1 had a TCE concentration of 45 {f¢TlableA-6). This observation
was never mentioned in the text of the document or given an explanation of any kind.
TCE-contaminated groundwater upgradient @& kandfill does not match with the
reported groundwater flow direction determined by BMT Entech in either the baseline
groundwater sampling (1997) or the remedial investigation (2004). This suggests a
contamination source upgradient of the landfill oreasurement error. The later
possibility calls all oflhe site data into question.

The complete SSP analytical results are never presented and the only semi
complete representation of the data appears in the RI withineFlgh. This figure
contains 9 geoprobe locations, but skips label GW9, confusing data interpretation. It
contains no metals data. In this document the sampling points are labeled GW1 through

GWO. According to the RI, the SSP includegtface soil, suurface eil, surface water
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andsedinent sample analysis for TCL VOCs , SVOCs , OC pesticideB,$2Gnd TAL
metals. Groundwater amples were only analyzed for TCL VOCs and TAL metals.
None of this data is presented in the Rl appendix and there was not aesepara
presentation of the SSP anywhere based on a personal communication with BMT Entech.
Neither BMT Entech nor Tidewater Inc. the consulting firm responsible for the
soil gas survey, present the soil gas data in full. For example, they fail to meation th
PCE high point of 1054. 68 pg'iat EF45 and misrepresent it as showRigure15.
BMT Entech does not address theamzurrence of chlorinated ethanes and ethamel
multiple degradation products at the three mostaroirtated measurement locations.
Moreover, they assume that all the contamination at the site comes from the landfill when
simple distance measurements show that multiple contaminant areas & tioalsi not
have originated in the landfill based on measured groundwater velocities.
The distances to the soil gas contaminant hotspots B4 2aadeGncorrectly
calculated as 140 and 120 feet when calculation using GIS showed they were 256 feet
and 1® feet. G2 is only the TCE hotspot. The PCE hotspot which is lumped with that of
TCE is actually at F2, 115 ft upgradient a2 -igure12). An example of
misrepraentation of site data is seerFigure14 andFigurel5in which BMT Entech
use a model which assumes the soil gas hotspots as the contaminant origin with
contaminant concentrations increasing in concentric circles of equal contamination. This
does not make sense when considering groundwater flow direction or even with the
assunption that the contamination originates in the landfill.
On page 83 of the RI, BMT Entech erroneously states thaBB®is on the east

side of the unnamed tributary and that the presence of PCE cIEIECE, trans-DCE,
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andVC on the eastern side of the tributary indicates that VOCs in the shallow
groundwater are migrating past the creek in the southerly direction. As dagone23,
BD-B15 is approximately 15 m west of the unnamed tributary, renderingviiie B
Entech statement incorrect.

There was an apparent error in the spatial representation of all data points in the
Rl and FS as seen in the change in MW orientatidhdriop twamages 6 Figure25.
The one on the left represents the placement of the monitoring wells throughout the
remedial process. This orientation remained until Mardi2@hen it appears an error in
the GPS coordinates for the monitoring wells was discovered and new coordinates were
taken as reflected in theg right image. The bottom imaggisow the BMT Entech map
and one used in this document that both employ aalgdrotograph as the base layer.
The points align well. This error in GPS coordinates may be responsible for the
miscalculatims made in the Rl and calls into question the other data points with spatial

reference information.
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4.2  Assessing the Biowall Material

The batch study was originally intended

purpose of advising the design of the BDRiiBwall and providing future biowall

projects with useful information. The original intentions remain and are addressed in the
following section with the addition @ath assessment tife natural attenuation potential

of the site soil and groundwatefheresults presented are preliminary and will be
replicated and expanded upon in forthcoming research.

4.2.1 Background [&ta

To inform theexperimental design of the labtudy and fied application of the
biowall, I derived a range of data for the biowall mixdhese data include measured
values of hydraulic conductivity for the biowall media and a comparison to literature
values for organic material similar to the biowall material plus the siteTabl¢13 and
Table 14 respectively). These data show little difference in hydraulic conductivity
between the two unamended biowall mediak{le13) and that the conductivity of the
biowall media is slightly above or about the same as the siteTshilg14).

Table13 Measured hydraulic conductiviti€k) of biowall mixes

Description K range(cm/sec) AverageK (cm/sec)
MX1 (M1/C1) 0.0000660.00010 0.000081
MX2 (M5/C1) 0.000060.000063 0.000062
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Table14 Hydraulic conductivities of organic medsad site soil for compais to
biowall media

Source & Description Hydraulic quln ductivity cm Method
Mulch from Unv. C_éntral Florida 0.09 ASTM D243468
Extension
100% mulch from Ahmad et al.
(2007) 0.0015 ASTM D5084

70%:30% mulch:pea gravel (vol:vo

mulch from Ahmad et al. (2007) 0.0021 ASTM D5084
50%:50% mulch:pea gravel (vol:vo

mulch from Ahmad et al. (2007) 0.00349 ASTM D5084

BMT Entech BARC 27 aquifer 6.88x10° to 1.02x10* Slug test

Background nutrient analyses on the compost used in the study were made by the
PENN State Analytical Laboratory. Bulk densities of the individual biowall media
constituents and fad mixes were made in houseal$o measured the reduction in
volume for he biowall media after mixingMX1 experiencedmaverage volume
reduction of 13% (n=4, SD=5.Yand MX2 experienced an average volume reduction of
26 (n=3, SD=4.04).

Total carbon of the compost was measured by the PENN State lab, but additional
carbonmeasurements of the wood roluland final mixes were madeuse using a
loss on combustion approach. This measurement was used to estimate the fraction of
organic carbon in each media required for the creation of a mass balance and
determination of theartitioning coefficient (k) for each media.

The mass balance was created to estimate partitioning between the gas, water, and
solid phases within the microcosms. This information was neceassprgvide an

estimation of expected concentrations of Ti@Each phaseTable1l5and
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Tablel6 display he backgroud data needed for fmulation of the mass balance
and the partitioning of TE at equilibrium respectivelyTable17 shows the data needed

for calculation of §:in MX1 and MX2 and indicates the calculated values.

Tablel15 Background data for mass balances of TCE partitioningamemded mixes 1

and 2
Vol  Volume Volume TCE Weight Weight
Treatment solids water air (L) foc” Kd concentration TCE solids
(L) (L (mg LY (mg) (9)
MX1 0.5 0.30 0.4 0.056 0.001 0.1 0.03 545
MX2 0.5 0.30 0.35 0.072 0.002 0.1 0.03 530

Table16 Partitioning of TCE in mixes 1 and 2 Hi°C assumingquilibrium andlL atm of

pressure
TCE TCE TCE mass
Treatment  concentation concentration sorbed to fair fwater  fsolids
air (molL™)  water(molL™)  solids (moles)
MX1 3.67E08 2.30E07 1.45E07 0.06 0.30 0.63
MX2 3.13E08 1.96E07 1.57E07 0.05 0.26 0.69

Tablel7 Fraction carbon measured by loss on ignition at 550 °C

. : Fraction
Organic Organic .
. organic  Average
Sample Replicate matter carbon
carbon (g foc (g)
(@) (@) )
A 24.4 12.2 0.069
MX1 B 16.1 8.05 0.042 0.056
C 22.1 11.05 0.058
A 19.1 9.55 0.084
MX2 B 18.6 9.3 0.066 0.072
C 20.1 10.05 0.064
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4.2.2 Mass Blance

The quality assurance mass balance showed that the average mass of TCE in the
sand jars was 21.76 ug after a emeek equilibration period with a standard deviation of
4 and sample size of I his means that an average of 8.@3or 27.4% of the original
TCE mass was not accounted after five days assuming no adsorption. It could be that
the assumption of no adsorption is flawed and some TCE sorbed to the sand particles or
dissolved particles in the groundwater. TCE reduction may have occurred®ver th
period. Losses of TCE due to improper handling during spiking may account for some of
the mass, but standard laboratory operating procedures were folldWwedeadspace
did not show any reductive dechlorinatiorpbyducts after five days decreasing th
likelihood that the mass loss is attributable to microbial reductive dechlorination which
produces the expected microbial dechlorination byproducts

In future studies the hypothesis of initial degradation due to site water can be
tested by comparinggadspace concentrations after five days using spiked DI water and
site groundwater. This will also help to identify if dissolved patrticles in the site
groundwater sorb TCE.

The experimental results fit with the partitioning mass balances almost exactly
For MX1, the distribution of TCE mass between the air, water, and solid phases was
projected to be 6%, 30%, and 63%. These same values were found for the average
partitioning in the three replicates of MX1. In MX2, the fractionation was higher to the
solid phase because of greater total organic carbon. The partitioning was 5% air, 26%
water, and 69% solids. The MX2 patrtitioning was almost identical to the projected

distribution.
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To calculate partitioning in MX1 and MX2, the firgtcorded TCE heagpace
concentration and resultant masgsreused to check the ma balance. Consequentilye
actual mass used to calculate partitioning was not thegy3@ded, but the mass
calculated based on the headspace concentration after five days. In sonthisasass
was almost exactly 3@g, but in most cases it was higher or lower. This could be caused
by variation in the lKvalue for thereplicates Assuming a starting mass of 3§ would
require increasing thi€ég when masses were below and decreasiag{ for treatments
with masses above the inpuihis is a real possibility givetie heterogeneity of the
mixtures. Other explanations include degradation after 5 days and losses due to leaking
from the jars both of which would not have to be dealt with for the mass balance, but
would have to be considered when calculating total mass removed versus degraded.

4.2.3 Temperature

Although temperature was supposed to be set to 12°C for the duration of the study
some modifications were made due to imperfections in the wine coolers and the actual
temperatures in the wine coolers varied. The average for codleCIGTDEV=2.7)
and the average for cooler 2 was 10.04°C (STDES8=Plots of the temperature over

time for molers 1 and 2 are presenteddppendix CFigureC-1 andFigureC-2.

After 144 days, all the treatments including the soil and sand spikes shbwed
least 386 averagaeduction in TCE masd-igure26 shows the percent TCE mass
reduction overall and by degradation. Total TCE removal is greater than removal via
degradation because mass was removed at each sampling point to peivitt GC
andysis. Unless otherwise statélde removal percentage reported is for degradation

rather than total removal.
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The greatest average percent removal was for those treatments witilz&/1.
greatest percent degradation of 99.15% was for MX1 with the higg afoglycerol and
ZV1 or 30 ml of glycerol per liter of solids and 100 ml of ZVI per liter of solids. The
treatments with glycerol as the only amendment performed the poorest. The lowest level
of TCE degradation w&39.9% for MX1 with the high dose oflgcerol. MX2 did not
experience the higamendment dose, but the second lowest amount of degradation
(40.9%) was forMX2 with the low glycerol doseBoth the sand and soil spikes showed
significart degradation of 48.4% and 58olrespectively.These datare presented in
tabular form inTable18. Highlighted items indicate that the jar had to be remade due to
leakage.MX1 created higher TCE removir both baseline and amended treatments.

The average removal efficiency for MX1 with no amendments was 75.52%
(STDV=19.9%)while for MX2 it was 72.47%STDV=19.7%)

A number of anomalous results were generated by the glycerol treatments. For
examplejar 33 which was the third replicate for the MX2 low glycerol (G10) treatment
showed 97.8% removal while the other two replicates showed 29.1% and 0% removal.
Jar 21 the second MX2 low glycerol treatmeshowed a decrease in TCE by the end of
the study, but the amount theoretically removed by sampling was less than the difference
between starting and ending masses yieldligitly negative removal efficiency. This is
likely due to estimation errors.

Another anomaly related to Jar 21 is the increase in headspace TCE
concentrations over time, which eventually returned to around the starting concentration.
This jar was not included in calculation of average removal efficieday.3 which was

the first eplicate of MX1 with high glycerol (G30) increased and decreased in TCE
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concentrations during the study and by the eighth measurement tMS&Guld not get

a reading because the device was overrun by d@is jar was not included in the

calculation ofaverage removal efficiencyl he other two replicates for this treatment

deviate severely with removaefficiencies of 5.1% and 78.3%ar 36, the last replicate

of the soil spike showed much higher removal (98.1%) than the other two treatments with

39.6%and 36.5%.

M1/C1: G30 + Fel00

M1/C1: GO + Fel00

M1/C1: GO +Fel0

M5/C1: GO + FelO

M1/C1: G10 + FelO

M1/C1: GO +Fe0

Treatments

M5/C1: GO + Fe0

Soil Spike

M1/C1: G10 + FeO

Sand Spike

M5/C1: G10 + Fe0

M1/C1: G30 + Fe0 )

m Average % removal by
degradation

m Average % removal

0.00

20.00

40.00 60.00 80.00 100.00
% Removal of TCE mass

Figure26 Total mass removed and degraded for the treatments, sand, and soil spikes
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Table18 Removal efficiency for each treatment in the batch study

% Average % removal Average Standard
Treatment and Rep Jar# renoval % via % deviation
TCE removal degradation removal
Sand Blank R1 0" 0.0 0.0
Sand Blank R2 0-2 0.0 0.00 0.0 0.0 0.0
Sand Blank R3 0-3 0.0 0.0
M1/C1: GO +Fe0 R1 1 100.0 98.1
M1/C1: GO +Fe0 R2 13 69.8 77.57 67.8 75.5 19.9
M1/C1: GO +Fe0 R3 25 62.9 60.6
M1/C1l: G10 + FeO R1 2 43.3 40.8
M1/C1: G10 + FeO R2 14 60.2 57.79 58.2 55.4 134
M1/C1: G10 + FeO R3 26 69.9 67.2
M1/C1: G30 + FeO R1 3 Error Error
M1/C1: G30 + FeO R2 15 5.1 41.67 2.1 39.5 52.9
M1/C1: G30 + Fe0O R3 27 78.3 76.9
M1/C1: GO +Fel0 R1 4 96.3 93.4
M1/C1: GO +Fel0 R2 16 84.4 93.25 82.5 91.4 8.1
M1/C1: GO +Fel0 R3 28 99.1 98.3
M1/C1: GO + Fel100 R1 5 100.0 98.7
M1/C1: GO + Fel00 R2 17 96.3 97.76 95.0 96.5 2.0
M1/C1: GO + Fel100 R3 29 97.0 95.8
M1/C1l: G10 + Fel0 R1 6 100.0 98.1
M1/C1: G10 + Fel0 R2 18 86.5 83.19 84.9 81.3 18.9
M1/C1: G10 + Fel0 R3 30 63.1 60.9
M1/C1: G30 + Fel00 R1 7 99.3 990.1
M1/C1: G30 + Fel00 R2 19 100.0 99.77 99.3 99.2 0.1
M1/C1l: G30 + Fel00 R3 31 100.0 99.1
M5/C1: GO + FeO R1 8 67.6 64.8
M5/C1: GO + Fe0 R2 20 60.2 75.20 57.8 72.5 19.7
M5/C1: GO + Fe0O R3 32 97.9 94.8
M5/C1: G10 + FeO R1 9 29.1 25.6
M5/C1: G10 + Fe0 R2 21 3.1 43.85 -0.7 40.9 51.0
M5/C1: G10+ FeO R3 33 99.4 97.8
M5/C1: GO + Fel0 R1 10 87.2 84.5
M5/C1: GO + Fel0 R2 22 81.2 87.07 79.0 84.4 5.4
M5/C1: GO + Fel0 R3 34 92.8 89.7
Sand Spike R1 11 50.6 44.0
Sand Spike R2 23 57.6 54.77 51.8 48.4 4.0
Sand Spike R3 35 56.1 49.5
Soil Spike R1 12 46.1 39.6
Soil Spike R2 24 43.1 63.02 36.5 58.1 34.7
Soil Spike R3 36 99.9 98.1
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4.2.4 Data Interpretation

The results show a positive correlation between the amount of ZVI added to the
biowall mixtures and the amount @iCE degradtion. Both lab and fielescale
experiments have previously shown that ZVI can significantly decreasedyvater
TCE concentrations vigeductive dechlorinatiofOrth and Gillham 1995, Phillips et al.
2010) Tratnyek et a{2001) found thatNOM inhibited TCE reduction b¥VI and
Giasuddin et a2007)showed that ZVteacts with DO(ossibly decreasing its
availability. Additionally, Zhang et al(2011)found that soil orgagimatter (SOM)
decreased the rate of TCE degradation moparticle ZVI in soil medialn this study
however, the data do not indicate that the organic fraction of the biowall media inhibited
TCE degradation. This question could be addressed in fitpegiments by including a
ZV1-sand treatmerfor comparison to the Zwiowall media.

Both the sand spike and soil spike showed significant degradation of 48.4% and
58.1% respectively. Being that the concrete sand used in the study is little more than
silicon dioxide, the site groundwater must have promoted some level of TCE degradation.
The most likely catalyst for degradation is iron. The groundwater used in the batch study
came from the vicinity of MW4. BMT Entech collected geochemical datdlftivea
monitoring wells for the Rl and found that MW4 had 5.8 nigRe(ll). Fe(ll) can act as
an electrordonor for the reduction of TCE andagrecursor of FeS minerals known to
reduce TCEShen and Wilson 2007)This maypartially explain the masured
degradation of TCE in the soil and sand spikes.

It is important to note that the quality assurance mass balance performed on the

sand spike shovdethat after five daysnly 72.6% of the initial 30 pug of TCE was
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detected and thakegradatiorefficiencies were calculated using an average of 21.76 g
rather than 30 pg as a starting TCE mass. If unaccounted for sorption was the reason for
the initial decrease in TCE mass, then the stated removal efficiencies for both the sand
spike and soil baground are accurate. However, if the reason was abiotic degradation,
then the removal efficiency would be even higher. This illustrates the need to perform
further batch studies assessing the role of sorption to groundwater and soil particles.

The reatments with only glycerol amendment performed the most poorly with the
highest glycerol amendment ranking lowest among the treatntégts€26). Two of
the glycerol treatments showed less average TCE degradation than the sand spike which
suggests that the glycerol actually inhibited degradation. The MX1 low glycerol
treatment achieved slightly modegradation than the sand spike, but lower tharsbil
spike. Because of its limited or negative contribution to TCE degraglatiate glycerol
is not recommended as a liquid carbon amendment for use with biowalls.

It was initially chosen for its low cost and readily available carbon fraction, but
due to cross contamination from industrial byproducts it may have inhibited TCE
degradation. A higher grade glycerol could be tested in the future or emulsified
vegetable oil, which has been used on several occasions, could be incorporated into
future experiments though the cost is greater. Treatments with iron and glycerol still
performed better than the namended treatments indicating that the iron was able to
counteract negative effects of the glycerol.

Five of the jars in the batch study had eorbplaced within two weeks of the start.
To deal with these failurewe restarted the jars and incorporated them back into the

measurement rotation, extending their measurement two weeks longer than the other jars.
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Four of the five restarted jars shalwgreater than 95% TCE degradation. This could be
caused by variations in temperature during the study period and indicates that future
replication is needed. Another contributing factor is that newly mixed materials were
used for the replaced jars whielere created with mulch that had aged for a longer
period of time than the previous material. More labile carbon could have resulted
spurring the greater removal efficiencies.

Another element belying the need for more replication is that the standard
deviation between removal efficienciés six of the ten treatments was greater than
18%. The two highest standard deviations were for MX1 high glycerol (STDEV=52.9%)
and MX2 low glycerol (STDEV=51.0%). The other four high variance treatments
showed mule lower standard deviations of 18.9%, 19.7%, 19.9% and 34.7%. The
restarted samples are partly responsible for the high standard devi&iorexample,
the two original noramended MXJars showed 69.8% and 62.9% degradation while the
replaced jar shoed 98.1%.

A similar situation occurred with the third replicate of the soil spikes which
showed 98.1% removal efficiency while the other two replicates showed 39.6% and
36.5% removal. In the case of the soil spikes, the original mixture of equal fpsots o
from soil bore 6 and 16 had to be supplemented with additional material from soil bore 6.
Therefore the higher removal efficiency may be attributed tqosojerties of soil bore
6, such as mineralogy or microorganism communities. Future smdigsvant to
investigate the difference in iron mineralogy and microbial communities between the two
soil boring or at different locations at the site to see if there is a link between FeS

minerals and natural attenuation at the site.
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Despite the neefibr replication of the experimental resyltecommendatns can
still be made from the initiddatch studylata Because theost of ZVI foruse inthe site
biowall would exceed $illion, unamended MX1 ithe besbiowall materialunless the
site soil preides enough degradation as ®is is based on the superior degradation
offered by this material compared to MX2 though the difference in degradation is not
statistically significant.

4.2.5 Hydrologic Gnsiderations

According to Ahmad et a{2007)permeable reactive barriers such as the biowall
should be more permeable thae surrounding formation to allow for preferential flow
of contaminated groundwater to occur. Henry et al. 2008 state that the biowall should be
designed to meet or exceed the highest potential seepage velocity at the site. Based on
measurements of hydogic conductivity (K) of the biowall media shown Trable13
and of the BDRLF groundwater seepage velocity showrabiel, one may see that
bothMX1 and MX2 have slightly lower hydraulic conductieis than the highest
measured conductivity of ¢hsite soil. MX1 and MX2 had averagenductivitiesof
8x10° and 6.2x10 cm s’ respectively These values are slightly lower than the highest
recordedsite hydraulic conductivity of 1.02xTem s*. MX1 which contained 30%
compost, 30% mulch, and 40% sand by volume had a higher average K value. Therefore

on grounds of hydraulic conductivity this is the preferred medium.
4.3  Natural attenuation

TheUSEPAprotocol for evaluating the potential for natural attenuation of

chlorinated solvents in groundwater systems recommends multiple lines of evidence and
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anticipates degradation via reductive dedhlation or anaerobic oxidatiqiwiedemeier
et al. 1999) Assessing the potential for natural attenuation (NA) usually involves the
following: (1) demonstratiomf the existence of geochemicanditions conducive to
known mechanisms afhloroethene biodegradation; (2) demonstrationdigtanct trend
toward decreasing chloroethene concentrati(8)sjemonstration of the production of
daughtemproducts indicative of chloroethene biotransformatand (4) laboratory
demonstration of an indigenousechanism for microbial chloroethene degradation.

The third piece of this diagnostic may be complicated by volatilization of
daughter products or degradation pathways with extremely-kbexttor difficult to
detect compounds, such as acetylene. All of these steps have been followed in the case of
BDRLF though the last portion was conducted prior to the Record of Decision. As was
shown in the presentation of the batch study, a microcosm study may have provided more
credibility to monitored natural attenuation (MNA) for BDRLF especially combined with
theevidence for natural attenuation from the site d&tahe following section, | assess
the potential for natural attenuation according todB&PAprotocol plus some

additional considerations including phytoremediation andB{@CHLOR model.

4.3.1 Geochenrcal Evidence

In the geochemical analysis conducted by BMT Entech for the RI, they state that
the presence of reduced iron in all the monitoring wells except MW2 combined with the
temperature and pH of the groundwater suggests favorable conditioracal
attenuation of TCE and PCH.hese data are summarizediiable19. Although, the
alkalinity testing (as calcium carbonatsjiggests minimal biological acily according
to BMT Entech. BMT Entech asserts that biological active portions of a phaydée
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identified in the field by theincreased alkalinity (comparedth background wells),
caused by the carbon dioxide resulting from degradation of thetgoutbu This statement
is flawed because the addition or removal o, @Ca solution does not change alkalinity.
Alkalinity is affected by all the processes that yield or consuiner®H  in

stoichiometric equationg-or exampleoxygenation of solublérrous iron to ferric

oxide decreaseskalinity by yielding 2 moles of Hfor every mole of F& (Stumm and
Morgan 1996)

Photosynthesis and respiration may inseear decrease alkalinity depending on
the compounds involved. For example, photosynthesis will increase or decrease
alkalinity depending on whether N@r NH," is used as a nitrogen source for organic
matter creatio because of the association of alkeyi with charge balance. Similarly,
respiration processes that generatesNk® aerobic bacterial decomposition of biota
(nitrification) decrease alkalinity while denitrification, which degrades WOreases it.
Sulfide oxidation decreases alkalinand sulfate reduction increases(&tumm and
Morgan 1996)Therefore the general decrease in alkalinity downgradient the
landfill may indicate active nitrification, sulfide oxidation, ferrous iron oxidation to ferric
oxideand a number of other processes. sHuxygen demanding processarepossible
given the average DO content®B8and5.6 mg L™ found in themonitoring wells and.0
geoprobe wells sampled in Mar2B06 and2011respectively The 2011 data are shown

in TableA-10.
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Table19 Geochemical data for M$taken during RI

Ferrous Iron

Sample Locatior Date pH ORP (mvolts) (mg LY Alkalinity (CaCG; eq)
Mw1 Jan04 5.87 220 15 60
MW2 Jan04 5.91 202 0 20
MW3 Jan04 4.83 201 1.9 10
MWwW4 Jan04 5.89 178 5.8 30
MW5 Jan04 5.9 161 6.2 75
MW6 Jan04 5.51 145 6.8 20
MW7 Jan04 6.17 203 3 80
MwW8 Jan04 5.21 204 2.6 10
MW9 Jan04 6.13 140 7.4 45

Additional geochemical data for the monitoring wellsre obtainediuring the
March 2006 groundwater sampling event. These data are preseRigdra27 minus
thechloride,nitrate, sulfate, and ethane/ethane d&aloride was 500 mgtfor all the
wells and the other parameters weo¢ detected in any of the monitoring wellBhe
most striking difference between the 2004 and 2006 geochemical data is thentippar
decrease in ferrous iron. However, the Beélkalinity, nitrate, sulfate, sulfide, and
chloride data were all ohined using colorimetric analgswhichis nota highly accurate
measureent It is unclear how the Fe(ll) field measurements forRhavere taken, but
the level of precision is higher suggesting a different measurement tool.

The drop in Fe(ll) between the two dates corresptmdn increase in ORP
whichis a probable causaf the decrease in reduced iro@RPincreasedrom 183.3mV
to 237 mV. The average pH increased over this period from 5.7 to Additionally,
the alkalinity decreased across the site which may be linked to the oxidation of ferrous
iron to ferric oxide, an alkalinity lowering proca$st could also help elqin the
decrease in Fe(ll)Clearly, geochemical conditions relevant to NA are changing over

time at the site. This is further exemplified by the drop in average ORP and pH to 49.0
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mV and 5.8 foithe 10 geoprobe wells sampledMarch 2011. Thidlustratesthe need
to assess natural potential usangomposite ofmultiple monitoringevents as opposed to
one or two

The fluctuations in DQrelated to the other geochemical parametexg actually
favor compete degradation of chlorinated ethenes. é@mple, aerobic microbial
degradation of DCE and VC as primary substrates hasdeseonstrategvhile the more
oxidized PCE and TCE are primarily degraded under anaerobic reducing conditions
(Bradley 2003) The fluctuation betweethe two states favors complete degradation of
the chloroethene compounds. The March 2006 monitoring also shogthdna
production in MW4, MW7, MW8, and MW9With consistent methane production,
cometabolism of TCE by methanotrophic organisms may be regw@specially given
the aerobic groundwater conditiofddcCarty and Semprini 1994)

It is possble that contaminant reduction by iron monosulfide minerals such as
mackinawite and pyrite is taking place at BDRLF. Iron monsosulfide minerals are
formed when sulfate gets reduced to sulfide and reacts with ferroyShien and
Wilson 2007) Sulfate was detected in all the wells except MW2 in March 2006, but
sulfide was not detected in any of the wells. Ferrous iron concentration as high as 7.4 mg
L were found at the site and MW6 with the highest and most consistent TCE
contamination had 6.8 mig" Fe(ll). MW2 was the only well to have no detectable
Fe(ll). Lu et al.(2008)found significant TCE degradation whenhbiowall and
downgradient ferrous iron concentrations never exceeded 3.25'mg L

He et al.(2008)found that significant degradation of TCE occurred in a biowall at

incoming groundwater sulfate concentrationd 400 to2600 mg [* at Altus AFB. The

111



sulfate concentrations at BDRLF ranged from 250 tor6@*. Surface and subsurbace
soil iron levels are quite high ranging from 21,700 mg g6700 mg kg and 40,400

mg kg'to 518 mg k¢ respectively Eigure16). The range of groundwater iron values

was 1820Qug L™ to 665000ug L™* (TableA-7). The levels of surface iron are high

enough to exceed th¢SEPAresidential soil RBC at all 20 of the RI soil boring

locations. Thereforef the groundwater conditions are reducing enough to create sulfide,
then FeSvould likely form and this could be a source of natural attenuation of TCE and

other chlorinated solvents at the site.

Table20 Geochemical data for MW from March 2006

Well DO (1mg L Ircl):rfzmgsl_' AIkaIin_ilty Temperature pH ORP Sulfa_tle
Name ) 1) (mg L) (°C) (mvolts) (mg L")
MW1 3.4 0.05 40 11.95 5.37 82.6 250
MW2 8.69 0.05 0 21.04 6.52 30.1 0
MW3 5.85 0 0 11.45 6.4 19 250
Mw4 8.6 0.05 0 12.07 5.49 68.3 250
MW5 7.35 0.05 40 12.57 5.35 70.6 250
MW6 6.5 0.05 0 8.29 5.61 16.6 500
MW7 4.15 0 40 10.02 6.37 19.8 250
MwW8 2.92 0.05 0 8.6 5.46 54.5 250
MW9 4.67 0.05 0 11.56 5.27 94.9 250

The most important pathway for biogeochemical degradation of TCE with FeS
starts with degradation to acetylene followed by fermentation to ethanol and acetate.
Sulfate or iron(lll) reducing bacteria then oxidize those byproducts tqKEDnedy et
al. 2006) Iron reduction is known to occur at the site as evidenced by the Fe(ll) found
during the RI TableA-8) so it is possible that at least the second step in this degradation

pathway is occurring.
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Apart from the misconstrued alkalinity data, Rilegeochemical data indicates a
strong likelihad of natural attenuationBMT Entech made a similar conclusion apart
from their confused interpretation of alkalinitfhe March 2006 geochemiadéta do
not generally support the occurrence of reductive dechlorination, but show the potential
for cometdolism of chloroethenes and oxidation of the more reduced chloroethenes DCE
and VC. Furthermorehe fluctuations in DO, ORP, and related Fe(ll), and sulfate, offer
the potential for complete degradation of the chloroethstating with PCE. It is
important to note that BMT Entech concluded that the site did not favor natural
attenuation after the March 2006 sampling even though the 2004 sampling strongly
supported it and as a partial consequence MNA was eliminated as a favorable remedial
action. Wherconsidering the potential for natural attenuation at a site it is necessary to
use geochemical data from a number of time periods due to the dynamic nature of

groundwater.

4.3.2 Decreasing Concentrations

PCE readily undergoes reductive dechlorinatamm CE except in aerobic aquifers
(Bradley 2003) Given the low occurrence of PCE found in the groundwater at the site,
but high levels found during the soil gas survey, it is likely that PCE is degrading rapidly
at the site.Forexample, MW3 was placed in its given location based on the high levels
of PCE, TCE, and other chlorinated solvents at point B4 from the soil gas survey, but
MW3 has never showed significant groundwater contamination. Given the high levels of
degradation yproducts found at point B4 it is possible that the period of one year
between soil gas surveying and groundwater sampling was enough for the groundwater

contamination to completely dissipate either by biogeochemical degradation,
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volatilization, plant respation, or migration off the site. Regardless of the mechanism,
there was clearly a decrease in contaminant concentration at this Aoather example
of apparent PCE attenuation is seen at MM#@re PCE was detected at its highest
concentrations irhie soil gas survey. In January 2004 during the RI, TCEE®fACE
were detected below 1 ug'lin MW9, but no contaminants were detected thereafter. It
is likely that much of the contamination traveled via groundwater into the creek, but the
degradatiorbyproducts of PCE found during the RI clearly indidhtg degradation was
occurring

The only well to showr CE andcis-DCE levelsconsistetly elevatedabove trace
amounts iIsMW?2. This well has shown a steady decrease in TCE concentraxoest
for an aberrant spike in August 2004, probably attributable to decreased aquifer volume
(Figure19). The same spike was observed in MW6 supporting tpethesis. On the
other hand¢is-DCE concentrations have not significantly changed over time. This could
indicate increased degradation of TCE despite decreases in its concentration. Regardless,
levels ofcissDCE have never exceeded the L MCL. As seen irFigure20, MW6
shows the same general decline in TCE concentrations as MW2 until March 2011, when
concentrations spiked. This could be attributable &raejption of a newer release of
TCE from upgradientas might be guessed based on the distribution of contamination in
the soil gas surveygurel?2).

As shown inTableA-6, cis-DCE did not appear in the well until April 2008. The
next monitoring event in March 2009 showed the lowest TCE concentration 10.d8te
ng 1,1-DCE L™, and 1.8ug cisDCEL™. In December 2010, ncontamination of any

kind was foundbut in March 2011 concentrations spiked to 530 tig Thecis-DCE
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concentration also increased to 3.4 (igghd continued to increase in the May 2012
reading, while the TCE concentration dropped agdmunderstand the reason for the
increase ircis-DCE it would bebeneficial to knowhowthe geochemistry changegter
this time. As mentioned before, it maythat the increase is associated with a newer
contaminant release which may for example have more dissolved electron donors to
facilitate reductive dechlorination. The difficulty of interpreting MW6 data illustrates
how a clearer assessment of contaminigipation over time would be facilitated if
monitoring was conducted along transects parallel with groundwater flow.

From January 2004 to November 20U&E concentration iMW8 decreased.

Then, they increased by a factor of 3 in September 2006eamdated until reaching 0 in
May 2012. cis-DCE showed a similar trend and was actually at a higher concentration in
September 2006 underlining the role of reductive dechlorination. These data suggest a
series of contaminant releases both of which digstbaver time.

The site data does not show unequivocal decrease in concentration for all the
monitoring wells, but all wells show a general decline since monitoring began.
Moreover, two wells have a pattern of decrease, spik&decreassuggestive of
multiple releasesThe new releases coincide with increasesi®i,2-DCE indicating
conditions favorable to continued natural attenuation. The clear decreases in
concentration from the soil gas survey especially for PCE and ACA2indicate that
conditions at the site are reducing enough to rapidly transform the most oxidized

chlorinated ethanes and ethenes.
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4.3.3 Production of Daughter Products

As Entech states in the RI, the chemical evidence for reductive dechlorination at
the site is clear. Tlyereference relative concentration of PCE/TCE, and associated
breakdown products in groundwater, notably wells 2, 6, and 8, but do not go into any
detail. MW9 also had detectable levels of TCE eisdDCE during the Ri(TableA-6).

The RI geoprobe sampling showed two wells {B08 and BBB15) with the complete
chain of PCHeductive dechlorinatiohyproducts, includinghe most reduced/C. BD-
B17 had all except VC and B10 through B12 had TCEa®BDCE. Only one boring
location showed a single parent compound ancedactive dechlorinatiodegradates
and this was B16 with a trace TCE concentration of OpgLé ™ (TableA-4).

Reductive dechlorination of TCE tis-DCE occurs in Fe(llFreducing
conditions and in more strongly reducing environmé@tsgapelle 1996) The
geochemical data collected during the Rl shows that TCE reduction is occurring in all of
the wdls except MW2, which is odd considering that some of the highe&CE levels
were detected there. As shown by Bradley (2003) TCE may also be reduced under
manganese (IV) reducing conditiomsoviding one possible explanatio®f the DCE
isomerscis-DCE is the mosprevalenteductive dechlorination byproduct of TCE
degradation.The site data supports this@asDCE was much more commonly found
and detected at higher concentrations than the oth@esthird isomer of DCE, 1;DCE
is primarily a tansformation product of trichlordetne (TCA). This makes sense
considering the high detection of TCA in the soil gasl-DCA and 1,2DCA, more
degradates of TCAyere also detectad groundwateduring the SSP geoprobe samgli

(TableA-3), but never at any other sampling time
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Although not considered a major natural attenuation pathway in the RI, it is
possible that contaminant reductioyiron monosulfide minerals such as mackinawite
and pyrite is taking place at BDRLRDbiotic reductive dechlorination of PCE and TCE
typically t ak e selinpnatearctieat résylts in accunnwdation of acetfiene
and other completely dechloated product¢Dong et al. 2008) Acetylene is extremely
volatile and is not likely to be found in water, making it difficult to detect in groundwater
sampling for CAH degradation byproducts. Moregwtas not considered toxic anaes
not appear on the SEPATarget Compound List (TCL) for VOCs.

Therefore, determining the occurrence or likelihood of natural attenuation of
CAHs by FeSnminerals or other reactive narals must be achieved by analyzing soil
mineralogy directly witrscanning electron microscroscopy (SE&)d orx-ray
diffraction (XRD) (He et al. 2008) It may be possible to indirectly judge the occurrence
of FeSmineralsbased on soil and aqueous irenlfate, and redox conditions, but there is
not a clear literature precedent for sjutigments.

Even without data on abiotic or biogeochemical TCE and PCE degradates, we
knowthatreductive dechlorination is occurring at the site because of the detection of
lesser chlorinated ethensisice the start of monitoring in 1997. Of the monitomedls,
MW?2 has showed the highest and most consistent concentration of reductive
dechlorination byproducts, primaritys-DCE, but MW6, MW8, and MW9 have also
showed detectable levels of the DCE isomers. In additierthree geoprobe
groundwater sampling events all showed reductive dechlorination byproducts for both
chlorinated ethenes and ethanEmally, the soil gas survey showed significant co

occurrence of parent and daughter products for both chlorinated ethenes and éthanes.
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conclusion, there appears to be significant evidence based on the daughter products
detected that natural attenuation via reductive dechlorinatioccurring at the site.
Furthermore, the likelihood of abiotic degradation is high given the higlsle¥sbil

and aqueous iron and the reducing conditions in the groundwater.

4.3.4 Laboratory Assessment of Natural Attenuation

The batch study was not designed to solely test the ability of the site soil to
naturally attenuate TCE, but a soil background samals included to compare the
biowall mixtures to the native soil. In addition, a negative control comprised solely of
concrete sand was usgurmitting anassessient ofthe remedial capacity of the site
groundwater usedThe soil background treatmerddhan average TCE degradation
efficiency of 58.%. The soil mixture used was a combination of soil boring 6 and 16
made in March 2011. Though the last replicate in the test had predominately soil boring
6 soil. This replicate showed the highest degradafficiency, suggesting variations in
the capacity of the site soil to degrade TAle sand spike had an average TCE
degradation efficiency of 48.4%. Considering that the sand has little capacity to reduce
TCE, the degradation observed must be attaible to the groundwater useltlis known
from geochemical analyses conducted for the RI that the MW4 groundwater had high
levels ofFe(ll) relative to other sites, such as Altus Air Force Base, where lower levels of

Fe(ll) were associated with TCE dadatiorfLu et al. 2008)

118



4.3.5 Phytoremediation

One source of natural attenuation not considered at BDRLF is degradation and
dissipation by plant respiration. The March 2011 sampling by BMT Entech showed that
groundwater at the site in the immediate vicinity of the proposed biowall is relatively
shallow, with six of the 20 soil borings along the biowall footprint showing the water
table at 2 feet or less. The RI states average depths to the water table range from 10 feet
just north ofthe landfill to Xfoot or less near the southern floodplain. Thsagements
suggest that TCE within the shallow groundwater could be respired and degraded by the
trees and understory vegetation at the site as shown by Newma¢1668). Newnan
et al. showed that hybrid popl&dpulous trichocarpa x P. deltoidespas able to remove
over 99% of the addedCE in a simulated groundwateell 1.5 m deep. Most of the
removed TCE was degraded within the plant with the remainder being transpired.

With groundwater as shallow as 0.3 meters south of the BDRLF it is possible that
tree roots of tulip poplar, oak, and even understory vegetation could have actively taken
up TCE laden water at BDRLF degrading and respiring it. Narayanar1&oal)
showed that alfalfa can extract TCE from groundwater via transpiration suggesting that
even understory plants with much shallower root systems than a mature hardwood could
contribute to the natural attenuation of TCE at the site. Andersowatidn(1992)
reported enhanced degradation TCE inrtheosphere of a number of plants including
Lespedeza cuneata, Pinus taealad Glycine max.The empirical basis for respiration of
TCE by plants, degradation within the plants, and within the plant rhizosphere suggest

that at heavily wooded sites withadlow groundwater natural attenuation via
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phytoremediation should be considered in addition to the presence of common
metabolites of biological reductive dechlorination, sucbig#®CE and vinyl chloride.
TCE attenuation by trees and vegetation catesied using the solghase
microextraction (SPME) method outlined 8iieehan et a{2012) This technique can
detect TCE and its metabolites within the trunk of a tree respiring TCE contaminated
groundwater, making it a valuable tool to screen for groundwater contamination,
delineate plumes, and acc@dg/toremediation. Though, the authors note that the
applicability of phytoscreening can be limited by subsurface heterogeneities, rooting
depth, microbial degradation, azimuthal variations in tree contaminant concentration,

infiltration of surface watemmnd seasonal changes in evapotranspiration.

4.3.6 BIOCHLOR Model

4.3.6.1Initial BIOCHLOR Simulation

In the feasibility study (FS), BMT Entech used BI©OCHLOR model as a
screeningevel model to determine the feasibility of remediation by natural attenuation
(RNA) atthe BDRLF site. Here, | reevaluate the model parameters used and the results
generated in addition to-r@nning the model using revised inputs.

FigureB-1 contans all the input data that BMT Entech used. The monitored
natural attenuation (MNA) parameters needed to run the screening protocol were
collected during the March 2006und of monitoring well sampling. Data were collected
for all 9 monitoring wells anthcluded dissolved oxygen, nitrate, iron Il, sulfate, sulfide,
methane, ORP, pH, TOC, temperature, chloride, and target chlorinated VOCs. Using the

Natural Attenuation Screening Protocol built into the model BMT Entech found a score
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of "4" indicating thathere is inadequate evidence for anaerobic biodegradation in the
BDRLF site plume. The screening user interface is presentaduneB-2

They then proceededtocn cl ude from this i nformation
not appear to be (BMTdotechd20084) Fhiscoadusiantat e ”
erroneous because it is based on a single type of natural attenuation that effects
chlorinated solvents when there are a number of ways for TCE and related CAHs to
degrade without human intervention. The biological means for this to occur include
reductive @chloriantion, aerobic oxidation, anaerobic oxidation, and aerobic
cometabolism.BIOCHLOR only addresses the potential of the first process to occur. In
addition, there is the potential for phytoremediation, and biogeochemical degradation,
neither of whch are accounted for in tlBHOCHLOR-based consideration of RNA.
Because the screening protocol indicated a low chance of biotransformation, plume
models were run for TCE and DCE assuming no degradation.

BMT Entech assumed a constant source concemrafi500 pg TCE L across
an 800 foot wide boundary along the southeastern and southern edge of the landfill. This
assumption is not supported by the site data which shows little to no groundwater or soil
contamination in most of that area except fop thistinct regions with elevated TCE
concentrations in groundwater and soil around MW6 and between MW2 and MW3. The
former region is the only one to have reached 500 ug TEEThe highest documented
TCE groundwater concentration in the second areaoistdl®Opg TCE L. In the
revised model formulation, | have represented the site with two distinct source areas each
with a different plume length, source concentration, and seepage velocity. The original

model assumed constant seepage velocity for the entire site wdmdater invalidated
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by hydraulic conductivity measurements in March 2011. The change in TCE
concentrations over time shownkigure22, Figure23, andFigure24 indicates that even
though two source areas are assumed foptingose of modeling chlorinated solvent
transport at the site that the true source region remains unknown.

Identification of a source area or primary route of escape for TCE from the
landfill would have been greatly facilitated if groundwater monigphad been
performed along transectsline with the groundwater flow path. An example of the
confusion created by the chosen groundwater monitoring approach is shielgarg23
wherein the highest documented TCE concentration occurs about 30 meters northeast of
MW6 (RI-GW20), but then drops off to almost O to the northwest of this. The result is
that it appears like this elevated area is a source area separatbdrandfill.

Even though BMT Entech erroneously assumed a TCE source area 800 feet wide
with a constant concentration of 500 pg TCEthe model shows that after 30 years the
TCE concentration would be below the MCL for TCE of 5 jigalong the centdine of
the plume at 400 feet from the origifigureB-4). Presumably 400 feet was chosen as
the modeling distance because this is the approximate distance btteyésamdfill
boundaryand unnamed creek the southeastern directioRunning the model with the
same conditions, but varying the simulation time shows that the reason for the low
concentration in thbiowall vicinity is that the bulk of the contamination would simply
not have reached there. At 400 feet and 50 ydasI CE concentration would be 40 ug
L. At 100 years, 293 pgtand at 200 years, 483 pg'L This analysis assumes no
source dissipationrdiodegradation, which is not supported by the data, but serves as a

baseline nonethelesfiscussion of the meaning of the model output outside of the
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simplenumerical simulation which showed low likelihood of natural attenuation is
lacking in the inital interpretation.

As shown in the section on groundwatégppears like contaminants baga
leaving the landfilbetween the mid940sand 1950s To test this hypothesis using the
BMT Entech simulation, field dataerecompared to model output gente@ for a 70
year simulation, the approximate amount of time between 1945 and 2011. The reference
field data were taken from the March 2011 geoprobe sampling at Gt €24)
because this point is approximately 400 ft from the landfill boundary and within 10 ft of
the biowall. The model output suggests a centerline concentration of 13§ wich is
relatively close to the field concentration of 72 |i§ LApproximately 57 years is the
simulation time needed to produce the obsen@ttentrationwhich would mean the
assumed 500 PFCE L™ parcel crossed the landfill boundary around 1954.

The actual fate and transport of TCE at the site is more complexoatite same
as represented by the BMT Entech model simulation. For example, the March 2011
sampling eventRigure24) from which the field data was taken for compan has
enough data to estimate centerlines which can be used for a more complete comparison.
Along the transect shown from GW08 to GWO07 the actual values are 49, 24, and 72 ug L
! for GW08, GWO06, and GWO7 respectively. Clearly this does not matchhweith
biochlor model output of a constant source area gradually filling an entire transect with
the source concentration.

The two point transect between M\&6d GWO05, shows a concentration drop 530
Hg L™ to 460 pg X, Again, this picture deviates from the initial BMT Entech site

conception wherein an initial source concentration of 500 hyds assumed for 800 ft

123



around the landfill.To thesouthwesbf GW05by about 15 mat GWO04the groundwater
concentration waseported as 73Qg L™, suggestive that the bulk of contamination has
past MW6 rather than continuing to flow through it at a fixed concentration as indicated
in the model.

Altering the model simulation time and comparing output to the site dataieslic
that the BIOCHLOR simulation as conceived by BMT Entech does not accurately
capture the complexity or general trends in TCE transport at the site. The model
provided a reasonable estimate of TCE concentration for GW07 assuming TCE began
leaving the &ndfill in the mid 1950s, but would lead the investigator to conclude 200
years would be required for the full mass of TCE to reach the creek. This is not
supported by site data from March 2011 showing concentrations between 48Gpd L
730 pg Lt within 20 m of the creek. The biggest flaws in the BMT Entech model
simulation were the absence of model time simulation considerations, assumed constant
source area of 800 ft with a fixed concentration of 500 Jigand the assumption of no

source dissipadh or degradation.

4.3.6.2RevisedBIOCHLOR Simulation

As stated previously, two separate plumes were modeled for the revised
simulation. The plumes were modeled using different source widths, flow lengths, and
seepage velocities. Otherwise the inpatameters were the same. The largest plume
was modeled assuming a point of origin or centerline based on the location of highest
TCE concentration measured in 2004 as showsigare23 point RFGW17. The
concentration at this point was 758 pg. LUsingFigure?2 as a reference for groundwater

flow, the distance between thisippand the creek was measured to be 60 m or 197 ft.
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Groundwater monitoring points within 10 meters east and west of this point had TCE
concentrations below detection limits and at about 20 figdicating that the plume
width is less than 33 feet. ©burse, the exact plume width is difficult to ascertain
without further measurements, but for this application 30 feet was used. A seepage
velocity of 4.3 ft yi*was used based on the hydraulic conductivities measured by BMT
Entechin March 2011.

The nodel was initidly run for 8 years because field data were available for
comparison over this time frame from 2004 and 2011. The model predicts that the TCE
concentration at GWO7 from March 2011 would be 0 figdontrary to the 72 pgt
found there. Aain, the model is limitely its capacity to accaou for the variation in
groundwater flow rates and conditions which are responsible for field concentrations.
Moreover, the ability to accurately model the site is dependent on accurate source
informationwhich is also inadequate.

Regardless of the model output or manner of model formulation, the actual site
data indicates the bulk of the contamination remaining at the site is found within the
immediate area impacted by the planned biowgllis presers another problem which is
that excavation for biowall construction will act to volatilize TCE in the area of highest
measured concentration, nullifying the value of the biowHlis point is illustrated in
Figure27 which shows the biowall centerline and the approximate footprint of cleared
area needed for construction indicated with the black lines(80Lim)on either side of

the centerline.
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Biowall in Context of Contamination
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Figure27 The biowall and its footprint in the context of site contamination detected in
March 2011.
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The second plume centerline and origin were based on the SSP sampling event
which showed a peak concentration on the southwest corner ahtiféllof 160 ug
TCE L'as seen at poif8A27-GW2 inFigure22. This point is approximately 394 ft. or
120m from the creek To derive a plume widtligure22 andFigure23 were compagd
and the distance between SSW2 and RIGWS8 was used as the plume width based on
the relatively similar concentrations found at the points68f ug > and 100 pg ' TCE
respectively. The distance wealculated to be 20 m or 66 ft. The seepage velocity used
was 0.3 ft yi' based on the 68%10° cm s* hydraulic conductivity measured in March
2011 Figure22shows thaiW2 falls 50 m or 164t from the assumed source of SSP
GW?2 along thegroundwateflow path Theconcentration of 57 pgCE L™ found for
the SSP combined with the distance from the sotainebe used as an input parameter
which the model automatidgluses to calculate a first order reaction rate

Assumingnegligible degradatioafter30 years minimal TCE would have
reached the creek or the biowall location according to the model output. Even after 100
years no TCE would make it to the creékwould require about 500 years for any TCE
to reach the biowall and this assumes no dedi@a which is known to occur at MW2.
These model results call into question the value of placing a biowall roughly 400 feet
from a mass of TCE that will not reach it for at least another 100 years and may never if
natural attenuation is occurring as sestgd by the batch study and the biological
reductive dechlorination byproducts found in this portion of the site sudk-42-DCE
found in MW?2 in January 1999 &6 ug L™

In conclusion, the revisd@lOCHLOR simulation did not provide a clear picture

of contaminant transport at the site and appears to be more useful as an auxiliary
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analytical tool rather than the primary oreappears that at least in the case of the first
TCE source monitored on the easte of the biowall tht TCE is moving faster than
expected by the biowall and that the highest levels of TCE currently found at the site are
within the extent of the biowall. Even without factoring the potential of biotic or abiotic
degradation th&8IOCHLOR model does nqgtrovide clear support farse of the biowall.

4.3.7 Contamination Dissipation

Apart from biological and abiotic degradation of chlorinated solvents at BDRLF,
there is a strong possibility that the contaminants in the shallow groundwiter wi
volatilize into to the atmosphere. This could occur from groundwater through the soil as
was evident from the soil gas survey. Alternatively, volatilization can occur in the event
that the groundwater intercepts the surface as would be expectednreegent wetland.
Figure28 shows that the site contaminatias of 201land most of the biowall extent
overlap the emergent wetland boundahjch includes all tharea south of the dark blue
line. This indicateshat the possibility of groundwater interception wiitle ground
surface is likely. MW2, where contamination and degradation have both been detected
since the start of monitoring falls within this boundaMoreover, the area south of

MW&6 where the majority of contamination is currently found is within this boundary.
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Biowall in Relation to Emergenet Wetland

A

B ey
Biowsll centerline
© Monitoring Wells :
roundwater Sampling TCE
0.0 ;
0.1-50
51-10.0
10.1-50.0

) 50.1-100.0

N . 100.1 - 500.0

0 20 40 80 Meters . 500.1 - 1000.0

Figure28 Biowall and site contamination in relation to the emergent wetland at BDRLF.
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4.3.8 Conclusions

Applicationof thefour-prongedUSEPAapproach to assessing natural attenuation
showed that natural attenuation is probably occurring at BDRLF to a significant extent
and that the variations observed in the reducing capacity of the groundwater may actually
favor compéte degradation of chlorinated ethen@&se additional phytoremediation
consideration provides more support for the high likelihood of natural attenuation at
BDRLF. Bot h BMT Ent e c hBIGCHIEEORdImuatior showethatithe e d
value of thesimulation compared to rigorous site data analysis is limiltedtas clear
based on the model output that the model assumption of constant input concentrations
and seepage velocities as indicated by measured hydraulic conductivities are not accurate
assumptions. Finally, the consideration of TCE dissipation through volatilization and
surface migration during times of site flooding provides further support for high
likelihood of significant natural attenuatioherefore, monitored natural attenuation as

a remedial action for BDRLF should be reconsidered.

4.4  Assessing the Chosen Remediatian for BDRLF

4.4.1 How will the Efficacy of the Biowall b&este®

One post installation requirement for the biowall project will be monitoring to
establish the effectiveiss of the action to prevent contamination from migrating off site.
To meet this end, monitoring wells would be installed along a transect perpendicular to
the biowall above, within and at distances downgradient of the biowall. USDA did not

establish badme concentrations along suchransecprior to biowall installation.
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Consequently it would be difficult to prove that observed differences in TCE
concentrations downgradient of the bidweere caused by the biowall.

Proving the value of the biowglbstinstallation would also be difficult due to
the limited extent of contamination at the site versus the proposed coverage of the
biowall. As shown inFigure27, only about 10% of the entire length of the proposed
biowall has ever shown elevated concentrations of. TOtere is one approximately 100
foot section around and downgradient of monitoring well 6 (MW6) wB&& Entech
has found concentrations of TCE awéls between 500 to 8@ L™. The only other
area with consistently elevated TCE concentrations is centered avisWad but
concentrations there have never exceedaadgf0* and havegenerallydecreased
consistently albit slowly since the first growtwater sampling in 1997.

Finally, the March 2011 monitoring event showed that the highest levels of TCE
have migrated past MW6 and were at that time in the area where excavation for the
biowall would occur(Figure27). Excavating 20 feet of soil in the most contaminated
area of the site would cause volatilization of the TCE defeating the purpose of the
biowall. Unless it is proven that there is an indefinite source volume in the landfill,
installing a 1000 foot biowall would not be warranted by the available groueddatia

and it would be difficult to prove the biowall is achieving significant remediation.
4.4.2 Does the Biowall Met the Rendial Action Objectives for thei®?

As part of the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) process Remedi al
judge the various options considefeda site. For BDRLF, the remedial strategy

chosen, the biowal |, does not address t
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were to restore the aquifer to drinking water standards within a reasonable time frame,
prevent unacceptable human exposargroundwater contamination, and to minimize
future migration of groundwater contamination. Presently, the biowall is going to be
placed 50 to 100 feet from the unnamed tributary to Beaverdam Creek, leaving 200 to
300 feet above gradient of the landfiéifore the contaminated groundwater ever contacts
the biowall. In the unlikely event, that a future resident were to live at the site, the
biowall would do little to improve the water quality of the aquifer for the purpose of
drinking water because it idgzed so close to the creek.

In other words, the first and second RAO would not be addressed due simply to
the placement of the biowall. To restore the entire aquifer connected to the landfill
within a reasonable time frame (RAO 1), a time frame wausdl iave to be established.
Furthermore, USDA would have to place the biowall around the landfill which is the
perceived source of contamination rather than 50 to 100 ft from the unnamed creek.
Then, the first RAO could be addressed assuming the bimaadpable of degrading and
or sorbing the contamination assumed to be migrating from the landfill.

The biowall does not address the second RAO of preventing human exposure to
the site groundwater, because again most of the area between the landfié ereek,
comprising about 500 feet, would be untreated. This RAO could be easily met by
limiting long-term human exposure to the drinking water at the site. Presumably, placing
the biowall c¢closer to the | andfingthe woul d d
biowall succeeds in sorbing and degrading TCE. The biowall does not minimize future

migration of groundwater contamination (RAO 3) either because it addresses the
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contamination once it has already entered the groundwater rather than treaiitsg it at

source.

4.4.3 Doesthe Bowall Addresshe Assessed Risk

The risk assessment conducted as part of the remedial investigation showed that
there is no significant risk to current receptors associated with exposure to surface water,
sediment, or surface $@it the BDRLF. However, there was an excess lifetime cancer
risk of 3x10°, and a hazard quotient of 47 for hypothetical future adult residents, due to
ingestion, dermal contact, and vapor inhalation. The excess lifetime cancer risk to
hypothetical futve residential children due to ingestion or dermal contact with TCE in
groundwater is 1xI8 and the hazard quotient is 10Roth of these risk factors exceed
the allowabléJSEPArisk range of 1§to 10%.

The biowall does not address this risk beeai is placed withi®0to 75 feet of
the creek, leaving most of the area between the landfill and creek unaddressed. Instead
the biowall as it is currently conceived would address surface water even though there is
no risk assoated with the surfaceater.This is seen with the following interpretation of
the surface water dagssunng roughly equaivater volumes in the creek at the time of
eachmeasuremeniT CE had not begun to enter the creek in 1999, but by 2@4igh
concentrations around MBWere emptying into the creek. By 2011, the initial plume
had begun to dissipate as most of the TCE associated with the plume had already exited
the site via the creek. In May 2012, no TCE was detected in the surface water suggesting
a negligible quanty is reaching and or remaining in the creek long enough to detect.

4.4.4 |s thePerceivedRisk Worth Acting On?
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The only risk associated with the site is to future residents who would consume
contaminated groundwater at a concentration of 435 ppb for their entire lives and to
children who would do the same plus eat contaminated site soil. Even though
inhabitation @ this site is unlikely for many reasons including its designation as federal
property, proximity to perennial streams, and wetlands, distance from desirable shopping
and transportation opportunities, and limited buildable area at the site, the USDA was
told to proceed with a remedial action. Then, for some reason the biowall was chosen as
the remedial action for this site and placed within 100 feet of the unnamed creek doing
nothing to address the only perceived risk at the site. Therefore this reactidialis
flawed on two counts. It not only fails to decrease the human health risk associated with
the site but is also compelled by a risk thatngkely to ever be realized.

Finally, assuming the highly unlikely permanent inhabitation of the site
downdgradient of the landfill, the number of people who would ever be exposed to the
elevated levels of TCE at the site would be minimal. This is because significant
contamination has only been documented in a 100 foot section at and downgradient of
MWS&6. Monitoring since 2004 suggests that the highest levels of TCE associated with
MW6 have migrated past it and will continue to enter the creek as they have since
monitoring began. Such common sense considerations do not appear to be part of the
standard CERLCA decision making process. Evidently, this is a shortcoming of
CERCLA and may result in decisions which do not meetf8EPAmission to protect
human health and the environment.

When trying to determine whether risks are worth addressing, cost benefit

analysis may be employed. Unfortunately, this is not a standardfttoé CERCLA
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decision making process and was therefore overlook&mhetheless, it seems important
to weigh the impacts of thiand future remedialctiors on human and environmental
hedlth and to compare them to other optigsing thaitisUSEPA s mi ssi on t o p
human health and the environmeli¥ith limited potentiako prove the benefits of the
biowall due to its placemenbw TCE concentrationat the biowall interfacehe costs of
this action would certainly outweigh the nejjile benefits.

The costs can be broken into monetary, environmental, and social categories. For
instance the proposed 1068bt biowall would require the clearing of 2 acres of
bottomland hardwootbrest, special trenching machinery, an already built mixing area, a
tub grinder ¢ grind the site trees and more. These materials and actions total around $1.0
million. Environmental costs include erosion and increased sediment loads in the creek
duringand following construction, increased BOD in the creek, potentially decreased
stream quality overall, loss of woodland habitat, soil compaction, and myriad other
construction related effects.

This project will represent a significant disturbance toghesin that
approximately 50 feet on either side of the biowall will have to be cleared for the passage
of heavy machinery on the site. This will amount to roughly 2 acres of cleared land along
the creek line. Because the creek is only 50 feet awaytfieproposediowall at some
points it is highly likely that the clearing activities will impact the creek. When it is
unclear how the biowall will protect human health and the environment it is questionable
why theUSEPAfavors the biowall as the rematlaction for this site. These

considerations show that incorporation of cost benefit analyses into the CERCLA would
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increase the likelihood that remedial options with clearly established benefits would be
chosen in the future.

Another problem with th assessed human health risk is that it assumes that the
landfill will be a source of TCE indefinitely. This is not supported by the data, instead it
appears like the TCE originally found at the site has and continues to migrate into the
surface water wire it is diluted and volatilizeadeducing surface water concentrations to
0 by the time Beaverdam Creek is reach€dis can be seen figure24, whichshows
the highest levels of TCE (73@ L™) approximately 75 feet downgradient of MW6.

This sampling point is within the immediate flow path of the temporary well sampled in
January 2004, which showed a TCE concentration ofig58*. The distance beeen

these points is again about 75 feet. With an estimated groundwater seepage velocity of 4
ft yr'! and the passage of 7 years this would mean that the water jag T58&ould have
migrated about 30 feet. Although this distance does not match teetiietween the

two points it stillsuggestshe migration of TCE over time.

Moreover the calculation of seepage veloagymade based on an assumed
porosity of 0.3 with little to no validation outside the assumption of homogenous silty
sand aquifer raterial. If the porosity is changed to 0.2 then the seepage velocity would
be 2.01 nmyr* or 6.6 feet. With this velocity the TCE could have moved about 50 feet
over 7 years assuming no retardation. Seepage velocity is also directly proportional to the
hydraulic gradient which could be larger than the estimate for the rest of the site due to
topographical considerations. Combine this information with the concentratiorugf 49
L found at about the same point as the #§8* and it appears like the samination

around the landfill is subsiding.

136



On the other handhe temporal trend in TCE contdeations for M6 tells a
slightly less clear picture regarding continued TCE release from the lait&ilhighest
concentréons of TCE in MW6 were founoh August of 2004. The next 5 measurements
up to December 2010 showed decreasing concentration in monitoring well 6 with the
December 2010 reading showing no TCE. Then in March,26&Xoncentrations
increased back to 530y L. This observation was exgihed as a continued release
from the landfill, however it is not clear this is the case and spurious data could be the
explanation. Meanwhile MW2 has showed a consistent though slow decrease in TCE
corcentration since monitoring bega 1994. The lowemagnitude of change makes
sense considering that groundwater flow in MW2 was found to be one order of
magnitude in this welBased on this informatigiit appears like the risk calculated for
this site is overshadowed by the human and environmentalafdstsvall construction
and because risk is likely to diminish with time due to finite contaminant mass, it is not

clear why the biowall is being constructed.
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Chapter XTonclusiam

The case study reevaluation called into question the assumed efficacy of biowalls
by exposing a number of flaws in the interpretation of degradation data. In addition, it
provided lessons and perspective usual for interpreting BDRLF site data. For example,
the importance of clearly establishing transects parallel to groundwater flow fo
monitoring purposes which include points before, within, and downgradient of the
proposed biowall location. Another useful lesson that was taken from the case study
review is that the seepage velocity of groundwater must be considered when interpreting
groundwater data. This concept was repeatedly applied for the reanalysis of BDRLF site
data.

The site data analysis showed that the original interpretation of site data by BMT
Entech was limited in scope and in some cases wrong. Moreover, data wasdéft o
their analysis all together. Consequently, the impression of site contamination at BDRLF
was oversimplified. The revised site analysis showed significant evidence of natural
attenuation of site contaminants and dissipation of the contaminatiom site. Finally,
it showed that new releases of TCE are not occurring as was suggested by BMT Entech
in March 2011.

The batch study showed that additions of zero valent iron to organic biowall
media increase TCE degradation. However, in the case of BDRLF using iron additions is
not economically feasible. Therefore, the unamended biowall materials would have to be
used. The most favorable media on hydrologic and degradation grounds is NiX1 wit
equal volumes of 30% mulch, 30% compost, and 60% concrete BBt showed

77.57% degradation of the total TCE mass. Howéwah the background soil and sand
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control with site watealsoshowed significant degradation with averageS&1% and
48.4% This suggests that the site water used has some capacity to degrade TCE and that
the site is favorable for natural attenuation.

Following theUSEPAsuggested protocol for natural attenuation assessment
showed that there is a high likelihood that nattattenuation is occurring at significant
levels at the site. The original BMT Entech evaluation of natural attenuation in the RI
also stated that the chemical and geological evidence for natural attenuation was strong.
In the FS however, they conclulfom theirBIOCHLOR simulation that the site was
not favorable for natural attenuation. In addition toWli$EPAnatural attenuation
assessment process the additional considerations of phytoremediation-apddite
TCE dissipation avenues were ex@d. Both strongly support the significant occurrence
of natural attenuation at the site.

The costs associated with construction of the biowall far outweigh the human and
environmental benefits. For example, it will be difficult to prove any envirotahen
human benefits due to the placement of the biobfatio 100 feet from the unnamed
creek and because clear transects parallel to groundwater flow have not been established
and monitoring consistently. The risk assessed for the site is not asbogtatsurface
water and yet the biowall is placed such that this will be its primary function.
Furthermore, the original risk assessed for future residents was based on invalidated
assumptions about continued TCE release and inhabitation of the site.

In conclusion, theemedial action is suboptimal in that it does not protect human
health and the environment asich as other possible actions, sucimasitored natural

attenuation. The remedial action may not have been chosen if CERCLA included cost
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berefit analyses in the remedial action decision making process. However, the biggest
reason for the sub optimal remedial action at this site was that clear and testable goals
were not established in the ROD and that clear flaws and shortcomings in theeFS we
overlooked by the USDAJSEPA and all other parties involvedt is not known how

many other remedial actions have been wrougth similar problemsbut it is hoped

that this thesis will help future actions meet the goal of protecting human hechitinea
environment.To achieve this ené number of recommendations are presented to

conclude this document.

51 Recommendations

General

1. Include cost benefit analysis before choosing remedial actions

2. Incorporate the probability of occurrence when assesskg

3. Develop culture of analytical thinking WSEPAso that data misrepresentation is
l ess |likely to result in poor use of

4. Account for the seasonal effects on groundwater contaminant concentrations by
measuring depth to water talbte volume corrections and by monitoring at least
twice a year.

5. Establish transects parallel to groundwater flow along which monitoring occurs.

6. Account for more than biological reductive dechlorination when assessing MNA
potential by assessing soil mia&rgy, testing for CAH residues in tree tissue, and
thinking about sitespecific avenues for contamination dissipation such as

volatilization during flooding.
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Site Specific
1. Do not proceed with the biowall. Instead, continue with monitored natural
atteruation.
2. Reseed the 2 acres of clear cut within 25 ft of the creek with a wildlife mix.
3. If proceeding with the biowall, use MX1 and plan to set up monitoring transects
along the length of the biowall that include upgradient, within, and downgradient

monitoring points.
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Appendix ASite Data
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FigureA-1 Soil gas survey map.
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TableA-1 Soil Gas Survey results units of pg L*

B4 Nov-02 71.44 75.56 59.3 19.01 36.68 57.02 41.98 46.32 99.05
G2 Nov-02 33.11 64.74 18.39 5.09 5.48 71.82 9.8 10.68 71.82
Ad Nov-02 15.39 19.52 3 1.3 0 119.76 2.12 1.87 13.92
EF12 Nov-02 0 16.12 0 0 0 0 0 0 0
E3 Nov-02 0 11 0 0 0 0 0 0 0
A3 Nov-02 4.96 8.73 0 0 0 297.94 0 0 0
EF45 Nov-02 1054.68 4.1 0 0 0 0 0 0 0
Z3 Nov-02 2.21 2.12 0 0 0 3.61 0 0 0
Al Nov-02 0 0 0 0 0 1.58 0 0 0
A2 Nov-02 0 0 0 0 0 0 0 0 0
A5 Nov-02 0 0 0 0 0 0 0 0 0
A6 Nov-02 0 0 0 0 0 0 0 0 0
A7 Nov-02 0 0 0 0 0 0 0 0 0
AB12 Nov-02 25.75 0 0 0 0 0 0 0 0
B2 Nov-02 0 0 0 0 0 0 0 0 0
B3 Nov-02 0 0 0 0 0 0 0 0 0
B5 Nov-02 0 0 0 0 0 0 0 0 0
B6 Nov-02 0 0 0 0 0 0 0 0 0
BC23 Nov-02 6.34 0 0 0 0 0 0 0 0
C3 Nov-02 0 0 0 0 0 0 0 0 0
C4 Nov-02 0 0 0 0 0 0 0 0 0
C5 Nov-02 0 0 0 0 0 0 0 0 0
C6 Nov-02 0 0 0 0 0 0 0 0 0
C7 Nov-02 0 0 0 0 0 1.43 0 0 0
CD23 Nov-02 3.05 0 0 0 0 0 0 0 0
D3 Nov-02 0 0 0 0 0 0 0 0 0
D4 Nov-02 0 0 0 0 0 0 0 0 0
D5 Nov-02 0 0 0 0 0 0 0 0 0
D6 Nov-02 0 0 0 0 0 2.16 0 0 0
D7 Nov-02 0 0 0 0 0 0 0 0 0
DE56 Nov-02  432.02 0 0 0 0 0 0 0 0
E2 Nov-02 0 0 0 0 0 0 0 0 0
E4 Nov-02 0 0 0 0 0 0 0 0 0
E5 Nov-02 0 0 0 0 0 1.3 0 0 0
E6 Nov-02 75.29 0 0 0 0 0 0 0 0
E7 Nov-02 0 0 0 0 0 0 0 0 0
EF56 Nov-02 85.73 0 0 0 0 0 0 0 0
F1 Nov-02 0 0 0 0 0 0 0 0 0
F2 Nov-02  260.39 0 0 1.63 0 0 0 0 0
F3 Nov-02 0 0 0 0 0 0 0 0 0
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TableA-2 Soil iron at BDRLF

Well Date Total Surfa_tl:e Total Subsu_rIace
Name Iron (mg kg") Iron (mg kg")

BD-BO1 Jan04 19200 1380
BD-B02 Jan04 15900 3500
BD-B0O3  Jan04 20100 3340
BD-B04  Jan04 17800 742

BD-BO5 Jan04 10900 5330
BD-B0O6 Jan04 8870 2070
BD-B0O7 Jan04 7490 34200
BD-B08 Jan04 7490 13700
BD-B09 Jan04 14500 15800
BD-B10 Jan04 10500 8120
BD-B11  Jan04 9040 40400
BD-B12 Jan04 14100 8590
BD-B13  Jan04 16400 1770
BD-B14 Jan04 21700 18700
BD-B15 Jan04 18600 561

BD-B16 Jan04 13100 20700
BD-B17 Jan04 7790 518

BD-B18 Jan04 11400 1380
BD-B19 Jan04 8930 744

BD-B20 Jan04 6700 6700
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TableA-3 1999 SSP geoprobeaymdwater sampling resuits pg L™

Well Name Date PCE  TCE C'gé'Ez' éClE Ve S’ClA ch’:ZA
BA27-GW1 Jan99 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BA27-GW2 Jan99 0.00 160.00 0.00 0.00 0.00 0.00 0.00
BA27-GW3 Jan99 0.00 0.31 0.00 0.00 0.00 0.00 0.33
BA27-GW4 Jan99 0.28 810.00 0.00 0.00 0.00 0.00 0.00
BA27-GW5 Jan99 0.00 0.00 0.00 0.00 0.00 0.00 0.69
BA27-GW6 Jan99 0.00 0.72 0.00 0.00 0.00 0.00 0.00
BA27-GW7 Jan99 0.00 0.83 0.00 0.00 0.36 0.00 0.00
BA27-GW8 Jan99 0.00 4.50 0.00 0.00 0.00 1.00 0.00
BA27-GW9 Jan99 0.00 0.18 0.00 0.00 0.00 1.10 0.00
TableA-4 2004RI geoprobggroundwatesampling resultin pg L

well " pate pcE  TCE b oglz mansle Ve
BD-BO1 Jar04 0 0 0 0 0 0
BD-B02 Jan04 0 0 0 0 0 0
BD-B03  Jar04 0 0 0 0 0 0
BD-B0O4  Jan04 0 0 0 0 0 0
BD-B0O5 Jar04 0 0 0 0 0 0
BD-BO6  Jan04 0 0 0 0 0 0
BD-BO7 Jar04 0 0.609 0 0 0 0
BD-B08  Jan04 0.14 92.6 0.36 3.47 0.643 0.14
BD-B09 Jar04 0 0 0 0 0 0
BD-B10  Jan04 0 30.4 0 0.444 0 0
BD-B11 Jan04 0 11.8 0 0.15 0 0
BD-B12 Jan04 0 2.28 0 0.524 0 0
BD-B13  Jar04 0 0 0 0 0 0
BD-B14  Jan04 0 0 0 0 0 0
BD-B15 Jan04 0.218 21.4 0.176 3.38 0.341 0.347
BD-B16  Jan04 0 0.114 0 0 0 0
BD-B17 Jan04 0.231 758 0.445 1.52 0.261 0
BD-B18  Jan04 0.145 396 0.228 0 0 0
BD-B19 Jar04 0 0 0 0 0 0
BD-B20  Jan04 0 16.0 0 0 0 0
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TableA-52011 geoprobe samplimgsults in pg [*

Well

1,1

cis-1,2-

trans-1,2-

Name D€  PCE TCE  Hep DCE DCE ve
GWO01 Maril 0 15 0 0.37 0 0
GW02 Marll 0 1.8 0 0 0 0
GWO03 Marll 0 2 0 0 0 0
GWO04 Marll 0 730 0 21 0.22 0
GWO05 Maril 0 460 1 8 0 0
GWO06 Marll 0 24 0 0.25 0 0
GWO07 Maril 0 72 0 13 0 0
GWO08 Marll 0 49 0 0.29 0 0.36
GWO09 Marll 0 0 0 0 0 0
GW10 Marll 0 0 0 0 0 0
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TableA-6 Monitoring well datan ug L™

a. Monitoring Well 1

b. Monitoring Well 2

cis-1,2- 1,1- cis1,2 transl,2-
Date TCE 11DCE i Date  TCE 5 Dok DOE
Jun97 0 0 0 Jun97 64 0 12 0
Jan99 BN O 0 Jan99 66 0 16 0
Jan04 0 0 0 Jan04 57 0 11 0.964
Aug-04 0 0 0 Aug-04 75 0 19 0
Feb05 0 0 0 Feb05 59 0 17 0
Nov-05 0 0 0 Nov-05 46 0 14 0
Sep06 0 0 0 Sep06 46 0 14 0
Apr-08 0 0 0 Apr-08 42 0 6 0
Mar-09 0 0 0 Mar-09 43 0 8.8 0
Dec10 0 0 0 Decl0 39 0 9 0
May-12 0 0 0 Mar-11 41 0 10 0
May-12 42 0 12 0
d. Monitoring Well 4 c. Monitoring Well 3
Date TCE 1,1-DCE C'gé'Ez' Date  TCE 1,1DCE C'gcll’zz' 1,2DCA
Jun97 0 0 0 Jun97 0 0 0 0
Jan99 0 0 0 Jan99 0 0 0 1.6
Jan04 0 0 0 Jan04 0 0 0 0
Aug-04 0 0 0 Aug-04 0 0 0 0
Feb05 0 0 0 Feb05 0 0 0 0
Nov-05 0 0 0 Nov-05 0 0 0 0
Sep06 0 0 0 Sep06 0 0 0 0
Apr08 0 0 0 Apr-08 0 0 0 0
Mar-09 0 0 0 Mar-09 0 0 0 0
Dec10 O 0 0 Dec10 0 0 0 0
May-12 0 0 0 May-12 0 0 0 0
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e. Monitoring Well 5

Date TCE 1,1-DCE cis1,2DCE
Jan04 0 0 0
Aug-04 0 0 0
Feb05 0 0 0
Nov-05 0 0 0
Sep06 0 0 0
Apr-08 0 0 0
Mar-09 0 0 0
Dec10 0 0 0
May-12 0 0 0

g. Monitoring Well 7

Date TCE 1,1-DCE cis1,2DCE

Jan04 0 0 0
Aug-04 0 0 0
Feb05 0 0 0
Nov-05 0 0 0
Sep06 0 0 0
Apr-08 0 0 0
Mar-09 0 0 0
Dec10 0 0 0
May-12 0 0 0
h. Monitoring Well 8

Date TCE 1,1-DCE cis1,2DCE

Jan04 0.573 0 0.505

Aug-04 0.275 0 0.19
Feb05 0.25 0 0.2
Nov-05 0.2 0 0.19
Sep06 0.635 0 0.875
Apr-08 0.61 0 0.53
Mar-09 0.37 0 0.3
Dec10 0.18 0 0.18
May-12 0 0 0

f. Monitoring Well 6

Date PCE TCE 1,1-:DCE cis1,2DCE
Jan04 0.143 435 0.97 0
Aug-04 0 610 0 0
Feb05 0 475 0 0
Nov-05 0 275 0 0
Sep06 0 420 0 0
Apr-08 0 320 0 2
Mar-09 0 130 0.18 1.8
Dec10 0 0 0 0
Mar-11 0 530 0 34
May-12 0 430 0.53 8.6

i. Monitoring Well 9

Date TCE 11DCE ‘522
Jan04 0.605 0 0.539
Aug04 0 0 0
Feb05 0 0 0
Nov-05 0 0 0
Sep06 0 0 0
Apr-08 0 0 0
Mar-09 0 0 0
Dec10 0 0 0
May-12 0 0 0
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TableA-7 Total iron measured during the Rl in 20 temporary geoprobe wells
Well
Name Date  Iron (ug L™

BD-BO1  Jan04 45100

BD-B02 Janr04 147000
BD-B0O3  Jan04 665000
BD-BO4  Janr04 113000
BD-BO5 Jan04 102000
BD-BO6  Janr04 466000
BD-BO7  Jan04 252000
BD-BO8  Janr04 111035
BD-B09 Jan04 335000
BD-B10 Janr04 18200

BD-B11  Janr04 27700

BD-B12 Janr04 202000
BD-B13  Jan04 245000
BD-B14 Jan04 103000
BD-B15 Jan04 112000
BD-B16 Janr04 143000

BD-B17 Jan04 36600
BD-B18 Janr04 23000
BD-B19 Janr04 74900

BD-B20  Janr04 276000

TableA-8 Iron data for monitoring wells sampled during RI

Sample Total Dissolved Fe(ll)
Location (ng L™ (Mg L™ (mg LY
MW1 4300 1130 1.5
MW?2 4350 0 0
MW3 3780 1750 1.9
MwW4 9000 7740 5.88
MW5 8260 7910 6.2
MW6 16200 13600 6.8
MW7 3840 3170 3
MW8 6670 3510 2.6
MW9 22100 19700 74
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TableA-9 Iron data for monitoring wells sampled for the baseline groundwater sampling

in 1997
Sample Total Dissolved
Location (Mg L™ (Mg L™
MW1 2530
MW?2 5460
MW3 4300
Mw4 14200 12200

TableA-10 Geochemical parameters from March 2011 geoprobe sampling

Well Depth Datetime DO-1 Temperature pH ORP Turbidity
Name (ft) (mg L) (°C) (mvolts) (NTU)
GWO01 9 3/18/11 10:30 3.4 11.95 537 82.6 >999
GW02 6to 10 3/18/2011 8.69 21.04 6.52 30.1 >999
GWO03 16 3/15/2011 13:0C 5.85 11.45 6.4 19 >999
GWo04 12 3/17/11 14:48 8.6 12.07 549 68.3 242.9
GWO05 8tol2 3/17/20111:56 7.35 12.57 535 70.6 70.5
GWO06 12 3/17/20119:05 6.5 8.29 561 16.6 >999
GWO07 8tol12 3/17/20119:57 4.15 10.02 6.37 19.8 488.7
GWO08 10 3/15/2011 11:5¢ 2.92 8.6 546 545 >999
GW09 8tol12 3/17/2011 11:5C 4.67 11.56 5.27 94.9 >999
GW10 12 3/18/2011 11:4C 3.36 14.58 591 332 9.1
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Appendix BBIOCHLOR Simulation
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DISSOLVED CHLORINATED SOLVENT CONCENTRATIONS ALONG PLUME CENTERLINE
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FigureB-3 Graph of dissolved chlorinated solvent concentrations along plume centerline
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Appendix CTemperature Data
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