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Preface

This document was prepared by Battelle Memoria Institute, 505 King Avenue, Columbus, OH

43201, under Contract No. F08637-95-D-6004 (Delivery Order No. 5503) for the Air Force Research
Laboratory (AFRL), 139 Barnes Drive, Tyndall Air Force Base (AFB), FL 32403. The United States
Department of Defense's (DoD’s) Strategic Environmental Research and Development Program
(SERDP) provided the funds for this project. The AFRL Project Officer for this document was
Alison Lightner. Previous versions of this document were supervised by Project Officers Mgj. Mark
Smith, Cpt. Jeff Stinson, 1st Lt. Dennis O’ Sullivan, and Cpt. Gus Faddl. This document isan

updated version of the Design Guidance for Application of Permeable Barriers to Remediate
Dissolved Chlorinated Solvents prepared by Battelle in 1997.

The objective of this report isto provide site managers with a guidance document for designing,
constructing, and monitoring a permeable reactive barrier (PRB) for remediation of dissolved
groundwater contaminants. Another objective of this document is to bring together the existing
knowledge base (published and unpublished) on thistechnology. Thisisintended to be a stand-alone
document that provides guidance to site managers, contractors, and regulators. Supporting materia
for the main document is provided in the Appendices.

Battelle would like to acknowledge the advice and reviews provided by several members of the
Remediation Technologies Development Forum’'s (RTDF ' s) Permeable Barriers Working Group
(PBWG) and the members of the Interstate Technology and Regulatory Cooperation’s (ITRC's)
Permeable Barriers Subgroup. We appreciate the support provided by John Vogan of EnviroMetal
Technologies, Inc. (ETI) in providing updates on several new PRB sites and on the other information
in the guidance document. Timothy Sivavec from Genera Electric Co. and Kirk Cantrell from
Pecific Northwest National Laboratory are acknowledged for their contributions to the 1997 version
of this document.

The information relating to the PRB at Dover AFB was based on a demonstration conducted by
Battelle for AFRL, with Alison Lightner as the project officer and Greg Jackson at Dover AFB as the
Base contact. The information relating to the PRB at former Naval Air Station (NAS) Moffett Field
was based on a study conducted by Battelle for the Naval Facilities Engineering Service Center
(NFESC), with Charles Reeter as the project officer and Steve Chao from Engineering Field Activity
West as the Base contact. Catherine Vogel, at the DoD SERDP, provided guidance and review
support during the project.

This report was prepared as an account of work sponsored by an agency of the United States Govern-
ment. Neither the United States Government nor any agency thereof, nor any employees, nor any of
their contractors, subcontractors, or their employees make any warranties, expressed or implied, or
assume any legd liability or responsbility for the accuracy, completeness, or usefulness of any
privately owned rights. Reference herein to any specific commercia product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily congtitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency, contrac-
tor, or subcontractor thereof. The views and opinions of the authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency, contractor, or
subcontractor thereof.



Executive Summary

A. Objective

The Air Force Research Laboratory (AFRL) at Tyndal Air Force Base (AFB), FL contracted
Battelle in Columbus, OH to prepare a design guidance document for the application of perme-
able barriers. Thefirst verson of this document wasissued in February 1997, after being widely
reviewed by severa members of the Remedia Technologies Development Forum’s (RTDF )
Permeable Barriers Working Group (PBWG) and the Interstate Technology and Regulatory
Cooperation’'s (ITRC's) Permeable Barriers Subgroup. The current document is an effort to
update the previous design guidance &fter reviewing the performance of previoudy ingdled
permegble reactive barriers (PRBs) and evad uating the design and congtruction of newer PRB
applications, such asthe one a Dover AFB. The United States Department of Defense's
(DoD’s) Strategic Environmental Research and Development Program (SERDP) provided the
funds for this project.

The objective of this document is to guide Site managers, cortractors, and state and federd
regulators through the process of:

(8) Determining the technical and economic suitability of a PRB for agiven Ste, and
(b) Designing, condructing, and monitoring the PRB.

Unlike conventiond ex Situ technologies, such as pump-and-treat (P& T) systems, in Stu

technol ogies are more dependent on Site-specific parameters. Therefore, this document does not
purport to replace the scientific judgment of the Ste hydrologist or Site engineer. Ingtead, this
document highlights various chemicd, biologica, and hydrologic issues that affect the applica-
tion of PRBsto various Stes and the options available for resolving these issues.

B. Background

At many stes, groundwater remediation is proving to be a much more difficult and persistent
problem than originaly thought. One of the more common and difficult groundwater problems
prevaent at DoD Stes and other government and industrid properties is the presence of
chlorinated solvent-contaminated soil and groundwater. Chlorinated solvents or chlorinated
volatile organic compounds (CVOCs), such as trichloroethylene (TCE) and perchloroethylene
(PCE), were commonly used at these sites and properties for aircraft maintenance, dry cleaning,
€electronics manufacturing, metd finishing, and other operations. These solvents have entered

the ground through leaks, spills, or past disposal practices, and there may be more than 600 such
Stesat Air Force bases across the country. The United States Environmental Protection Agency
(U.S. EPA) edtimates that there are 5,000 DoD, United States Department of Energy (DOE), and
Superfund sites contaminated with chlorinated solvents.

Because chlorinated solvents often tend to persist in soil and groundwater for severd years or
decades, their remediation is usudly atechnicaly and economically chalenging undertaking.
The conventiona method for addressing groundwater contamination a mogst sites has been P& T



systemns, which extract groundwater from the aquifer, treet it above ground, and dischargeitto a
sewer or back to the environment. The energy and labor inputs required to keep these systems
operationa for many years is a severe economic burden for ste owners. PRBs are an innovative
technology that offer a passive aternative to conventiona P& T systems for addressing long-term
groundwater contamination problems. Although PRBs initidly were applied to tresat CVOC
plumes, they aso have been applied to treet or capture other contaminants, such as hexavaent
chromium and uranium.

C. Scope
The overdl methodology for the gpplication of a PRB at a given Steis discussed in this docu
ment and involves the following steps:

Priminary assessment

Site characterization

Reactive media sdection

Treatability testing

Modeling and engineering design

Sdection of a suitable construction method
Monitoring plan preparation

Economic evauation.
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The guidance in this document is organized in accordance with these design steps.

D. Conclusons

The preliminary assessment is conducted to evauate the technical and economic suitability of a
given ste for PRB agpplication. Once aste isdetermined to be suitable, additiona design steps
areinitiated as shown above. For common contaminants, such as TCE, that are to be treated
with common reactive media, namely iron, it may be possible, if regulators agree, to forego
trestability testing in favor of published contaminant half-lives and a design that includes appro-
priate safety factors.

At saverd exiding Stes, PRB condruction generdly has involved ingtdlation of reactive media

in an excavated space. Excavation using backhoes, continuous trenchers, augers, or caissonsisa
conventiond way of ensuring that the desired thickness and continuity of the reactive cell is
achieved. Theincreasing use of a biodegradable durry, instead of sheet piles or cross-bracing, to
dabilize the excavation has increased the convenience and safety of ingtaling the reactive media
in the ground. However, these excavation methods have varying depth limitations (generdly
between 30 to 50 ft beow ground surface). Innovative ingalation methods, such asjetting,
hydraulic fracturing, vibrating beam, deep soil mixing, and the use of mandrels, have been tested
at some sites and offer potentidly lower-cogt dternatives for ingaling reactive media at greater
depths. As published data from various field sites become available on the ability of these
techniquesto ingtal the reactive media at the desired thickness and continuity, it islikely that
deeper aquifers can be accessed in a cost- effective manner.

Ensuring and verifying hydraulic performance are the main design and monitoring chalenges
during application of PRBs. Aquifer heterogeneities, plume heterogeneities, and seasond

Vi



fluctuations in flow are the factors that make the design and monitoring of a PRB’s hydraulic
performance difficult. Groundwater flow bypass and/or inadequate residence time in the reactive
medium have been the main causes of the inability to meet trestment targets reported at some
stes. Adequate Site characterization, smulation of multiple flow scenarios, and incorporation of
adequate safety factors during desgn are the main ways of achieving satisfactory hydraulic
performance.

The economics of a PRB gpplication depend largely on the useful life (longevity) of the reactive
media, especidly when treating plumes that are expected to persst for severa years or decades.
Most current geochemica evauation techniques (e.g., groundwater monitoring, reactive medium
coring, and geochemica modeling) have not been able to predict the life of common reactive
media, and empiricd evidenceis lacking given the rlaively short history of PRB applications.

In the absence of religble longevity predictions, this document suggests that multiple longevity
scenarios be evaluated to place long-term PRB application costs (and benefits) in the context of
varying life expectancies of the reactive medium.

vii
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1.0 Introduction

1.1 Project Background

At many stes, groundwater remediation is proving to be a much more difficult and persstent
problem than origindly thought. One of the more common and difficult groundwater problems
presented by United States Department of Defense (DoD) sites and other government and indus-
trid propertiesis the presence of chlorinated solvent-contaminated soil and groundwater. Chlo-
rinated solvents or chlorinated volatile organic compounds (CV OCs), such as trichloroethylene
(TCE) and perchloroethylene (PCE), were commonly used at these sites and properties for air-
craft maintenance, dry cleaning, eectronics manufacturing, metd finishing, and other operations.
These solvents have entered the ground through leaks, spills, or past disposal practices, and there
may be more than 600 such sites at Air Force bases across the country. The United States Envi-
ronmenta Protection Agency (U.S. EPA) (1995) estimates that there are 5,000 DoD, United
States Department of Energy (DOE), and Superfund sites contaminated with chlorinated solvents.

Because chlorinated solvents often tend to persist in soil and groundwater for severd years or
decades, their remediation is usudly atechnically and economically chalenging undertaking.

The conventional method for addressing groundwater contamination at most sites has been
pump-and-treat (P& T) systems. P& T systems extract groundwater from an aquifer, treet it
aboveground, and discharge it to a sewer or back to the environment. The energy and |abor
inputs required to keep these systems operational for many yearsis a severe economic burden for
dte owners. Permesble reactive barriers (PRBsS) are an innovative technology that offer a
passve dternative to conventiond P& T systems for addressing long-term groundwater contami-
nation problems. Although PRBsinitialy were gpplied to trest CVOC plumes, they dso have
been applied to treat or capture other contaminants, such as hexavaent chromium and uranium.

The Air Force Research Laboratory (AFRL) at Tynddll Air Force Base (AFB), FL contracted
Battelle in Columbus, OH to prepare a design guidance document for the gpplication of perme-
able barriers (Battelle, 19974). Thefirgt version of this document was issued in February 1997,
after being widdly reviewed by severa members of the Remedid Technologies Devel opment
Forum’'s (RTDF s) Permeable Barriers Working Group (PBWG) and the Interstate Technology
and Regulatory Cooperation’s (ITRC's) Permeable Barriers Subgroup. The current document is
an effort to update the previous desgn guidance after reviewing the performance of previoudy
ingalled PRBs and evauating the design and construction of newer PRB applications, such as
the one at Dover AFB. Funding for this project was provided by DoD’ s Strategic Environmenta
Research and Development Program (SERDP). A list of rdevant points of contact isincluded as
Appendix A.

The objective of this document isto guide Site managers, contractors, and state and federal
regulators through the process of:

(&) Determining the technica and economic suitability of a PRB for agiven ste, and
(b) Desgning, congructing, and monitoring a PRB.



Unlike conventiona ex situ technologies, such as P& T systems, in Situ technologies are more
dependent on site-specific parameters. Therefore, this document does not purport to replace the
scientific judgment of the Ste hydrologist or Ste engineer. Instead, this document highlights
various chemica, biologica, and hydrologic issues that affect the gpplication of PRBsto various
Stes and the options available for resolving these issues.

1.2 Groundwater Remediation Difficulties

One class of groundwater contaminants that has proved to be particuluarly difficult to remediate
is chlorinated solvents. Chlorinated solvents have been used extensvely in the past by industry
and government for avariety of operations, such as degreasing, maintenance, and dry cleaning.
Lesks, spills, and historical disposal practices have led to widespread contamination of the soil
and groundwater. Ten of the 25 most common groundwater contaminants at hazardous waste
gtes are chlorinated solvents, with TCE being the most prevaent (Nationa Research Council,
1994).

Most chlorinated solvents belong to a class of compounds which, when present in sufficient
quantity, may form dense, nonaqueous-phase liquids (DNAPLS). DNAPLs are denser than water
and therefore move downward in the subsurface until they encounter alow-permesbility zone or
aquitard. On their way down, solventstypicaly leave atrall of free-phase resdua DNAPL that
isvirtudly immohbile and is resstant to pumping. The DNAPLS present in pools or in resdualy
saturated zones provide along-term source for contaminant releases into groundwater, which
often result in large dissolved- phase plumes. Although most chlorinated solvents are sparingly
soluble in water, their solubilities are severd times higher than the U.S. EPA’s maximum conr
taminant level (MCL) standards for drinking water. Table 1-1 shows the properties of common
chlorinated solvents. Because of their low solubilities and mass transfer limitations, chlorinated
solvent source zones can persst in the aquifer for severd years, decades, or centuries. Thedis-
solved contaminant plume resulting from the source zone can perss for smilar lengths of time
and has been known to travel large distances because chlorinated solvents are relatively recalci-
trant to biodegradation processes at many stes.

Table 1-1. Propertiesof Common CVOCs

MCL | Water Solubility Density Vapor Pressure

Compound (mg/L) | (mg/L at 25°C) (g/cm®at 20°C)  (Pascals at 25°C)
Carbon tetrachloride 0.005 800 159 15,097
1,1,1-Trichloroethane 0.2 1,250 134 13,300
1,2-Dichloroethane 0.005 8,600 1.26 9,000
Methylene chloride 0.005 20,000 133 46,522 (20°C)
Perchloroethylene 0.005 150 1.63 2415
Trichloroethylene 0.005 1,100 1.46 9,910
cis-1,2-Dichloroethene 0.07 3,500 1.28 26,700
trans-1,2-Dichloroethene 0.1 6,300 1.26 45,300
Vinyl chloride 0.002 2,000 0.91 350,000




Although one apparent approach to cleaning up these sitesis to remediate the DNAPL source
zone, in practice this often proves difficult. First, DNAPL source zones are difficult to locate;
second, when found, these zones generaly are difficult to remediate. Therefore, a many Stes, a
more viable option isto treat the plume. Conventiond P& T systems can be used to capture and
treat the plume. However, past experiences at contaminated groundwater Sites and recent studies
(National Research Council, 1994) have shown the inadequacies of this gpproach. Also, aP&T
system would have to be operated for many years or decades or as long as the source zone and
plume persst, and the associated operational costs over severa decades can be enormous. The
recent development of PRBs has presented a potentidly vigble dternative to conventiona P& T
systems.

1.3 Thelnnovative PRB Technology

Figure 1- 1 shows some possible configurations of PRB systems. In its smplest form, a PRB
congsts of azone of reective material, such as granular iron, indtalled in the path of a dissolved
chlorinated solvent plume (Figure 1-18). Asthe groundwater flows through the reactive zone,
the CVOCs come in contact with the reactive medium and are degraded to potentialy nontoxic
dehad ogenated organic compounds and inorganic chloride. The main advantage of a PRB is that,
generdly, no pumping or aboveground trestment is required; the barrier acts passvely after
ingdlation. Because there are no aboveground ingtaled structures, the affected property can be
put to productive use whileit isbeing deaned up. Also, initid evidence indicates that the
reective medium is used up very dowly and, therefore, PRBs have the potentid to passively trest
the plume over severd years or decades, which would result in hardly any annua operating costs
other than ste monitoring. Depending on the longevity of the reactive medium, the barrier may
have to be rejuvenated or replaced periodicaly; however, it is expected that such maintenance
would be required infrequently if a al.

A PRB typicdly may be ingtdled either as a continuous reective barrier or as afunne-and-gate
system. A continuous reective barrier (Figure 1-1b) consists of areective cdl containing the
reective medium. A funnd-and-gate system (Figure 1- 1d) has an impermeable section (or
funnel) that directs the captured groundwater flow toward the permeable section (or gate). This
configuration may sometimes alow better control over reactive cdl placement. However, most
recent PRB gpplications have been continuous reactive barriers. Continuous reective barriers are
eader to indal and generate less complex flow patterns compared to funnd-and- gate systems.

1.4 Mechanism of Abiotic Degradation with Metals

Although avariety of reactive media (see Section 4.0) can be used to treat groundwater contam-
inants, the most commonly used media are zero-vadent metds, particularly granular iron. Asthe
zero-vadent metd in the reactive cdll corrodes, the resulting dectron activity is beieved to reduce
the chlorinated compounds to potentialy nontoxic products. Because the reaction mechanism of
CVOC degradation with zero-valent iron has been the most widdly studied and reported to date,
this document focuses on the chemistry of CVOC-iron interactions and groundwater-iron
interactions.

The first reported use of the degradation potentia of metas for treeting chlorinated organic comt
pounds in the environment was by Sweeny and Fischer (1972), who acquired a patent for the
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Figure 1-1. Schematic Illugtration of Some PRB Configurations

degradation of chlorinated pesticides by metallic zinc under acidic conditions. These researchers
found that p,p¢ dichlorodiphenyltrichloroethane (p,p¢ DDT) was degraded by zinc at ambient
temperatures at a satisfactory rate with ethane as the magjor product. In two later papers, Sweeny
(1981aand 1981b) described how catadyticaly active powders of iron, zinc, or duminum could
be used to destroy a variety of contaminants, including TCE, PCE, trichloroethane (TCA),
trindomethanes, chlorobenzene, polychlorinated biphenyls (PCBs), and chlordane. The process
could be carried out by trickling wastewater through a bed of iron and sand to give suitable
retention and flow properties, or by fluidizing a bed of iron powder with the aqueous influent.
Sweeny suggested that the reduction proceeds primarily by the removal of the halogen atom and
its replacement by hydrogen (Equation 1- 1), although other mechanisms probably play arole.
Another important reaction suggested was the replacement of ahaogen by a hydroxyl group
(Equation 1-2). Theiron metd aso was bdieved to be consumed by water (Equation 1-3),
athough this reaction proceeds much more dowly than the other two.



Fe+H,O+RCl ® RH +Fe" + OH + CI (1-1)
Fe+2H,0+2RCI ® 2ROH + Fe?* 2CI" + H, (1-2)
Fe+2H,0® Fe?*+20H + H, (1-3)

Other researchers such as Senzaki and Kumagai (1988a and 1988b) and Senzaki (1988) aso sug-
gested the use of iron powder for remova of TCE and TCA from wastewater. More recently,
researchers at the University of Waterloo (Reynolds et d., 1990; Gillham and O’ Hannesin, 1992)
conducted focused effortsin this area, and were issued a patent for the use of zero-vdent metas
for in Stu groundwater treatment (Gillham, 1993).

The exact mechanism of degradation of chlorinated compounds by iron or other metasis not
fully understood. In dl probability, avariety of pathways are involved, athough recent research
seemsto indicate that certain pathways predominate. 1f some dissolved oxygen (DO) is present
in the groundwater as it enters the reactive iron cdl, theiron is oxidized and hydroxyl ions are
generated (Equation 1-4). This reaction proceeds quickly, as evidenced by the fact that both the
DO and the oxidation-reduction potentia (ORP) drop quickly as the groundwater enters the iron
cdl. Theimportance of thisreaction isthat DO can quickly corrode the first few inches of iron

in the reactive cell. Under oxygenated conditions, the iron may precipitate out as ferric
oxyhydroxide (FeOOH) or ferric hydroxide [Fe(OH)3], in which case the permeshility could
potentialy become consderably lower in the first few inches of the reective cdl at the influent
end. Therefore, the aerobic nature of the groundwater can be potentialy detrimenta to the tech
nology. However, contaminated groundwater at many Stesis not highly oxygenated. Also,
engineering controls (see Section 6.0) possibly can be used to reduce or diminate DO from the
groundwater before it enters the reactive cell.

2F+ 0, +2H,0® 2Fe** + 40H (1-4)
Once DO has been depleted, the created reducing conditions lead to a host of other reactions.
Chlorinated organic compounds, such as TCE, are in an oxidized state because of the presence of

chlorine. Iron, a strong reducing agent, reacts with the chlorinated organic compounds through
electron transfers, in which ethene and chloride are the primary products (Equation 1-5).

3Fe’ ® 3Fe? +6€

C,HCl, +3H" 66" ® C,H, +3CI" (1-5)
3Fe® +C,HCl, +3H® 3Fe** +C,H, +3CI’

In one sudy, Orth and Gillham (1996) found that ethene and ethane (in theratio 2:1) conditute
80% of the origina equivdent TCE mass. Partidly dechlorinated byproducts of the degradation
reaction such as cis-1,2-dichloroethene (DCE), trans-1,2-DCE, 1,1-DCE, and vinyl chloride
(VC) were found to condtitute only 3% of the original TCE mass. Additiond byproducts
included hydrocarbons (C1 to C4) such as methane, propene, propane, 1-butene, and butane.
Virtudly al the chlorinein the origind TCE mass was accounted for as inorganic chloride in the
effluent, or as chlorine remaining on the partidly dechlorinated byproducts. Similar results were



obtained by Sivavec and Horney (1995), who quantified both liquid and gas phases of the
reaction to obtain a carbon balance greater than 90%.

It is unclear whether the reported production of ethane during TCE degradation represents a
different pathway or whether it results from the iron- mediated catdytic transformation of ethene.
Also unclear is whether the C1 to C4 hydrocarbons represent an aternative pathway for TCE
degradation or are the result of some other reaction. One study (Hardy and Gillham, 1996)
suggests that aqueous CO;, is reduced on the iron surface to form these hydrocarbon chains.
Another sudy (Deng et a., 1997) suggests that the source of these hydrocarbonsisthe acid
dissolution of gray cast irons containing both carbide and graphite carbon.

A number of interesting issues are raised by the reaction mechanism as explained in Equation 1-5.
For Equation 1-5 to take place in one step without the generation of larger amounts of partidly
dechlorinated products (e.g., DCE or VC), six eectrons must be transferred dmost instantane-
oudy. Giventhelow probability of an instantaneous transfer of this magnitude, Orth and
Gillham (1996) suggest that the TCE molecule must remain attached to the metal surface long
enough for the six-dectron transfer to occur. The TCE molecule remains attached to the meta
surface ether through the inherent hydrophobicity of TCE or, as Sivavec and Horney (1995)
suggest, by the formation of a strong chloroethene-iron pi bond. This bonding prevents desorp-
tion until dechlorination is complete, athough afew random chloroethene molecules may desorb
early, leading to the presence of smal amounts of DCE and VC. Overdl, these explanations
suggest that the degradation of chlorinated organics by metdsis a surface phenomenon and that
the rate is governed by the specific surface area of the reactive medium.

Thereis evidence that PCE and TCE in contact with iron may degrade a least partly through a
different pathway from the hydrogenolysis pathway discussed above. Experiments by Roberts et
a. (1996) indicate that PCE and TCE could be reduced through the b-dimination pathway
shown in Fgure 1-2 (for TCE only) to dichloroacetylene and chloroacetylene, respectively.

Both of these byproducts are potentialy toxic, but are likely to be short-lived. Hydrogenolyss
could lead to their transformation to lesser chlorinated acetylenes, which could further be

reduced to substituted ethenes. Hydrolysis of the chloroacetylenes to acetatesis aso a possible
pathway. Overdl, these experiments indicate that there may be multiple pathways (as shownin
Figure 1-2) by which chlorinated ethenes, such as PCE and TCE, are transformed in the presence
of iron into dehaogenated products such as ethene (Sivavec et d., 1997).

Iron aso reacts with water itsdlf under reducing (anaerobic) conditions, athough this reaction is
believed to be much dower than reactions of iron with halogenated compounds. The dow reac-
tion with water (Equation 1-6) is advantageous to the technology because very little reactive
medium (iron) isused up in thisSde reaction. Hydrogen gasand OH' are formed as water is
reduced, as shown in Equetion 1-6.

Fe®® Fe? +2e

2H,0 +2€ ® H, +20H" (1-6)
Fe’ +2H,0® Fe** +H, +20H"
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Figure 1-2. Currently Proposed Mechanism for TCE Degradation by Iron

Hydrogen generation could be a concern if hydrogen accumulates in the aquifer asit appearsto
do in some column tests (Mackenzie et ., 1999). Moreover, hydrogen evolution rates cacu-
lated by Reardon (1995) for Master Builder’ siron (10-32 mesh) are not insgnificant. Apart
from the flammability issue, formation of hydrogen could potentidly lead to porosity loss and
decreased permeability. Column tests have shown porosity losses of 5 to 10% attributable to
hydrogen gas buildup (Sivavec, 1999). Because the porosity losses were measured immediately
after garting the column tedts, it is unlikely that they were caused by minera precipitation.
However, in natura aquifers, hydrogen generated through the reaction shown in Equation 1-6
can degrade through biologicd transformations (Chiu and Cha, 2000). Therefore, hydrogen
buildup has not been identified as a problem at field PRB sites. Hydrogen generation and its fate
in naturd aguifersis an arearequiring further research.

Because severa of the above reactions produce OH', the pH of the water in the reactive iron cell
typicaly increases, often reaching values above 9.0. One effect of increased pH initidly was
thought to be adowing down of the TCE degradation rate (O’ Hannesin, 1993), because changes
in pH were expected to cause changes in the degradation rate through direct involvement of H*
(see Equation 1-5). However, subsequent research has raised questions about whether pH affects
degradation rate (Agrawa and Tratnyek, 1996).

An indirect effect of increased pH is the potentia for precipitates to form, which could coat the
surface of theiron and potentialy reduce the reactivity of the iron and the hydraulic conductivity
of the reactive cdll. The dissolved carbonic acid and bicarbonate (alkainity) present in many
natural groundwaters act as buffers limiting pH increase and precipitate formation (Equations 1-7
and 1-8):
H,CO® + 20OH ® COs* + 2 H,0 (1-7)

HCOs; + OH ® COz* + H.,0 (1-8)



Soluble carbonate ions are formed as the OH™ ions are consumed. If carbonate ions cortinue to
build up, however, precipitation of carbonate solid species may occur. Depending on the compo-
gtion of the groundwater, the precipitates formed could be cacite (CaCOz), siderite (FeCOg), or
magnesium hydrocarbonates (Reardon, 1995). If groundwater carbonate is exhausted through
the precipitation of carbonate minerals, the water may become saturated with respect to Fe(OH)»
and Fe(OH)3 astheiron continues to oxidize. Fe(OH), isrdatively insoluble and Fe(OH)s is
extremely insoluble; therefore, both compounds may precipiteate if the iron concentration exceeds
saturation levels.

In summary, most groundwaters contain many different aqueous species that may play somerole
in affecting the performance of aPRB. In generd, the course of chemicd reactions taking place
in multi-component systems cannot be predicted by considering each species individudly,
because most of these reactions are interdependent. To some extent, equilibrium behavior in
complex systems can be predicted using geochemica modeling codes, which are described in
Sections 6.0 and 8.0. However, many groundwater reactionsin PRB systems may not resch
equilibrium during the passage of groundwater through the reactive cdl. Also, even if the type
and mass of reaction products could be predicted, it is unclear how many of these products are
actudly retained in the reactive cell and how the products affect performance. For example, very
fine precipitates that may be formed could be carried out of the resctive cell by colloiddl trans-
port with the groundwater flow. It o isunclear whether the precipitates retained in the reac-
tive cell occupy the same reactive Sites as those targeted by the contaminants (i.e., CVOCs).
However, the reaction chemistry discussed above and the geochemical modeling codes described
in Sections 6.0 and 8.0 do provide some basis for selecting appropriate reactive media and
assessing the longevity of the mediain the groundwater environment & a given Ste.

1.5 Potential Biologically Mediated Reactions In The Reactive Cell

Microbia growth in the reective cell can help or hinder the degradation or remova of some types
of contaminants. Some reactive media, such asiron, gppear to degrade CVOC contaminants
primarily through abiotic processes. Similar TCE degradation rates were observed with and
without added biocide in column tests with granular iron (Gillham and O’ Hannesin, 1994).
However, there are indications that microbes could potentially populate the reactive cdl and/or
the downgradient aquifer under certain conditions.

In one laboratory study (Chiu and Cha, 2000), researchers found that |actate, iron, or hydrogen
were able to serve as electron donors in order to sustain amicrobial culture from a TCE
contaminated Ste. These researchers suggest that the microbes used the hydrogen generated
during anaerabic iron corrosion for energy and for TCE dechlorination. In this case, microbid
activity may be beneficid because it prevents the buildup of hydrogen in an iron reactive cell.
However, microbes could potentidly enter afield reactive cdl through groundwater transport
and then populate the reactive medium; if the growth of microbesis excessve, it could lead to
biofouling of the reective cdll in the long term.

Microbes can potentialy cause biofouling of iron reactive cells over the long term in severd
ways. For example, three different mechanisms have been identified by which microorganisms
can promote Fe(l11) precipitation from the groundwater (Tuhdaet d., 1993). The first and most
common mechanism for bacteriato produce Fe(l11) is by directly usng Fe(ll) as an energy



source. These bacteriainclude Thiobacillus ferrooxidans and Leptospirillum ferrooxidans.
However, these bacteria are acidophiles, and athough they may be present in acidic soils, they
probably would not be expected to proliferate in akaline environments produced by zero-vaent
iron. The second mechanism is one that relies on a process available to stalked and sheathed
bacteria, which isto oxidize Fe(ll) on sheath surfaces. Gallionella and Leptothrix spp. are two
such bacteria that gppear to be involved in Fe(I1) oxidation (Tuhelaet d., 1993), and sulfide- and
thiosulfate- dependent forms aso have been reported (L Utters-Czekalla, 1990). Extensive bio-
fouling by stalked and sheathed bacteria has been detected in water wells (Tuhdla et d., 1993)
and accumulation of stalked iron bacteriain sand filters used for iron remova aso have been
reported (Czekallaet d., 1985). By this mechanism, growth of stalked and sheathed bacteria
potentialy can occur in the reactive cell iron or in the downgradient aguifer. The third mech
anism involves heterotrophic bacteria that use carbon in organo-ferric complexes. Biodegrada-
tion of organo-ferric complexeswould liberate Fe(l11), resulting in rgpid precipitation of ferric
hydroxide. However, thisthird mechanism may not be a primary source of ferric hydroxide
precipitation in DNAPL-contaminated groundwaters, unless a strong Fe(l11) chelant isaso
present.

A concomitant occurrence is the oxidation of ferrousiron or Mn(I1) by microbidly mediated
reactions and the subsequent precipitation of ferric or Mn(1V) hydroxides. Iron-related biofoul-
ing has been dtributed to various types of clogging problems in groundwater treetment systems
(Chapedlle, 1993), and there has been speculation that such problems may be encountered in the
reactive cdl of aPRB or in the downgradient aguifer. Ferric hydroxides can precipitate as amor-
phous Fe(OH)s, or they may develop a crysaline structure such as ferrinydrite (5 Fe,O3¢9 H»0).
Ferrihydrite has been identified as the solid phase in biofouled water wells (Carlson and
Schwertmann, 1987; Tuhdaet d., 1992). In generd, ferric hydroxides have very low solubili-
tiesa neutra and akaine pH; hence, oxidation of Fe(ll) is accompanied by nearly complete
remova of iron from the aqueous solution by precipitation.

Despite these possihilities, groundwater and iror/soil core samples collected from reactive cells
and from downgradient aquifers at PRB sites show no signs of any sgnificant PRB-induced
microbia growth, after two to five years of operation at Stes such asthe former Nava Air
Station (NAS) Moffeit Fied, Dover AFB, and the Inters| stein Sunnyvale, CA (Battelle, 1998;
Battelle, 2000; EnviroMeta Technologies, Inc. [ETI], 1999). More research is needed on the
potentia role of microbid interactions in primarily abiotic media, such asiron. Interegtingly,
some reactive media may actudly be sdlected for the beneficid role that microbia processes
play in contaminant degradation/removal (see Section 4.1.4.5).



2.0 The Design M ethodology

The overdl methodology for the application of a PRB at agiven steis shown in Figure 2-1.
PRB design involves the following steps:

Priminary assessment

Site characterization

Reactive media sdlection

Treatability testing

Modeling and engineering design

Sdection of a suitable congtruction method
Monitoring plan preparation

Economic evauation.

Oo00 00 00D

The preiminary assessment is conducted to evauate the technica and economic suitability of a
given ste for PRB agpplication. Once aste isdetermined to be suitable, additiona design steps
areinitiated.

2.1 Preliminary Assessment

Typicdly, the first assessment that dte managers must make iswhether or not the steis suitable
for aPRB application (see Figure 2-2).

2.1.1 Preliminary Technical Assessment

The factors that need to be considered to determine the suitability of aste for PRB application
arelised bdow. Although an unfavorable response to any of the following factors does not
necessarily rule out the use of a PRB, it can make the application more difficult or coslly:

o Contaminant Type. Arethe contaminants of atype reported in scientific and tech-
nical literature as amenable to degradation by suitable (i.e., commercially available,
relatively inexpensve, and benign to the environment) reactive media? Table 2-1
lists the contaminants that are currently reported as either amenable or recacitrant to
abiotic degradation with iron. An economicaly feasible hdf-life is necessary to
support the gpplication. As dternative media or enhancements are discovered, more
contaminants may come within the scope of this technology.

o Plume Sizeand Digtribution. Isthe plume very wide or very deep? Very wide or
very deep plumes will increase the cost of the gpplication. However, at least two Stes
currently have ingalled PRBs that are more than 1,000 ft wide (see Section 10.0).
Depth of the plume or depth of the aguitard may be a more sgnificant cost
congderation.
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Prdiminary Assessment

- Technicd
- Economic
Site Characterizatior Reactive Media Selectior
- Contaminant distribution - Contaminant treatment
- Hydrogeology - Hydraulic properties
. Geochemistry » . Geochemistry
- Geotechnica and topographic - Ervironmenta compatibility
factors - Cost
Moddling and Engineering Design Treatability Tedting
- Hydrogeologic modeling - Contaminant half-lives
- Correction factors and safety factor 49— . Hydraulic properties
- Geochemicd evaduation - Geochemidry
l I l
Congtruction Method Selectior Permesble Reactive Barrier Monitoring Plar
- Reaction cdl congruction - Locetion, orientation - Contaminants monitoring
- Funnd condruction - Configuration - Hydraulic performance
(if required) . Dimensions monitoring
- Geochemica performance
monitoring
PRB Cogt Evauatior
- Capitd invesment <
- O&M costs

Figure2-1. Design Methodology for a PRB Application
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Figure 2-2. Preliminary Assessment of the Suitability of a Site for PRB Application
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Table2-1. Compounds Tested and Half-Lives Normalized to 1 m? Iron Surface per mL
Solution (Adapted from Gillham, 1996 and other sourceslisted in the footnotes)

Purelron™ Commercial Iron™
Organic Compounds tyo (Nr) tyo (hr)

M ethanes _
Carbon tetrachloride 0.02@, 0.0039, 0.023" 0.31-0.85"
Chloroform 1.499 0.739 4.8"
Bromoform 0.041@

Ethanes
Hexachloroethane 0.013@ NA
1,1,22-Tetrachloroethane 0.053® NA
1,1,1,2-Tetrachloroethane 049@
1,1,1-Trichloroethane 0.065?, 1.4" 1.7-4.1°
1,1-Dichloroethane NA NA

Ethenes
Tetrachloroethene 0.28@, 527 2.1-10.8" 3.9
Trichloroethene 0.67@,7.39.79 0.68" 1.1-4.69,2.49 2.8
1,1-Dichloroethene 5.5, 2.8" 37.49,15.0
trans-1,2-Dichloroethene 6.49 49° 699 7.6"
cis-1,2-Dichloroethene 19.79 10.8-33.9%, 47.6°
Vinyl chloride 12.69 10.8-12.3", 4.7

Other Organics
1,1,2-Trichlorotrifluoroethane (Freon 113) 1.02® NA
1,2,3-Trichloropropane NA 24.0°
1,2-Dichloropropane NA 4.5°
1,3-Dichloropropane NA 2.29
1,2-Dibromo-3-chloropropane NA 0.72"
1,2-Dibromoethane NA 1.56.5”
n-Nitrosodimethylamine (NDMA) 1.83" NA
Nitrobenzene 0.008% NA

Inorganics
Chromium®®, nickel” NA NA
Uranium® NA NA
Nitrate ¢ NA NA

No Apparent Degradation
Dichloromethane®@® NA NA
1,4-Dichlorobenzene™ NA NA
1,2-Dichloroethane® NA NA
Chloromethane® NA NA

(@) Gillham and O’'Hannesin (1994) () Lipczynska-Kochany et d. (1994)
(b) ETI (1997) () Orth and Gillham (1995)

(c) Focht (1994)

(d) Agrawa and Tratnyek (1994)
(e) Sivavec and Horney (1995)

(f) Mackenzieet d. (1995)

() Matheson and Tratnyek (1994)
(h) Schreier and Reinhard (1994)
NA = Not available.

(k) Bloweset . (1997)

() WSRC (1999)

(m) The hdf-lives reported in thistable are for
illugtration purposes only. Contaminant half-
lives may vary depending on the iron source
and site-specific groundwater chemistry.
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o Aquifer Depth. Isthe aguifer very deep? If the aquitard is very deep and the barrier
must be keyed into it, the congtruction costs could be high. For many chlorinated
solvent gpplications, the PRB may have to be keyed in because of the potentid for
underflow of contaminants. If ahanging barrier configuration is used (that is, the
PRB does not extend dl the way down to the aquitard) for shalow plumes, detailed
gte characterization and hydrologic modeling will have to be conducted in order to
demondtrate to stakeholders that plume underflow will not occur. Currently, PRBs
can be ingtdled to depths of 25 to 30 ft usang rdatively inexpendve excavation
equipment, such as a standard backhoe. At greater depths, relatively more expensive
commercia methods may have to be deployed, such as clamshell or caisson excava
tion. Some innovative congruction techniques, such asjetting, have been tested at
some Sites to overcome depth and cost constraints (see Section 7.0). Individua
congtruction contractors generaly can provide site managers with guidance on
whether the particuar congtruction technique thet they offer isfeasible for the
gpecific gte characterigtics involved.

o Geotechnical Considerations. Arethere any geologic fegtures a the Site that may
make indalation more difficult? The presence of consolidated sediments or large
grave or rocks may make some types of construction more difficult. Caissons, for
instance, may bend or get caught in such formations. Aboveground structures, such
as buildings, that are in the vicinity of the ingtalaion may impede the
manewerability of congtruction equipment.

o Competent Aquitard. Isthe aquitard very thin or discontinuous? If so, keying the
PRB into the aquitard could be difficult. If thereisaposshility that the aquitard
could be breached during congtruction of the PRB, thus causing contamination to
migrate into the lower aguifer zone, then the application should be reassessed.

o Groundwater Veocity. Isthe groundwater velocity too high? If the velocity is
high, the reective cdl thickness required to obtain the desired design residence time
may aso be high and the barrier could become costly. However, PRBs have been
indtaled at Steswith groundwater velocities as high as 3 ft/day. A Stewith very
dow-moving or stationary groundwater may also not be particularly suitable because
of the dependence of the PRB on achieving passve contact with the groundwater
(plume) flow.

2.1.2 Preliminary Economic Assessment

Instead of going through the entire design process and then performing a detailed cost evaluation
for the PRB application, it may be desirable to prepare a rough cost estimate during the prelimi-
nary assessment sage itsdf. The preliminary cost evauation includes arough cost estimate for a
PRB and other competing remediation option(s), such asaP&T system or air sparging, for a
given site. Section 9.0 contains the methodology for preparing and comparing the cost estimates
for aPRB and aP& T system for plume control/treatment. Appendix B contains an example of a
cost evaluation conducted for a PRB ste.
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A rough estimate can be obtained for most capital investment and operating and maintenance
(O&M) cost components for comparison between PRB and a competing technology without
preparing a detailed PRB design. The only two exceptions are the reactive medium and PRB
construction cogts; these two e ements require some guesses as to the dimensions and construc-
tion method that will be used. However, if the preiminary economic assessment is viewed as an
extenson of the technica feaghility determination for the PRB gpplication, it may be possble to
arive at areasonably good cost estimate during preliminary discussions with reactive medium
suppliers and congtruction contractors. Multiple design and construction scenarios may have to
be prepared in order to obtain a cost range for the two technologies. As seenin Appendix B,
athough preconstruction costs congtitute a significant portion of the total costs of a PRB, these
codstend to be fairly amilar no matter what technology is used. The sameisthe case with post-
construction monitoring costs, which tend to be approximately the same for most technologies.
Therefore, preconstruction and monitoring costs could be ignored at the preliminary assessment
stage and the focus should be on cost estimates for the reactive medium, congtruction, and O&M
costs of the competing technologies. Significant differences are likely to show up between the
O&M costs of active and passive technologies.

Although there may Hill be some uncertainty in the costs developed at this stage, aprdiminary
cost assessment performed at this stage would make site managers aware of the cost ramifica:
tions of various design scenarios pursued later during detailed design. If nothing ese, a quali-
tative evauation of the factorslisted in Section 2.1.1 from a cost perspective will give Ste
managers some idea about whether any of these factors are likely to make the costs of a PRB
aoplication relatively high or rdatively low.

Section 10.0 summarizes the reactive medium and construction costs encountered & various
PRB sites and could be used to obtain some idea of the costsinvolved. Note that most of the
Ste-specific cost estimates mentioned in Section 10.0 do not include precongtruction costs (costs
for gte characterization, modeling and engineering design, and procurement process) or post-
congtruction (i.e., O& M) costs.

2.2 Site Characterization

If apreliminary assessment shows that the site is suitable, the next issue iswhether or not the
avallable ste characterization data are sufficient to locate and design the PRB. If the Ste infor-
mation is inadequate for the purpose, additiona Site characterization may be required. Sec-
tion 3.0, Site Characterization, describes the site information that is required and discusses the
tools available to collect thisinformation. The important Site information required includes the
following:

o Aquifer Characteristics. The aguifer characteristics that should be known include
groundwater depth, depth to aquitard, aguitard thickness and continuity, groundwater
velocity, laterd and verticd gradients, Site Stratigraphy/heterogeneities, hydraulic
conductivities of the different layers, porogity, and dimensions and didtribution of the
plume. Thisinformation isrequired to assist in hydrogeologic modding performed to
locate and design the barrier.
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o Organic Compostion of the Groundwater. The types of chlorinated solvent

compounds and the concentrations should be known. Thisinformation will be used
to select gppropriate reactive media, conduct treatability tests, and design the
thickness of thewall.

I norganic Compostion of the Groundwater. Thisinformation isrequired to eva-
uate the long-term performance of the PRB and select appropriate reactive media
Knowledge of the presence and concentrations of calcium, magnesum, iron, akainity
(bicarbonate), chloride, nitrate, and sulfate can be used to eva uate the potertid for
precipitate formation that may affect the reactivity and hydraulic performance of the
PRB. Field parameters such as pH, ORP, and DO also are good indicators of
conditions conducive to formation of precipitates.

Geotechnical and Topographic Consderations. Underground (e.g., utility lines or
rocks) and aboveground (e.g., buildings or utility lines) structures that could impede
the congtruction of the barrier need to be identified and evauated.

2.3 Reactive Media Selection

Once the required Site characterization data have been obtained, the next step isto identify and
screen candidate reactive media. Section 4.0, Reactive Media Selection, discusses the various
media available and the factors affecting their sdection. The main consderationsin identifying
initid candidates are as follows:

Q

Reactivity. The candidate medium should be able to degrade the target contaminants
within an acceptable resdence time. Generdly, the shorter the half-life of the con
taminant with a given media, or higher the reaction rate congtant, the better the media.
Table 2-1 shows the ranges of haf-lives of severd contaminants that are degraded by
iron. Any aternative medium sdected should have comparable or better reactivity,
unless other factors (such as the following five factors) dictate a trade-off.

Hydraulic Performance. Sdection of the particle sze of the reective medium
should take into account the trade-off between reactivity and hydraulic conductivity.
Generdly, higher reactivity requires lower particle size (higher total surface areq),
wheresas higher hydraulic conductivity requires larger partide sze.

Stability. The candidate medium should be able to retain its reactivity and hydraulic
conductivity over time. This condderation is governed by the potentid for precipitate
formation and depends on how well the candidate medium is able to address the
inorganic components of the Ste groundwater. One important characteristic of the
groundwater that limits precipitate formation is akainity, which acts as abuffer. If
naturd buffers are absent from the groundwater, a reactive medium that provides the
required buffering capacity could be incorporated.

Environmentally Compatible Byproducts. The byproducts generated during degra-
dation should not have deleterious effects of their own on the environment. For
example, during degradation of TCE by iron, smal amounts of potentidly toxic
byproducts (such as vinyl chloride) may be generated (see Section 1.0). However,
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given sufficient resdence time for groundwater flow through the reective cell, these
byproducts are themselves degraded to potentialy nontoxic compounds. Any
dterndive reactive medium selected should demondrate smilar environmental

comptibility.

o Construction Method. Some innovative congtruction techniques, such asjetting,
may require afiner particle size of the reactive medium.

o Availability and Price. The candidate medium should be eadly availablein large
quantities at a reasonable price, athough specia Ste consderations may sometimes
justify ahigher price.

2.4 Treatability Testing

Section 5.0 describes the treatability tests that can be conducted to determine some of the design
parameters for aPRB. Following identification of candidate reactive media, batch tests could be
performed to quickly screen severa candidate media. If only one or two candidates have been
identified, screening by batch testing could be forgone in favor of column tests. Column tests are
more representative of dynamic field conditions than batch tests and provide more accurate
design information. Column tests are conducted to select the find reactive medium and
determine hdf-lives and resdence times. It is recommended that column tests be performed
with groundwater obtained from the Site to generate representative design data.

2.5 Modeling and Engineering Design

Once data is obtained from site characterization and |aboratory testing, it can be used for con-
ducting modeling of different hydrogeologic and geochemica scenarios and engineering designs
to determine the location, orientation, configuration, and dimensions of the PRB. Section 6.0
describes the modding and engineering design process involved. An iterative processis required
to some extent between modding/design and choice of congtruction method. For example, if
caissons are used for ingtdling the reactive medium in the ground, a funnd-and-gate type
configuration may be designed to provide the required plume capture width. 1f backhoe
excavation is used, a continuous reactive barrier configuration may be more suitable. Different
PRB configurations will generate different flow veocities and therefore different reective cdll
thickness requirements.

Hydrologic modeling (see Section 6.1) is an important tool that can be used to define many
agpects of the design. Severa hydrogeologic modds are available for modeling a PRB flow and
transport system. Appendix C describes the various flow and particle transport models available
and their main features. Widely available and validated models such as MODFLOW and its
enhancements are generally sufficient to achieve PRB design objectives. Hydrogeologic
modeling, aong with Ste characterization data, is used for the following purposes.

o Location of Barrier. Determine a suitable location for the PRB with respect to the

plume didtribution, ste hydrogeology, and site-specific features, such as property
boundaries and underground utilities.
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o PRB Orientation. Design the best PRB orientation that will capture the maximum
flow with the minimum reactive cell width, given the seasond variationsin flow
direction.

o Barrier Configuration. Determine a suitable PRB configuration (e.g., continuous
reactive barrier or funnd-and- gate system).

o Barrier Dimensions. Modeing can be used with the Ste characterization and
laboratory testing data to determine a suitable width and thickness of the reactive cdll
and, for afunnd-and-gate configuration, the width of the funndl.

o Hydraulic Capture Zone. Estimate hydraulic the capture zone for agiven PRB
design.

o Design Trade-Offs. Identify a baance between hydraulic capture zone and flow-
through thickness of the reactive cdll (gate), which are interdependent parameters.

o Media Selection. Hep in media sdlection and long-term performance evauation by
specifying required particle size (and hydraulic conductivity) of the reactive medium
with respect to the hydraulic conductivity of the aquifer.

o Longevity Scenarios. Evauate future scenarios whereby reduced porosity resulting
from precipitate formation could potentialy cause flow to bypass the reective cell.
This evdudion gives an indication of the safety factors needed in the design.

o Monitoring Plan. Assst in planning appropriate monitoring well locations and
monitoring frequencies.

Geochemicad evauation (see Section 6.4) of the Ste aso can commence while treetability tests
arein progress, athough knowledge of the inorganic composition of the influent and effluent

from column testsis helpful to the evaluation. Geochemica evauation may condst smply of a
qualitative assessment of the potentid for precipitate formation in the reactive cell based on site
characterization and treatability test data. Numerical geochemical codes may or may not be
used, depending on site objectives. Most available geochemica models are predictive and based
on equilibrium codes, dthough inverse modeling codes can be used to back- cal cul ate the mass of
precipitating and dissolving compounds along a known flowpath.

2.6 Construction Method

Once the location, configuration, and dimensions of the PRB have been designed, the best way to
ingd| the barrier in the ground needs to be determined. Section 7.0, Construction Methods,
describes the various techniques available for ingaling the reactive cdl and funnd walls (in case
the barrier is afunnd-and-gate design). Because the technica feasibility and cost of a construc-
tion method depends to alarge extent on the depth below ground surface (bgs) that needs to be
accessed, the depth of the aquitard is the primary parameter governing sdection of the construc-
tion method at agiven Ste. Geotechnica considerations, such as presence of rocks or highly
consolidated sediments, lso may affect the viahility of the technique used. Section 7.0 discusses
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both conventiona congtruction methods (such as backhoe excavation, sheet pile wals, and durry
walls) and innovative methods (such as caissons and jetting).

2.7 Monitoring the Performance of a PRB

Once the congtruction of the barrier is complete, the barrier will need to be monitored for aslong
asthe plumeis present. Section 8.0 discusses PRB monitoring requirements in terms of the loca-
tions, frequency, and type of monitoring. Target contaminants (and their byproducts), hydraulic
flow characteristics, and geochemistry (PRB longevity indicators) are the main categories of
parameters that are monitored. A monitoring plan generdly is prepared aong with the design
report, and both documents play a sgnificant role in obtaining regulatory approva for PRB
goplication.

2.8 PRB Economics

Detailed estimates of the capitd investment and O& M costs of a PRB can be prepared once the
engineering design iscomplete. Section 9.0 discusses the methodology for estimating the costs

of aPRB and a competing technology, such as P& T. For both PRB and P& T options, the capital
investment isincurred immediately, but the O& M costs are spread over severd years or decades
of operation. To consolidate present and future costsinto atota cost in today’ s dollars, a present
vaue (PV) or discounted cashflow approach isused. In this approach, future costs are reduced
to their PV by incorporating the time effects of inflation, productivity, and risk.

One ggnificant unknown in the cost evauation is the longevity of the reactive medium, aterm
that refers to the time during which the PRB retains the desired reactive and hydraulic perform:
ance. Because existing PRBs have been operationa only for about five years, and because most
geochemicd assessment tools (e.g., modeling, inorganic anadyss of groundwater, and andysis of
field cores of reactive media) have been primarily qualitative rather than quantitative or predict-
ive, it isunclear how long a PRB may be expected to retain its performance. InaPV andyss of
cogts, it isimportant to know not only how much the replacement/regeneration of the reective
medium will cogt, but dso when in the future it will have to be done. In the absence of a
longevity prediction, the methodology outlined in Section 9.0 stresses development of multiple
longevity scenarios. In other words, multiple PV cost estimates of a PRB gpplication are
obtained assuming different longevities. This multiple-estimate process dlows site managers to
assess their expectations of the longevity of the reactive medium in terms of the minimum
longevity required for the PRB application to be more cost- effective than a competing
technology.

Any economic benefits of the PRB gpplication may be included in the evauation as an offst, or
reduction, to capitd investment or O&M costs. Economic benefits may accrue, for example,
from being able to put the property to more productive use (because of the absence of above-
ground treatment structures and the need to operate those structures). Intangible benefits of the
PRB, such asthe long-term risk reduction achieved, also should be considered.
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3.0 Site Characterization

In comparison with aP& T system, a PRB isardatively permanent structure. For aP& T system,
locations of pumping wells, pumping rates, and aboveground treatment methods can be changed
or modified as understanding of the Ste grows. However, onceingdled, a PRB is difficult to
relocate and change, so it isimportant to understand the site as well as possible before ingtdling

aPRB. Thefollowing aspects of the Ste are important to know:

000D

Hydrogeology of the Ste

Contaminant digtribution in the groundwater
Geochemicd composition of the groundwater
Geotechnica and topographic features.

Seasond variations in such factors as flow and rainfall events could affect some of these site
features, so quarterly data collected over a period of one year are desirable. However, at many
gtes, Ste managers must work with the data that are available. It may be ussful to note that
many of the performance problems encountered at PRB sites have been due to hydraulic issues,
such asinadequate plume capture or inadequate residence time.

Table 3-1 contains alist of parameters that are generdly required to determine the suitability of a
gte for PRB treatment and to establish treatability testing and computer moddling parameters.

Table 3-1. Suggested Site Characterization Parmaetersfor a Prospective PRB Site

Objective Parameters Comments
Contaminant | Target contaminants (e.g., TCE, PCE, Horizonta and vertical distribution through
Didtribution DCE, VC, and Cr) multi-level or cluster wells for thicker
aquifers; horizonta distribution through
long-screen wells for thinner aquifers.
Ste Site Stratigraphy In the plume, with specia emphasisin the
Hydrogeology | Hydraulic gradient vicinity of prospective PRB location; may
Hydraulic conductivity (K) distribution be conducted in two steps at some sites.
Particle size distribution in aquifer
Porosity of aquifer
Site Field parameters (ORP, DO, pH, and Horizontal and vertical distribution through
Geochemistry conductivity) multi-level or cluster wells for thicker
Cations (e.g., Ca, Mg, Fe, and Mn) aquifers; horizontal distribution through
Anions (eg., SO,, Cl, NOs/NO,, and long-screen wells for thinner aguifers.
dkdinity)
TOC and DOC
Geotechnicad | Consolidated sediments Evauate accessibility of prospective PRB
and Overhead utility lines/other structures location to construction equipment;
Topographic | Underground utility lines/other structures | evaluate underground features that may
Features cause difficulties for construction.
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3.1 Hydrogeology of the Site

The requirements for groundwater flow system characterization include data on geologic and
hydrologic parameters. A preliminary characterization of the Site geology is necessary to
identify formation characteristics that may affect groundwater flow, contaminant movement, and
permesble wall design. A search for background geologic information should be completed as
part of this characterization. In many cases, some of the needed information is available from
previous Site characterization sudies. Remedid Investigation/Feasibility Study (RI/FS) reports,
Record of Decison (ROD) reports, RCRA Facility Investigation (RFI) reports, and/or ground-
water modeling reports are good sources of initid information. Sometimes, additiond dte-
specific characterization may be needed to support the feasibility study, Ste sdlection, and design
of the PRBs. Although the regiona geology and groundwater flow regime generaly isknown
on a property-wide scde, loca information often must be obtained through additiona charac-
terization. (Theterm “local” impliesthat the information is required on the scale of the plume
and in the immediate vicinity of the proposed barrier location. In fact, rlatively smdler plumes
generdly require greater loca detall than is avallable in most Site reports.)

3.1.1 Local Hydrogeology

Any pre-existing geologicad background and site information should be assembled and a
preliminary conceptualization of the subsurface geologic festures should be completed. This
model should have generd information on the Ste-wide lithology, various aquifer layers and
confining units, contaminant plume configuration, and factors such as precipitation. A conceptu-
dization of the lithologic variations dso should be developed. These variaions have a 9gnifi-
cant impact on aguifer heterogeneity, which may be the most important control on the
groundwater flow system and placement of the PRB. This preliminary assessment should be
used as abasis for further delinestion of theloca geology for PRB ingtalation.

At the locd scde, the most Significant data to be collected include variations in the depth, thick-
ness, lithology, and water levds of different hydrogeologic units. Data collection is achieved by
drilling and sampling severd locations by conventiond drilling or newer characterization tech
niques, such as cone penetrometer testing (CPT) or Geoprobe® sampling. The number and loca:
tions of boreholes and samples required for the Ste heterogeneity assessment should be based on
the scientific judgment of the on-Ste hydrogeologist and on the availability of pre-existing data.

At relaively homogeneous sites, only afew boreholes are needed to characterize the Ste
adequately. However, a stes with heterogeneous sediments or channeling, alarge number of
boreholes are needed before a reliable picture of the subsurface features can be developed. Most
of theinformation for geologic characterization can be collected from soil borings and observa-
tion of core samples. The physica properties of the sediments can be determined using borehole
logging techniques. CPT rigs have been particularly useful for this. In addition, the CPT or
Geoprobe® borings also can be used for collecting one-time groundwater samples from specific
depth intervals. Some or dl of the boreholes may be converted to permanent groundwater
monitoring wells for periodic and/or continuous weter-level measurements and groundwater
sampling. Additionaly, these wells aso can be used for determination of hydraulic conductivity
(K) and porosity (n) by pumping or dug tests. Some of the monitoring wells should be ingtalled
as clusters which are screened a different depths to evauate vertica hydraulic gradients.
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Some intact formation samples (e.g., cores, split-spoons, and/or thin-walled tubes) should be
collected to provide afield description of the geologicad conditions and to identify or estimate
hydrogeologic properties of the aquifer. Formation samples can be analyzed to measure physical
properties (e.g., grain Sze, mineralogy, lithology, and texture) and hydrogeol ogic properties
(e.g., porosity and permeability). Samples should be described and logged in the fidld and, if
appropriate, submitted to alaboratory for analysis. Laboratory andysis of porosity can be used
in the development of design requirements for the PRBs because the determinations of residence
times, flow veocity, and discharge are based on these hydrogeologic properties. Other labora:
tory analyses can be completed to evaluate concentrations of adsorbed contaminants and to
evauate geochemica properties, such as organic carbon content of the aquifer material.

Once dl of the field and laboratory data have been obtained, Ste-specific geologic cross sections
should be prepared to evauate the lithologic variations at the Site. In addition, water-leve
measurements from shalow and deep hydrogtratigraphic units (HSUs) should be plotted on the
cross section to evaluate the vertical hydraulic gradients across the adjacent aquifers. An exam:
ple of adetailed hydrogeologic cross section for PRB site characterization at Dover AFB is
shown in Figure 3-1. This cross section shows the correlation for soil lithology based on CPT
logging of soil properties, on water-level measurements, on depths to aquitard, and on concen
trations of key contaminants in the boreholes. Severa such cross sections were devel oped
(Battelle, 1997b) for the Site as part of the PRB design. Similarly, at former NAS Moffett Field,
geologic data from severa boreholes and numerous CPTs were used (Battelle, 1998) to delineate
the location of the sand channd at the Ste (see Section 6.1.3). The locd-scde lithologic cross
sections at this Ste were aso correlated with the Base-wide maps of subsurface sand channel
deposits that act as preferentia pathways for most of the groundwater flow and contaminant
trangport. The pilot-scae PRB was placed across one of these channels, and the funnd walls
were placed across the finer-grained interchannd deposits.

3.1.2 Determination of Groundwater Velocity and Direction

Hydrologic or groundwater flow parameters are important in PRB design because these param+
eters determine the groundwater capture zone, and the location, orientation, configuration, and
dimensions of the PRB. The objectives of taking hydrologic measurements are to estimate the
groundwater flow velocity and direction in the prospective PRB location. These objectives can
be achieved through measurement of aquifer properties and the use of Darcy’s Law, through
tracer testing, or through direct measurement with appropriate probes. Most available probes are
in various stages of development and evaluation; therefore, at most Stes, the most reliable

method of estimating groundweter velocity and direction involves usng water-level measure-
ments adong with Darcy’s Law.

3.1.2.1 Groundwater Flow Direction

Groundwater flow directions are determined using awater-table or potentiometric surface map
based on water-level measurements made at the Ste. Groundwater flow is perpendicular to the
equipotentia lines expressed on a map as contours of water-table or potentiometric surface
eevation. For smple flow fieds, groundwater flow directions may be determined using athree-
point problem approach. At mogt sites, however, sufficient measurements should be taken to
delinegte locdized variationsin the flow field usng contour maps. Maps should be congtructed
for severa different messurement events to determine the range of seasond hydraulic variaions
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a thedte Thefind design of the PRB should incorporate the effect of maximum variation in
flow directions to avoid future Stuations where the plume may bypass the barrier.

3.1.2.2 Groundwater Velocity Estimate Using Darcy’sLaw

The use of the Darcy’ s Law equation is the most common gpproach for determining groundwater
velocity in the aguifers. This approach requires measurement of hydraulic conductivity (K), effec-
tive porosity (ne), and hydraulic gradient (dhvdl) digtribution in the local vicinity of the proposed
PRB. The average linear groundwater flow velocity can be caculated by the following equation:

V, = K (dh/dl) (3-1)
Ne
where Vy = theaveragelinear groundweter flow velocity
K = theK of the aguifer materid (L/t)
dvdl = thehydraulic gradient
Ne = theeffective porogty.

The parameters needed for hydraulic evauation are discussed further in the following
subsections.

3.1.2.2.1 Hydraulic Conductivity. K isthe measure of an aquifer’s ability to transmit water
and is expressed as the rate a which water can move through a unit thickness permesble
medium. K is perhgps the most critical aquifer parameter for the design of PRBS, because K can
vary by an order of magnitude or more, even in relaively “homogeneous’ Stes (e.g., the Dover
AFB gte). The velocity of groundwater movement and dissolved contaminant migration is
directly related to the K of the saturated zone. In addition, subsurface variationsin K directly
influence contaminant fate and trangport by providing preferentid pathways for contaminant
migration. Egtimates of K are used to determine flow velocities and travel times for contam-
inants and groundwater. At relatively more heterogeneous sites, most of the groundwater flow
and contaminant trangport in the aguifers may be restricted to high K zones (e.g., the former
NAS Moffett Fidd ste). It isimportant to delineate these preferentia pathways by a combina-
tion of geologic and hydrologic characterizations so that the permesble barriers can be located
across these zones. Ultimately, an accurate estimate of K (or K digtribution) at the site will
reduce the uncertainties in the velocity estimate and required flowthrough thickness for the PRB.
At steswith sgnificant vertica heterogeneities or anisotropy, it would be useful to estimate
vertical K. These data can be important in estimating the potentia for overflow, underflow, and
cross-formationd flow.

The most common methods used to quantify K are sngle- and multiple-well pumping tests and
dug tests. Horizonta and vertical K aso can be determined from laboratory testing of sediment
cores. Pumping tests involve the pumping of atest well and measurement of drawdown in the
surrounding wells. Grester details on these tests can be found in Domenico and Schwartz
(1990), Fetter (1994), and Kruseman and de Ridder (1991). Pumping tests generally give the
mogt rdigble information on K, but they may be difficult to conduct in contaminated areas
because the water produced during the test generally must be contained and treated. One of the
disadvantages of pumping testsisthat they are rdatively expensve and time consuming to
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conduct, and may cause temporary displacement of the plume if conducted in the contaminated
region of interest. Therefore, at highly heterogeneous sites, it generdly isimpracticd to conduct
asufficient number of teststo estimate the K variationsin dl the hydrostratigrgphic units of
interest.

Sug withdrawa or injection tests are the most commonly used dternative to pumping tests. A
dug test consgts of the insertion or removad of a“dug’ or known volume of water, or the
displacement of water by asolid object. The displaced water causes a stress on the aquifer that is
monitored through the change and recovery of hydraulic head or weater level. One commonly
cited limitation to dug testing is that the method generaly gives K information only for the area
immediately surrounding the test well. Sug tests do, however, have two distinct advantages

over pumping tests: they can be conducted in smdl-diameter wells, and they do not produce
contaminated water that may require treatment and/or disposal. If dug tests are used as part of a
gte characterization effort to determine the K didtribution in an aguifer, it isimportant that multi-
ple dug tests be performed. The tests should be performed with replicates and in as many wells
asfeasble. Another big advantage of dug tests over pumping testsis that alarge number of tests
can be conducted in the amount of time and cogt it takes for one pumping test. Therefore, dug
tests can be used to estimate the spatid variationsin K at heterogeneous Sites. A description of
the theory and application of dug testing is provided in Fetter (1994), and a complete description
of the analysis of dug test dataiis provided in Kruseman and de Ridder (1991).

K also can be determined from laboratory testing of the soil cores collected in the field. How-
ever, this method may not generate representative results because the samples are invariably dis-
turbed during collection, which may impact the accuracy of thetests. CPT pressure dissipation
tests aso have been used for K determination. For the PRB at Dover AFB, this method resulted
in reasonable estimates of K for the lower-K clayey zones. However, for the high-K sandy
zones, the pressure dissipation was too fast and the results were not reliable (Battelle, 2000).

3.1.2.2.2 Porosity. The porosity (n) of an agquifer materid is the percentage of the rock or
soil/sediment that consists of void space. The porosity of asample of aquifer materid is

normally determined in the laboratory by submerging a dried sample in aknown volume of

water until it is saturated. The volume of voidsis equd to the origind weater volume lessthe
volume in the chamber after the saturated sampleisremoved. This method excludes very small
and non+interconnected pores, thus providing the effective porosty of the sample. Table 3-2 ligts
generd ranges of porosity that can be expected for typica sediments. For the purpose of PRB
design, the range of porosity for al sediment types at the proposed site should be determined by
collecting soil samples from the aquifer and the underlying confining layers.

Table3-2. Porosity Rangesfor Sediments

Sediment Type Porosity Range
Wdll-sorted sand or gravel 25-50%
Sand and gravel, mixed 20-35%
Gladid till 10-20%

St 35-50%
Clay 33-60%

Source: Fetter (1994).
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3.1.2.2.3 Hydraulic Gradient. The hydraulic gradient is the change in hydraulic head (dh) over
aunit distance (dl) dong the direction of the steepest head decline. Like groundwater flow direc-
tion (see Section 3.1.2.1), the hydraulic gradient is determined using a water-table or potertio-
metric surface map congtructed using water-level measurements taken at the Site during a specific
time. It isgenerdly important to estimate values of both the lateral and vertica hydraulic gradients
a thegte. Thevertica gradients are useful in evauating potertid for underflow or overflow and
flow between adjacent aquifers. The vertical hydraulic gradients may be determined by comparing
water levelsin multiple wdl clusters with individua points screened at different verticd depths. 1t
iscritica to take water-level measurements at severa times during the year and over severd years
50 seasona and long-term variaions in groundwater flow velocity and direction can be evauated.
These variations should be incorporated into the safety factor for PRB design to prevent future
bypass of the sysem by the plume or insufficient resdence times.

3.1.2.3 In Situ Groundwater Veocity Sensors

Recently, the in Stu groundwater velocity sensors developed at Sandia National Laboratory
(Ballard, 1996) have been used a severa PRB gtes, including former NAS Alameda, Dover
AFB, and former Lowry AFB, for evauation of groundwater velocity and flow direction mainly
during the performance assessment phase. The sensors and associated data acquisition system
are marketed by HydroTechnics, Inc., of Albuquerque, NM. The sensors have been deployed
both in the PRB media and in the surrounding aquifers. So far these sensors have not been used
for gte characterization during the PRB design phase; however, their use can provide vauable
information on the loca- scale and seasond variationsin groundwater velocity. If used for Site
characterization purposes, severd sensors should be ingtaled across the investigation area. This
may include ingdlation in different lithologic zones, in recharge and discharge zones, or at
different depthsin the aquifer.

The HydroTechnics sensor uses athermal perturbation technique to directly measure the three-
dimensond (3-D) groundweter flow velocity vector in unconsolidated, saturated, porous media
The technology dlows for long-term and continuous monitoring of the groundwater flow regime
in the immediate vicinity of the probe. Theinstrument congsts of acylindrica heater 30 inches
long and 2.37 inches in diameter which has an array of 30 cdibrated temperature sensors on its
surface. The velocity sensor isingdled directly in contact with the agquifer media at the depth of
interest. Only a data transmission wire connects the sensor to the surface. A hesater activated
with 70 W of continuous power supply hegts the sediments and groundwater surrounding the
sensor to about 20 to 30°C above background. The temperature distribution at the surface to the
sensor is affected by the groundwater movement resulting from advective flow of heated ground-
water. The measured temperature distribution is converted into flow veocity (3-D magnitude
and direction) by a computer program.

The manufacturer’ s specifications indicate that Darcy velocity range of 0.01 to 1.0 ft/d can be
measured with the probe with aresolution of 0.001 ft/d and an accuracy of 0.01 ft/d. Thelife
gpan of the sensor is 1 to 2 years and it can be instdled up to adepth of 400 ft. The data can be
retrieved remotely with a telephone and modem connection.

3.1.2.4 Downhole Veocity Measurement Probe

A possible dterndive to the HydroTechnics velocity sensor is the Geoflo Groundwater Flow-
meter System manufactured by KVA Andytica Systems, Inc. This probe can be used in
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2-inch-diameter monitoring wells for direct downhole measurement of groundwater velocity and
direction. The system is a portable salf-contained instrument consisting of a 2-inch-diameter
flowmeter probe and associated packer assembly attached to 80 ft of dectronic cable, duminum
suspension rods, and a control unit with battery packs. The submersible probe consists of a
centra heating dement surrounded by four pairs of opposed thermistors. The heating dement
and thermistors are contained within a packer assembly that isfilled with 2-mm-diameter glass
beads. The measurement of groundwater velocity and direction by the flowmeter is based on
initiating a short-term hesat pulse a the center of the probe. The distribution of the resulting heet
in the glass beads is measured by the thermigtors, and the relative difference between opposed
thermistorsis displayed. The values read from the display are resolved into the rate and direc-
tion of flow in the well through (1) a process of vector resolution, and (2) computation with a
flow velocity cdibration equation The qudity of the tests can be evauated by use of acosne
test as described in the user’s manual.

Proper cdibration of the flowmeter instrument is required to ensure accurate results. Factors
potentialy affecting the instrument response include aquifer matrix type, well screen type and
orientation, type and amount of thefill in the annular space of the well, adherence of uniform

and horizonta groundwater flow through the well screen, and operator techniques. The cdi-
bration is based on measuring the instrument response in alaboratory tank with flow veocity,
probe screen, and glass beads smilar to that expected at the Ste. The flow velocity caculated
for saverd flowratesin the tank is plotted againg the instrument reading, and the dope of the
resulting calibration curve is used to caculate field velocity in thewels. Thus a site-specific
cdibration equation is obtained for each ste. The stated range of velocity for KVA probe useis
0.02 to 100 ft/day. However, at low end of thisrange, the results may not be very good for the
screen types and monitoring well condruction a many contaminated Stes. Anillustration of
KVA probe use at the former NAS Moffett Fiedld PRB site is presented in Battelle (1998). The
velocity measurements proved to be a mixed success at this Site in part because the flow
velocities encountered at the Ste turned out to be lower than the instrument calibration range.
However, the results il provide a quditative indication of groundweter flow directions at the
dgte. At higher flow velocities and in properly screened and completed monitoring wells, the
results are expected to be more reliable.

3.1.2.5 Colloidal Borescope

The colloidd borescope is an in Situ device that provides direct visua means for observing
colloids in monitoring wells. Colloidd sze, dendity, and flow patterns can be assessed, and an
evauation of sampling effects on the natural groundwater flow system can be made. Thisdevice
has been used previoudy to evaluate micropurge sampling techniques (Kearl et d., 1994), and
currently is being used to determine the flow velocity and directions in monitoring wells by

direct observation of colloida particle movement (Korte, 1999). The colloida borescope was
developed at Oak Ridge Nationa Laboratory (ORNL) as part of the Exploratory Studies
Program. The borescope dso is marketed by AquaVISION Environmental, LLC.

The ingrument consgts of a charge coupled device (CCD) camera, opticd magnification lens,
illumination source, and stainless sted housing. The device is about 60 cm (2 ft) long and has a
diameter of lessthan 5 cm (2 inches), making its use possible for the 2-inch-diameter monitoring
wells present at most PRB sites. The eectronic image from the well can be seen at the surface
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on amonitor and recorded on aVHS tape. The magnified image corresponds to afield of view
of gpproximatdy L.O0mm~ 1.4mm~ 0.1 mm. The colloida borescopeisinserted into the
monitoring well by aset of rigid quick-connect tubes. These tubes maintain the dignment of the
borescope in the well so that the flow directions can be determined. The flow velocity and
direction can be measured after awaiting period during which the flow changes from turbulent
(due to probe insertion) to laminar (due to natural groundwater flow).

A recent study (Kearl, 1997) presentsin detail the various aspects of groundwater velocity
measurement using the borescope and its comparison with traditiona (i.e., Darcy equation-
based) approaches to velocity estimation. Kearl evauates the performance of the borescopein
different geologic settings and in laboratory tanks. In most cases flow magnitude and direction
appear to be stable within an acceptable standard deviation range. However, large fluctuations
and standard deviation due to swirling were observed in alow conductivity setting. 1t was
concluded that the laminar flow establishes more eeslly in the rdatively high-flow zones of the
aquifers. In comparison, swirling flow conditions develop as the groundwater enters from the
lower-flow zonesinto the well bore. Asaresult of this effect, the borescope tends to be more
religble in the higher-flow zones, and the results are biased toward preferentia flow zone
veocity rather than bulk flow velocity. Essentidly, the borescope provides an estimate of
maximum velocity rather than the average velocity in the borehole. According to Kearl (1997),
field borescope measurements should be reduced by afactor of 1 to 4 for velocity magnitude to
account for higher than actud vdocities. Within this range, higher multiples are needed for
wellswith filter pack than those without filter pack, based on laboratory tank studies. A field
study of the applicability of the borescope and HydroTechnics sensors a multiple PRB stesis
currently being conducted through ajoint DoD-DOE effort (Battelle, 1999).

3.1.2.6 Tracer Testing

Tracer tegting isardatively difficult, more expensve way of determining the flow properties of
the targeted portion of an aguifer. However, if successfully applied, tracer tests can provide the
most direct measurement of flow. Tracer tests can be used to estimate the average groundwater
veocity and determine flowpath variations. In generd, tracer tests involve injecting aknown
concertration and volume of achemical tracer in the upgradient locations and then monitoring
for the arrival and concentration distribution in one or more downgradient wells. The plots of
concentration versus time are used to caculate travel velocities through the medium. The spread
in the concentration distribution is an indicator of the disperson caused by heterogeneties. The
most significant aspects of conducting the tracer tests include the sdlection of tracers, the loca
tion of monitoring points, and the determination of appropriate sampling frequencies.

Conservative tracers usudly are used to determine flow velocity in order to prevent the tracer
from being retarded significantly by chemica reactions with the aquifer medium. The monitor-
ing point locations must be based on a reasonable understanding of the flow patterns so that the
wells are placed directly downgradient of the injection points and so most of the injected tracer
can be accounted for during mass-baance cdculations. The sampling frequency is based on a
pre-estimate of the expected flow velocity and should be sufficient to obtain arddivey large
number of samples during the time the tracer passes through the monitoring locations. The mass
of tracer should be smal enough that the injected volume does not have alarge impact on the
flow fidd (i.e, the natural hydraulic gradients should not be disturbed). However, the mass of
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tracer should be large enough to obtain detectable concentrations in the monitoring wells. Moni-
toring for tracer movement may be based on a combination of laboratory analyses of samples
and the use of specificion dectrodes. It is better to install specific ion eectrodes with data
loggers for continuous monitoring of tracer concentrations in severd wells. The only disadvan+
tage of using the specific ion eectrodes may be the need to cdibrate them often. Generdly,
tracer tests are time-consuming, cumbersome, and expensive. However, when conducted
properly, they provide the most direct evidence of the flow patterns in the subsurface.

3.2 Contaminant Digtribution in the Groundwater

The distribution of the target contaminants needs to be mapped out so that a suitable location
which meets regul atory/administrative objectives can be determined. Many of the design fea
tures of the PRB are aso dependent on the contaminant distribution, as described in Section 6.0.

3.2.1 Spatial Distribution of Contaminants

In generd, the 3-D digtribution of each contaminant plume at the Site needs to be delineated so
that the PRB can be appropriately located and sized to captureit. This delinestion includesthe
identification of the contaminated aquifer(s), the depth and width of the plume(s), the average
and maximum concentration, and the rate of plume movement. In addition, it isimportant to
characterize the Sgnificant processes that may affect the spread of contamination in the
subsurface a the Ste. These processes may include the effects of adsorption/retardation,
chemica reactions, dispersion, and vertica plume movement due to fluid dendty effects.

In many cases, some of the required data already would be available from the RI/FS, ROD, RF,
or routine monitoring reports from the site. Therefore, no new data may need to be acquired for
plume characterization at these Sites. Instead, a careful review of existing reports should be con
ducted and new data should be collected only if significant deta gaps are found or if the pre-
exiging data are out of date or inadequate. If needed, groundwater samples can be collected to
fill data gagps or to improve sampling dengity in areas of particular interest or for specific

andytes. Generdly, discrete-depth samples of groundwater from severd locations are recom-
mended for proper ddineation of the plume. Even a Stes (e.g., Dover AFB) with rlaively
homogeneous geology, contaminant concentrations may be heterogeneoudy distributed both in
laterd and vertical planes (Battelle, 2000), either due to preferentia flow channels or due to the
exigence of multiple DNAPL sources. At former NAS Alameda, for example, the plume was
found to contain a very thin core of high contamination that was stretching the trestment capacity
of the ingtaled PRB (Einarson et d., 2000). Multi-level samples or clusters of short-screen wells
should be used to better ddlinegte the plume.

The width of the contaminant plume can be determined from the isopleth maps of concentration.
If sufficient data are available, the maps also may reved the potentid source zones for the con-
taminants and the existence of preferentia pathways for contaminant migration dong which the
contaminants have advanced. The plume maps aso can be used to identify a potentia location
and design for the PRB ingtdlation. In most cases, the barrier isingtdled near the downgradient
end of the plume. However, severd factors may lead to the ingtalation of barriers within the
plumes. For example, Ste access to the edge of the plume may be difficult, or barriers may have
to beingdled at the edge of the property boundary even if aportion of the plume dready has
moved past the property boundary. Sometimes the barrier may be located in the proximity of the
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highest concentration parts of the plume to expedite the remediation of the most contaminated
areass. Such alocation may be required for dow moving plumes. Other measures may be
required in such cases to address the remaining portion of the plume.

3.2.2 Temporal Changesin Contaminant Concentration

Although much of the site characterization effort is directed toward mapping the current con-
taminant digtribution, an effort should be made to anticipate the changes in the contaminant
digtribution over time. The objective isto anticipate the way that the shape of the plume and
concentration of the contaminants near the PRB may change with time. If concentrations change
ggnificantly over time, the amount of reactive medium ingdled in the PRB may become insuffi-
cient to trest the plume to target cleanup levels. If the shape of the plume changes sgnificantly
over time, it may find its way around the PRB. In addition, if the PRB is being designed to
replace an existing P& T system, it may be difficult to predict the future shape and movement of
the plume once the P& T system is shut down.

Predicting changes in shgpe and concentration of the plume over timeis very difficult. This
issue may need to be addressed by eva uating different design scenarios and by incorporating
suitable safety factors in the design, rather than through predictions from dte characterization.
However, characterizing more of the upgradient plume and source area may provide a prelimi-
nary indication of how the plume may develop in the future. At the very leadt, the maximum
contaminant concentration upgradient from the prospective PRB location should be determined.
Higtorical plume maps or contaminant data taken at different pointsin time may be helpful.

3.2.3 Groundwater Sampling for Volatile Organic Compounds

Groundwater sampling for volatile organic compounds (VOCs) provides essentid information on
water movement, contaminant levels, and inorganic chemistry and geochemistry needed to
understand and mode the performance of a PRB. Proper qudity assurance (QA) procedures, as
described in EPA SW-846, should be followed during sampling to ensure that the data are vaid.
Zero headspace should be ensured prior to sedling the sample containers. Sample containers
should be labeled, logged, and stored at approximately 4°C while they are being transferred
under chain-of-custody protocol to an anayticd laboratory for andyss. Andysis must be com+
pleted prior to expiration of recommended holding times. Field duplicates, fild blanks, and trip
blanks are commonly used qudity control (QC) samplesthat aid data qudity evauation.

At some fidld sites, monitoring wells dready will be inddled at a distance from the PRB suitable
enough to enable water sample collection that will meet the objectives of the project. Theloca-
tions of existing groundwater wells may be adequate, particularly if the god is compliance moni-
toring. However, questions concerning plume capture or plume migration may arise after the
project has begun which could render the number and distribution of existing wells inadequte.
To cover awider sampling area or to enlarge the dataset collected at important points, it is often
practica, fast, and economicd to ingal temporary monitoring points, as opposed to ingaling
additiond permanent wells. Also, the need for certain types of information may beimmediate
and there may be no need for follow-up sampling. All of these goal's can be met by ingaling
temporary monitoring points.
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Temporary points can be ingaled using severd types of available direct push equipment, such as
a CPT rig and Geoprobe®. Usualy, anarrow diameter (typically ¥+inch) polyvinyl chloride
(PVC) tube with dotted well screen isingtdled through the bore of the drive casing. After the
casing is removed, native soil beginsto collgpse around the PV C tube while adjacent ground-
water flowsinsde. Screen sections can be obtained in various lengths to accommodate discrete
leve (typicaly 6-inch to 3-ft) or continuous (long-screen) sampling. Also, narrow dot Szes
should be usad if the soil texture isfine. The aboveground length can be shortened to a
convenient height if desired to accommodate the sampling method.

Sampling can begin immediately after temporary well ingdlation. If water levels are rdeively
shalow (generaly no deeper than 25 ft), samples can be collected by pumping with a perigtdtic
pump. Thisisdone by firg insarting athin (eg. ¥+inch outsde diameter) flexible or semi-rigid
tube (agrade of Teflon™ is recommended) into the middle of the screened section of the PVC
tube. The sample tubing then should be connected to a section of flexible Vitor® tubing which is
inserted into the pump mechanism. If water levels are too deegp for sampling using a perigdtic
pump, water samples can be recovered by using a narrow-diameter baller. An dternative method
for collecting moderately deep groundwater is to use a collection device built into the drive tip of
adirect-push sampler. One drawback to thiskind of deviceisthat only a smdl volume (up to
100 mL) of sample can be collected. Additiondly, a narrow-diameter bailer can recover only a
amdl sample volume and the water will likely remain turbid due to disturbances in the aquifer
caused by itsuse. The perigatic pump method alows continuous collection of water, aslong as
the pumping rate is lower than the recharge rate. Sow recharge can be alimitation of temporary
wells, because of the smdl diameter of the hole and absence of an annular sand pack.

When groundwater sampling is done within or nearby the PRB, it should be done in a manner
that causes the least disturbance to the insde of the PRB. Thisis true no matter whether
temporary or permanent wells are used. Even rdatively low rates of water remova can lead to
increased flow and reduced residence time of groundwater in contact with the reactive medium.
If aperigtatic pump is used, water samples should be extracted at low flowrates to prevent
atifidd gradients. In addition, to minimize disruption of normd flow through the barrier,
successive samples should be collected in different parts of the barrier, rather than being sampled
progressively in nearby wells.

If pumping is used, the flowrate should be set to minimize water-level drawdown. Asarule of
thumb, drawdown in the sampling well should be no grester than 0.05 ft. Water levelsin nearby
wells dso may be monitored to check for drawdown until a suitable withdrawa rate is deter-
mined for the Ste. At PRB dtes, atypicd range of sampling ratesis 50 to 500 mL/min. Purging
of the wells before sample collection should be kept to a minimum to redtrict the sample to the
water immediately surrounding the well. One method to assure that weater samples are repre-
sentativeis to purge at least three volumes of the sample collection tubing. For atypica 3/16-
inchrinsde diameter, 25-ft-long tubing segment, three tubing volumes are equivaent to about
400 mL. After sample collection, dl tubing shoud be decontaminated as described below. In
addition, dl downhole sampling equipment (e.g., water-level tape and water quality sensors)
should be smilarly decontaminated prior to reuse.
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The possibility for cross-contamination during sampling should be minimized by taking certain
precautions. The favored gpproach is to use dedicated sample tubing for specific rows of wells
(i.e., rows cross-gradient to the flow direction). For example, different sets of tubing could be
used to sample the upgradient aguifer, downgradient aquifer, pretrestment zone, exit zone, and
different portions of the reactive cell. Also, if more than one plume will be encountered within
the aquifer, different sets of tubing can be used for each plumetype. All of the tubing should be
thoroughly decontaminated by sequentialy flushing with detergent, tap weter, and deionized
(DI) weter, prior to collecting the next investigative sample. Rinsate blanks should be collected
after the DI water rinse. If free-phase petroleum hydrocarbons will be encountered, it may be
desirable to include a methanal rinse prior to the detergent washing step.

3.2.4 Analytical Methodsfor Volatile Organic Compounds

This section briefly describes the methods used for andysis of groundwater to meet the essentid
requirements of a Ste characterization sudy. VOCsin groundwater samples can be anayzed

using EPA Method 8240 (Volatile Organic Compounds by Gas Chromatography/Mass Spec-
trometry [ GC/MS], EPA SW-846, Update |1, September 1994) or EPA Method 8260 (smilar to
Method 8240, but uses capillary column) in conjunction with EPA Method 624 (Purgeables,

EPA SW-846, July 1991). Method 624 is a sample preparation and extraction procedure for
andyss of VOCs using a purge-and-trap apparatus. This technique can be used for most VOCs
that have boiling points below 200°C and are insoluble or dightly soluble in water. Volatile,
water-soluble compounds can be included in this analytica technique; however, quantitation

limits by gas chromatography (GC) are generdly higher because of poor purging efficiency.

QA involves the use of blanks, duplicates, and matrix spikes (M Ss) to ensure |aboratory data
qudity. The accuracy and precison of either EPA Method 8240 or EPA Method 8260 are
related to the concentration of the anayte in the investigative sample and are essentidly
independent of the sample matrix. Linear equations pertaining to accuracy and precison for a
few compounds are discussed in the method descriptions. The estimated quantitation limit
(EQL) for individua compoundsis gpproximatdy 5 ng/L in groundwater samples. EQLs are
proportionaly higher for sample extracts and samples that require dilution or reduced sample
Szeto avoid saturation of the detector.

3.3 Geochemical Composition of the Groundwater

Monitoring of field parameters such as pH, DO, or ORP (i.e., redox-potentid [Eh]) in the
groundwater during Site characterization is very important because they can be used to determine
whether conditions at the Site are conducive to formation of inorganic precipitates in the presence
of areactive medium (see Section 1.4 for adiscusson of inorganic reactions that occur in reac-
tive cdlls containing iron). These three groundwater field parameters should be monitored on a
quarterly basis, if possible, to evauate seasond fluctuations. Unless the aguifer is rdaivey thin,
these parameters may vary by depth. Although mapping loca geochemica heterogeneitiesis not
as important as mapping the loca contaminant distribution, depth profiles of these parametersin
the aquifer may provide important information that might limit the longevity of the reective
medium over severd years. Some geochemica parameters, such as DO, may vary by depth in
the aquifer, leading to different degrees of iron corrosion in the reective cell. Section 8.3 con-
tains additiond discusson on the use of inorganic geochemica parameters for evauating the
longevity of PRBs.
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Geochemicd speciestha may potentialy react with the reductive media considered for PRBs
include Ca, Fe, Mg, Mn, Ba, Cl, F, SO, , NOs', silica, and carbonate species (alkalinity);
sgnificant redox-sengitive dementsinclude Fe, C, S, and N. For example, iron in solution may
be in the ferrous (F&**) state or ferric (Fe**) state, and organic carbon as humic or fulvic sub-
stances may be reduced to methane in the reective cdll. Sulfate (S**) may be reduced to hisulfide
(HS) and nitrate may be reduced to nitrogen gas or ammoniaif conditions are sufficiently
reducing. Geochemical modeling codes can be used to determine the types of reactions and
products that may be expected when groundwater contacts the reactive medium. Geochemical
modding is discussed in Sections 6.4.3 and 8.3.2.

3.3.1 Sampling and Analysisof Field Parameters

The primary purpose of taking fidd parameter measurementsis to monitor aquifer conditions
that can affect the performance of the reactive wall. Therefore, the water level, temperature (T),
pH, Eh, and DO should be measured at designated monitoring wells. To obtain accurate read-
ings, T, pH, Eh, and DO should be measured using the most appropriate method available to
provide representative values. Typica devices include downhole sensors or flowthrough cells
with multiple sensors. Other parameters, such as specific conductivity, turbidity, and sdinity of
agroundwater sample, can be measured ex Situ, if required, using appropriate field instruments.
Table 3-3 ligs the fidld parameters and corresponding andysis methods.

3.3.2 Sampling and Analysis of Inorganic Chemical Parameters

Inorganic analytes should be measured because they provide ussful information about the
corrosion byproducts that may be produced during operation of the PRB. Samples should be
collected from selected monitoring points for laboratory analyss asindicated in Table 3-1.

Samplesfor cations should be filtered and preserved immediately after collection. Filtering is
especidly criticd for trangtion metd cations such asironand manganese. Without filtering,
adsorbed metals on colloidd particles would bias the solution analysis toward higher concentra-
tions. Thetypicd filter pore sze for cation andysisis 0.45 nm; however, filters of smadler pore
9ze may be used from time to time for comparison. Samples for anion analysis usudly do not
reguire filtering.

In addition, severa samples should be collected and preserved without filtering to determine the
content in the suspended matter. TDS and TSS should be determined from filtered and unfiltered
samples, respectively. QA procedures include the use of blanks, duplicates, and MSsto ensure
data qudity.

3.4 Geotechnical and Topographic Considerations

Aboveground factors that could impede the access of construction equipment to the Site, such as
the presence of buildings or overheed utility lines, should be identified while choosing prospec-
tive locations for the PRB. Underground factors that could impede the construction of the PRB,
such as the presence of consolidated sediments or rocks, need to be identified. This process
could gtart during the preliminary assessment to evaluate whether the Ste lendsitself to PRB
goplication. These issues may have to be revisted when sdecting construction methods for the
PRB.
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Table 3-3. Requirementsfor Field Parameters and Inorganic Analytes

(based on EPA SW-846)
Analysis Sample  Storage Sample
Analytes/Parameters Method Volume Container Preservation Holding Time
Field Parameters
Water level Probe None None None None
pH Probe None None None None
Groundwater temperature Probe None None None None
Redox potentia Probe None None None None
Dissolved oxygen Probe None None None None
Specific conductivity Fied insrument  None None None None
Turbidity Fidd instrument  None None None None
Sinity Fied ingrument  None None None None
Inorganic Analytes
Metds (K, Na, Ca, Mg, Fe, EPA 200.7 100mL Polyethylene Filter®, 4°C, 180 days
Mn, and Ba) (al pH<2 (HNOs)
Anions (NOs, SO,, Cl, Br, EPA 300.0 100mL Polyethylene  4°C (dl) 28 days (48 hourg
and F) (@l (@l for NOs)
Alkdinity EPA 310.1 100mL Polyethylene None 14 days
Other
TDS, TSS EPA 160.2, 100mL Polyethylene 4°C 7 days
160.1
TOC, DOC EPA 415.1 40 mL Glass 4°C, pH <2 7 days
(H2%4)
Dissolved slica EPA 6010 250 mL  Polyethylene None 28 days

a) 0.45-um pore size.
DOC = Dissolved organic carbon.
TDS = Tota dissolved solids.

TOC = Totd organic carbon.
TSS = Totd suspended solids.
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4.0 Reactive Media Selection

Once dite characterization information has been obtained, a suitable reactive medium must be
selected for use in the reactive cdll. The choice among reactive metd media for the reactive cell
is governed by the following consderations:

o Reactivity. A medium that affords lower haf-lives (faster degradation rates) is
preferred.

o Stability. Length of timethat areactive medium or that mixed mediawill maintain
reactivity is an important concern. No full- or pilot-scale barrier has been operating
for asufficient length of time to make adirect determination of stability. However,
an understanding of the reaction mechanism can provide some indication of the future
behavior of the medium.

o Availability and Cost. A cheaper medium is preferred over amore expensive
medium, especidly if any differencesin performance are reported to be dight.

o Hydraulic Performance. The particle Sze of the reactive medium should be
sufficient to ensure required hydraulic capture by the barrier.

o Environmental Compatibility. The reactive medium should not introduce harmful
byproducts into the downgradient environment.

o Construction Method. Some innovative congtruction methods, such as jetting, may
require afiner particle Sze of the reactive medium.

There may be a trade-off between these factors, and final selection may have to be based on the
importance of each factor for agiven Ste.

4.1 Types Of Reactive Media Available

Severd different types of reactive metal media are available for usein PRBs and are discussed
below.

411 Granular Zero-Valent Metal

Granular zero-vadent metd, particularly iron, isthe most common medium used so far in bench,
pilot-, and full-scae ingdlations.

41.1.1 Granular Iron

The use of zero-vdent iron medium for in Stu groundwater trestment was investigated and
patented by the Universty of Waterloo (Gillham, 1993). The technology is marketed under an
exclusve license by ETI, of Waterloo, Ontario. Both reagent- and commercia-grade iron have
proved effective for dissolved chlorinated solvent trestment. Sivavec and Horney (1995) studied
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the degradation rates for chlorinated compounds with commercid iron from 25 different sources.
They and other researchers (Agrawa and Tratnyek, 1996; Matheson and Tratnyek, 1994) have
found that the primary determinant of degradation rate in different ironsis the available reactive
surface area. The parameter generdly used to discriminate between different ironsis the specific
surface area, or the surface area per unit mass (nf/g) of iron.

Sivavec and Horney (1995) found that pseudo first-order degradation kinetics (with respect to
chlorinated ethene concentrations) were gpplicable when the ratio of iron surface areato volume
of aqueous phase ranged from 0.1 to 1,325 /L. The surface area of the metal was measured by
Brunauer-Emmett- Teller Adsorption Isotherm Equation (BET) Kr or N adsorption. Specific
surface areas of untreated iron from the 25 different sources varied by more than four orders of
megnitude. Acid pretreatment was found to increase the degradation rate of iron (Agrawad and
Tratnyek, 1996; Sivavec and Horney, 1995), probably due to remova of any passivating oxide
layer ontheiron or due to an increase in the surface area by etching or pitting corrosion. There-
fore, commercid irons with higher surface area are preferred. However, the higher suface area
requirement for reactivity should be baanced with the hydrogeol ogic necessity to select a parti-
cle 9zethat affords areactive cel K that is @ leadt five times (or more) higher than that of the
surrounding aquifer (see Section6.1). Generdly, sand-sized particles of iron are selected for use
in reactive cdls. The hydraulic conductivity of the reective cell dso can be improved by mixing
sand (or coarser concrete sand) with finer iron particles. Adding sections of peagrave dong the
upgradient and downgradient edges of the reactive cdll dso improves the digtribution of flow
through the reective cell, and this feature has been used in saverd fidd ingalations to date.

One variation of granular iron medium that was applied a Dover AFB isthe use of a pretreat-
ment zone containing a coarse medium (sand or pea gravel) mixed with asmall percentage

(10%) of iron (Battelle, 2000). This pretreatment zone removed DO from aerobic groundwater
before it entered the 100% iron reactive cell. The advantage of using this pretreatment zone was
that the front-end precipitate formation (by the reaction between iron and DO) was spread over a
greater flowthrough thickness of the reactive cell, which reduced the potentia for clogging of the
influent end of the reactive cell.

The generd requirements for the iron media that have been used at existing PRB Stesare:

o Ironidedly should be more than 90% Fe” by weight, with minor amounts of carbon, a
minima oxide coating, and no hazardous levels of trace metd impurities. Many
suppliers perform environmenta quaity testing on their materids to determine the
concentration of impurities.

o Thededred grain-gzerangeis between -8 to 50 mesh. Presence of fines (-50 mesh)
should be minimized as much as possible by seving.

o Becausetheiron may be generated from cutting or grinding operations, it should be
ensured that there are no residua cutting oils or grease on the iron.

o A maeria safety datasheet (MSDS) that identifies hedlth and safety hazards of the
materid should be provided by the supplier.
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41.1.2 Other Zero-Valent Metals

A number of other zero-vadent metads have been investigated for their potentia to reduce
chlorinated hydrocarbons. Experiments were conducted to determine the relative rates of reduc-
tion of various hydrocarbons by stainless sted, CuP, brass, AI°, mild sted, and galvarized metdl
(zr°) (Reynolds et d., 1990; Gillham and O’ Hannesin, 1992). Mild sted and galvarized metd
had the fastest reduction rates, followed by AI°. Little reduction occurred with stainless sted,
Cu’, and brass. These resuiltsindicate that there is no significant advantage to using any of these
metals over Fe”. Boroninaet d. (1995) investigated the reactivity of Md?, Sn°, and Zn° with
CCl,. Rapid oxidation of M by water effectively prevented it from reducing CCL. Sr° and
Zn° were capable of degrading CCL; however, the cost, the incomplete degradation of chlori-
nated reaction products, and the dissolution of these toxic metals must be considered before the
use of these metals can be considered as aviable dternative to Fe®. Schreier and Reinhard
(1994) have investigated the ability of Fe” and Mn” powders to reduce several chlorinated
hydrocarbons. Experiments conducted with manganese followed zero-order kinetics. The rates
determined appeared to be fairly dow; the zero-order rate constants were determined to range
from 0.07 to 0.13 molar units/day, depending on the agqueous- phase solution compostion.

4.1.2 Granular Iron with an Amendment

Oxidation of Fe” to Fe?* resultsin an increase in pH. Depending on avariety of physica and
chemicd factors (eg., flowrate through the barrier and groundwater geochemidry), thisincrease
in pH can result in the precipitation of anumber of minerds, induding Fe(OH),, FeCOs, and
CaCOs. Various amendments can be added to the granular iron in order to moderate the pH.
Pyrite has been used successfully in laboratory experiments for moderating the pH (Burriset d.,
1995; Holser et d., 1995). The oxidation of the pyrite produces acid, which offsets the acid
consumed during the oxidation of Fe®:

FE+2H " +1£0,® Fe? + H,O (4-1)
The net reaction for pyrite oxidetion is asfollows:
FeS, + 2 O + HyO ® Fe* + 2 H + 2 SO, (4-2)

In addition to lowering the pH, the addition of pyrite and iron sulfide to Fe” has been shown in
the laboratory to reduce the haf-life of carbon tetrachloride (Lipczynska- Kochany et al., 1994).
At aFeS,/Fe ratio of 0.03, the half-life of carbon tetrachloride was reduced by 6% over that of
iron done. At aFeS,/Fe° ratio of 0.11, the half-life was reduced by 45%. Ferrous sulfide aso
reduced the half-life of carbon tetrachloride degradation by Fe”. When added at a FeS/Fe° ratio
of 0.04, the hdf-life of carbon tetrachloride was reduced by 18%. In addition to the materias
discussed above, other materid's have been proposed for moderating the pH, including troilite,
chacopyrite, and sulfur. One potentid side effect of adding pH-controlling amendments could
be the presence of higher levels of dissolved iron in the downgradient water from the reective
cdl.

In the PRB a Dover AFB, amixture of 10% pyrite and sand was used as a pretreatment zone
before the 100% iron reactive cdll (Battelle, 2000; U.S. EPA, 1997). Just aswith 10% iron and
sand (see Section 4.1.1.1), front-end precipitation caused by DO was reduced with the use of this
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pretrestment zone. The pH reduction achieved in the pretreatment zone, however, did not persst
in the 100% iron reactive medium, and pH roseto 11 in the reactive cell.

4.1.3 Bimetallic Media

A number of bimetallic systems in which various metds are plated onto zero-vaent iron have
been shown to be capable of reducing chlorinated organic compounds at rates that are signifi-
cantly more rgpid than zero-vaent iron itself (Sweeny and Fisher, 1972; Sweeny, 1983;
Muftikian et a., 1995; Korte et d., 1995; Orth and McKenzie, 1995). Some bimetds, such as
iron-copper (Fe-Cu), act as galvanic couples. Other bimetals, such asiron-paladium (Fe-Pd),
enhance the degradation rate because the metds (in this example, Pd) actsas a catdys. Some
publications (Appleton, 1996) have mentioned that the Fe-Ni bimetalic system has the potertid
to consderably enhance reaction rates. There may be a cost trade-off between the congtruction
of asmaller reactive cdl (because of the faster reaction rate) and the higher cost (relative to
granular iron) of the new highly resctive medium.

Of the bimetdlic systems studied so far, the Fe-Pd bimetal appears to have the fastest reaction
kinetics. Laboratory studies with palladized iron have demongtrated that the reduction of TCE
can be increased by up to two orders of magnitude over that of iron alone (Hayes and Marcus,
1997; Muftikian et a., 1995; Korte et d., 1995; Orth and McKenzie, 1995). In addition,
palladized iron alows for the reduction of some of the more recacitrant compounds, such as
dichloromethane. However, due to the high cost of paladium, the economic viahility of this
medium is unclegr.

One caution that should be exercisad while examining bimetalic mediaiin particular, and all
mediain generd, isto ensure that the enhanced reactivity can be maintained over long periods of
time. Thereissome preiminary indication from long-term column tests thet the reactivity of
bimedlic systemsinitidly may be high, but may decline gradualy after severd pore volumes of
groundwater have flowed through (Sivavec, 1997). Also, the metals used in bimetdlic systems
(e.g., Fe-Ni) should not introduce environmentally undesirable levels of dissolved metasinto the
downgradient aguifer.

4.1.4 Other Innovative Reactive Media

4141 Cercona™ |ron Foam

One group of materias that has been proposed for use in PRBsis ceramic foam and aggregate
products made by Cercona, Inc., Dayton, OH (Bostick et a., 1996). As opposed to conventiond
granular forms of iron that exhibit a trade- off between surface area and porosty, the iron foam
materid is clamed to be able to provide both properties, a high surface area (high reactivity) and
ahigh porosity, in the same materid. Thisiron foam materid is based on gelation of soluble
dlicates with soluble duminates. These two solutions are combined with an aggregate or
powdered materia in a controlled and reproducible manner under specific conditionsincluding
the solution concentration, the temperature, and the ratio of materias to make the final product.
The addition of the custom aggregate or powdered materid to the slicate/duminate durry results
inafind product with a compostion that typicaly is 5-15% slicate and duminate with the

bal ance being the additive of choice. The additives are based on the desired properties of the

40



product. For PRB applications, typica additives would include metdlic iron, iron oxides,
zeolites, clays, or specidty ceramic materids.

4.1.4.2 Coalloidal Iron

Granular iron materids of sand size and larger have been the most common reective media used
in laboratory and fied studies of PRBs so far. One dternative form of iron that has been sug-
gested is colloidal-sze iron materid (1 to 3 umin diameter). This materid is congderably more
expengve than granular iron materids, however, it may have some advantages over granular
materids. Colloida-sze iron dlows the formulation of durriesthat can be injected into the
aquifer, making it possbleto inddl a PRB anywhere awdl can be inddled, including in deep
gtes and fractured media. Some studies have explored the viahility of thisinnovative gpproach
for congruction of an in situ PRB composed of iron(Kaplan et d., 1996; Cantrell and Kaplan,
1996; Cantrdll et d., 1997). In the proposed approach, colloidal-szeiron particles would be
injected as a suspension into the subsurface. As the suspension of particles moves through the
aquifer materid, the particles would be filtered out on the surfaces of the agquifer matrix. Asa
result of the high density of the iron particles (7.6 g/cnt), it appears that the primary remova
mechanism of iron colloids in agueous solution passing through sand columnsis gravitationd
seitling. Because colloiddl-Sze ironparticles have higher surface aress, alower tota iron mass
may be required in the treetment zone. Cantrell and Kaplan (1996) estimate that a chemicaly
reactive barrier which is 1.0 m thick with airon concentration of 0.4% by volume would last for
approximately 30 years under typica groundwater conditions. Although laboratory column
experiments have been promising, this technology has not been fidd-tested. The cost of manu-
facturing iron in acolloidd form has a 9gnificant bearing on the economics of this medium and
needs to be assessed.

4.1.4.3 Ferrous Iron-Containing Compounds

In addition to zero-vaent iron, severa ferrous ironcontaining compounds have been investi-
gated for their potentid as suitable reducing agents for chlorinated hydrocarbons. Lipczynska
Kochany et d. (1994) found that Na,S, FeS, and FeS; al were capable of reducing carbon tetra-
chloride with half-lives that were nearly the same as Fe” (approximately 24 minutes). Kriegman-
King and Reinhard (1991 and 1994) dso investigated the reduction of carbon tetrachloride by
pyrite. The reaction rates that they observed appear to be smilar; however, it is difficult to make
an objective comparison between their two studies because different experimenta conditions
were used in each study.

4.1.44 Reduction of Aquifer Materials by Dithionite

Another trestment technology that involves lowering aquifer redox conditions has become
known asin stu redox manipulation, or ISRM. In ISRM, areducing agent, usudly sodium
dithionite (N&S,;0,), isinjected into the subsurface to create a permeable treatment zone for
remediation of redox-sengtive contaminants. Although only certain CVOCs can be treated by
ISRM (eg., carbon tetrachloride), the technology appears promising for immobilizing a number
of redox-sengtive metds, such as chromium, uranium, and technetium (Fruchter et d., 1997).
The trestment zone is created by reducing ferric iron to ferrous iron in aquifer materids, such as
clay minerds.
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Work to date on ISRM has taken place in Hanford, WA, where it was devel oped to treat
hexavdent chromium in an unconfined aquifer & the 100-H area. The Site had rdatively low
concentrations of hexavaent chromium, which ranged from 46 to 71 ng/L. Initid bench-scae
testing determined that the half-life of dithionite is roughly 18 hours when in contact with
Hanford area sediments (Fruchter et a., 1997). An intermediate-scale test was conducted at
Oregon State University using awedge-shape flow cdll. Specifications for field experiments
were determined by modding and Site characterization informeation. A field-scale experiment
was conducted at a Ste near the Columbia River, WA in September 1997. Approximately
77,000 L of buffered sodium dithionite solution were injected into the aquifer through awdl in
the expectation of impacting azone 15 metersin diameter. After 18.5 hours, the spent reagent
was withdrawn from the aguifer and monitored for unreacted reagent, buffer, reaction products
(sulfate and sulfite), mobilized metals, and tracer. Subsequent monitoring showed that
hexavaent chromium decreased to less than 2 ng/L (astotd Cr) and DO was below detection
levels

One key advantage of ISRM over other PRB technologiesisthat it can be implemented at much
greater depths than can usudly be attained by excavation methods. Another advantage is that
injection can be done easily and economically in remote aress, whereas ingtdlation costs tend to
increase sgnificantly for traditiona placement methods when a site is difficult to access by

heavy equipment. One disadvantage of ISRM may be that it does not treat a wide a range of
contaminants.

4145 Mediathat Impart Adsor ptive and Biological Capability

Werner (1998) has proposed the development of granular activated carbon (GAC) asan
adsorbent surface for bacteria growth. 1n an enhanced GAC system, chlorinated diphatic
hydrocarbons, such as PCE, would be sequestered from the contaminant plume and treated by
gimulated anaerobic biodegradation smultaneoudy. Other materias that have been tested for
their ability to adsorb dissolved organic contaminants include polymer beads (polyakastyrene)
(Venhuis et d., 1999) and ground rubber (Kershaw and Pamukcu, 1997).

Another application of biologicaly mediated reactions has been demondtrated by a barrier at the
Nickel Rim Mine near Sudbury, Ontario, Canada. This barrier isbeing used to treat acidic
leachate plumes produced by oxidized mine drainage (Herbert et d., 1998; Benner et d., 1997).
The Nickd Rim barrier conggts primarily of organic compost and wood, with asmdl amount of
limestone, and has been shown to promote bacterialy-mediated reduction of sulfate, leading to
precipitation of iron sulfide (Herbert et d., 1998). Also, geochemicad modding caculations
have suggested that other soluble metals in addition to iron may become precipitated in the form
of sulfides (zinc) and carbonates (manganese) (Waybrant et d., 1998). Other dementsthat form
aulfides in reducing environments include arsenic, cadmium, copper, nickel, and lead. Precipita-
tion of these dementsin organic barriers has been explored in laboratory and pilot-scaefied
gudies (Blowes et d., 1998). Immobilization of uranium was sudied in [aboratory experiments
by Thombre et d. (1997). In these experiments, bacteria were shown to use cellulose-based
substrates to achieve reduction of nitrate and sulfate and to promote reduction of soluble UP* to
insoluble U™,
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Air sparging remains a proven method for stimulating aerobic biodegradation, and numerous
studies have been performed on this rather mature technology. In anovel design that incorpo-
rates reductive and oxidative processes in sequence, researchers at Waterloo University designed
aPRB at Alameda Point, CA, with zero-vaent iron in an upgradient gate segment and an air
gparge system in adowngradient segment (Morkin et d., 1998). The purpose of this design was
to treat amixture of dissolved contaminants (CVOCs and petroleum hydrocarbons) using a
sngleintegrated technology. A recent development in passive biological trestment sysemsis
oxygen release compounds (ORC®). These compounds typically are prepared from peroxides of
magnesium, calcium, and urea. Biowalls composed of ORC® have been used to remediate
benzene, toluene, ethylbenzene, and xylenes (BTEX); polycyclic aromatic hydrocarbons (PAHS);
and other hydrocarbon contaminants in groundwater plumes (Borden et d., 1997; Clark et dl.,
1997).

4.2 Screening and Selection of Reactive Media
In generd, suitable reactive media should exhibit the following properties:

o Sufficient reactivity to degrade the contaminants with an economicaly vigble
flowthrough thickness (resdence time) in the reective cell.

o Ability to retain this reectivity under Ste-specific geochemica conditions for an
economicaly viable period of time (severd years or decades).

o Appropriate particle Szeto creste a porosity and hydraulic conductivity that alows
the creetion of areactive cdll which captures the targeted plume width.

o Ahility to retain the porogty and hydraulic conductivity a or above minimum
Specified levels over long periods of time, through the inhibition of precipitate
formation under Site geochemica conditions.

o Environmentally compatible reaction products (e.g., Fe?*, Fe3*, oxides,
oxyhydroxides, and carbonates).

o Easy avalability at areasonable price.

Batch tests can be conducted to initially screen prospective media, but column tests should be
performed as described in Section 5.0 to determine half-lives and sdect the find medium.

Geochemica modes (see Section 6.0) dso can help identify candidate media by examining
potentia reaction products in the reactive cell, especidly if media other than common granular
iron are being considered. Thiskind of geochemical modding isreferred to asforward or
predictive modeling, in which aset of reactions and their stoichiometries are assumed and the
fina outcome of water composition and minerd assemblage is caculated using a computer
program (see Appendix D.2). Theinitid state of the groundwater usudly is taken as its compo-
gition prior to encountering the reactive medium. Thefind (equilibrium) compostion of the
water and the mass of mineral matter that is precipitated or dissolved depends somewhat on its
initid chemica makeup. For example, groundwaters that are high in inorganic carbon as aresult
of contact with carbonate minerals or of plant respiration along aroot zone may become
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oversaturated with mineralsin the reective cell due to an incressein dissolved iron and elevated
pH. Such conditions can lead to precipitation of minerals and other solids within the reective
cdl. Predictions based on thiskind of modding should be tested using batch or column experi-
mentsin afew cases, to verify that relevant sysem parameters are well understood and can be
applied to alaboratory-scale design. If, based on predictive smulations or treatability testing,
precipitation is likely to occur, a different medium or mixture of media may be tested experi-
mentally or modeled using aforward geochemica code, and the results may be used to attempt
to minimize the potentia for precipitation.

Another gpplication of geochemica modeling to media selection isinverse modeling (see
Appendix D.3), which cal culates the outcome of probable reactions based on chemica data at
initial and find points aong aflowpath. Ore key difference between inverse and forward
modding is that the former does not necessarily represent equilibrium. Rather, changesin
groundwater composition are attributed to changesin solid precipitation or dissolution. Another
important differenceis that inverse modding has the cgpability to predict the amount of mass
change that must occur to satisfy the observed conditions, whereas in forward modeling only the
tendency for such changesis determined. Inverse modeling as atool for media selection is best
used to predict mass changes in a column experiment based on analyses at different locations
within the column. Rates of reactions and subsequent mass changes then may be caculated in
conjunction with flow velocity, resdence time, and other parameters that are specific to the
column setup. Thisinformation permits the user to determine whether minerd precipitation is
ggnificant in terms of the long-term performance of the PRB.
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5.0 Treatability Testing

Following site characterization and identification of prospective reactive media candidates,
treatability testing is conducted to eva uate the performance of the reactive medium with
groundwater from a specific Ste. Treatability testing serves the following purposes:

Screening and selecting a suitable medium for the reactive cdl
Edimating the hdf-life of the degradation reaction
Determining the hydraulic properties of the reactive medium
Evauating the longevity of the reactive medium.

[ W W

Astreatability testing and field data from severd stes with common contaminants (e.g., TCE)
and common reactive media (e.g., granular iron) become available, it may be possible, if
regulators agree, to forgo treatability testing at Some Sites.

5.1 Batch Testing for Media Screening

Batch experiments generdly are conducted by placing the media and contaminant-spiked water
in septum-capped vids with no headspace. When samples are drawn from the vid for anayss,
ether the vid is sacrificed or nitrogen is added to fill up the headspace created (Sivavec, 1996).
Nitrogen can be introduced into the vid by sampling with the dud-syringe technique. Asthe
sampleis drawn into one syringe, the other syringe (filled with nitrogen) dowly releases nitrogen
into the headspace. Alternately, deionized water may be used to replace the liquid withdrawn for
andyds. In thisway, organics concentrations can be measured as a function of time over
multiple sampling events.

Batch tests are useful screening tools because they can be run quickly and inexpengvdly.
However, care should be taken in extrapol ating the results to dynamic flow conditions. For
example, O’ Hannesin (1993) found that the column haf-lives for TCE and PCE exceeded batch
vaues by factors of 3 and 2, repectively, even though a higher iron-to-solution ratio was used in
the columns than in the baich tests.

5.2 Column Tegting for Media Selection and Contaminant
Half-Life Estimation

Batch tests are useful mainly as an initid screening tool for evaduating different media or for
assessing the degradability of contaminants dready known to be recadcitrant. For most other
purposes, column tests are the favored method of treatability testing for the following reasons:

0 Desgn parameters are determined under dynamic flow conditions. As concertrations
of contaminants and inorganics change with the distance traveled through the reective
cdl, they can be measured by ingtaling a number of intermediate sampling ports
aong the length of the column.
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o Hdf-lives measured through column tests generdly are more rdiable than half-lives
measured through batch tests.

o Nonlinear sorption to non-reactive sorption sites (Burris et d., 1995) is better
smulated in columns.

o Any reaction products formed tend to accumulate in a batch system. Continuous flow
through the columns may cause some reaction products to be trangported out of the
reactive medium, a condition more representative of field operation.

Various types of water may be used to run trestability tests.

o Deonized water spiked with the targeted contaminant(s)

o Uncontaminated groundwater from the site spiked with the desired concentration of
target contaminant compounds

o Contaminated groundweter from the Site.

Screening of new reactive media may be conducted with clean deionized water, whereas other
treatability tests may be conducted with uncontaminated or contaminated groundwater from the
gte. When clean delonized water or uncontaminated groundwater from the site is used, known
concentrations of the target contaminants need to be spiked into the groundwater. In thisway,
better control over feed concentrations is obtained. When target contaminants are spiked into the
groundwater using laboratory grade compounds, it may be noted that the minor components (e.g.,
gtabilizers) that may be present in industrid grade chemicas (in Site groundwater) may be hard to
replicate. However, there is no indication that these minor condituents affect haf-lives of the
target contaminants to any sgnificant extent. It isimportant to run a least some testswith
groundwater from the Site (uncontaminated or contaminated) because of the important role played
by native inorganic parametersin the site groundwater.

The main objective of column testsis to estimate the haf-life of the degradation reaction. The
haf-lives of the organic contaminants and their byproducts then are used to ether select the
reactive medium or to desgn an appropriate flowthrough thickness for the reactive cdl.

521 Column Test Setup
The design of atypica column sstup isshown in Figure5-1. A sngle column with multiple
sampling ports dong its length isused. The column may be made from glass, plexiglass,
dainless ged, or other suitable materid. Strictly speaking, glass should be expected to have the
least adsorptive or resctive effect with chlorinated organic compounds; however, no sgnificant
loss of organics has been found using plexiglass columns. Al fittings are TeflonO or stainless
sted. Tubing is either stainless sted or TeflonO . A small section of tubing through the peri-
staltic pump is made of Vitor® for added flexibility.

The column is packed with the reactive medium in such away as to ensure a homogeneous

matrix. Oneway of doing thisisto make smdl diquots of well-mixed media (e.g., iron and
sand) and fill the column in small batches with each diquot. Optiondly, a section of sand may
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be placed above and below the reactive medium in the column to ensure good flow distribution.
Average bulk densities, porosities, and pore volumes in the column can be taken by measuring
the weights of the reactive mediaiin the column.

The feed water is placed in a collapsible bag made from TeflonO (or other suitable materia) to
prevent heedspace as the bag empties out. The bag isfilled by gravity flow to avoid aeration of
the water. Water is circulated in the column from bottom to top in order to better smulate lower
flowrates and to minimize the interference of gas production in the column. Sampling ports are
equipped with gastight and watertight fittings. A nylon swage lock fitting may be used or a
septum may be crimped onto the sample port. 1t is best to leave the sampling syringe needles
permanently inserted into the column, with the tip at the center of the column. Vaves with luer
lock adapters are atached to the protruding ends of the needles outside the column. A luer lock
plug is used to sed the needle between samples. Figure 5-2 shows atypica column testin

progress.

Sampling should begin only after the concentration distribution in the column has reached steedy
date; that is, the net contaminant mass entering the column should be equa to the mass degraded
inthe column. Severd pore volumes of contaminated water generadly are required to be run
through the column before it reaches steady State (Burriset d., 1995). Also, thetime (pore
volumes) required to reach steady state varies with contaminant type (Burris et d., 1995). For
example, water contaminated with PCE requires alonger time to reach steady state than does
water contaminated with TCE. The column may be sampled every 5 to 10 pore volumes until
deady dateisindicated. Depending on the influent concentration, column length, and flowrate
used, the contaminant levels in the effluent may not be below detection.

Whenever asampleisto be drawn, a syringe is atached to the luer lock adapter on the needle
and the sampleis collected after asmall amount of water is purged from the needle. The sample
isdrawn very dowly to create minimum disturbance in the flow. Most researchers conduct
column experiments at room temperature. It isimportant to note, however, that temperature may
be an important factor influencing reaction rate.

The flowrate through the columns may be set to sSmulate Site conditions, if field flow velocities
are moderate. However, flowrate may not be a critica parameter for column testing. Gillham
and O'Hannesin (1992) found that degradation rates were insengtive to flowrates in the range
tested (59 to 242 cm/day). Once degradation rates have been determined through column tests,
designing the flowthrough thickness of the reactive cell requires an accurate estimate of
groundwaeter velocity from ste characterization data.

Concentration profiles may be generated periodically for the chlorinated organics didtribution in
the column by collecting and andyzing samples from the influent, the effluent, and the inter-
mediate sample ports after every 5 to 10 pore volumes. Eh and pH profiles of the column may
be generated less frequently because of the higher sample volumes required for taking these
measurements with typical probes. The column influent and effluent should be andlyzed adso for
inorganics, such as mgjor cations (Ca, Mg, Na, Fe, Mn, and K), mgor anions (Cl, SO4, NOs,
NO,, and slica), and dkalinity (bicarbonate).

47



1£1%

Sand——pd

Sample

fffff

''''''''

s Port
f Sampling
I,.f' Neadle

Granular lron—— ~ 0 e

Collapsible Sande——

Teflon™ Bag

Containing
Groundwater

COLUMKHES-152C0R

Figure5-1. Typical Column Setup

Figure5-2. Column Test in Progress




Andysis of water samples collected from the column is done by the same generd methods used
for anadyzing groundwater samples during Site characterization (see Sections 3.2 and 3.3). Con+
centrations of CVOCs can be measured using a gas chromatograph-flame ionization detector
(GC-FID) with purge-and-trap equipment. Water samples typicaly are drawn through sampling
needlesinto a gastight syringe and are injected directly into the purge and trgp through luer-lock
adapters. Although chlorinated compounds can be detected using an eectron capture detector
(ECD), the GC-FID is suitable for generd-purpose work because it can detect both a broad range
of low-molecular-weight chlorinated compounds (e.g., TCE, DCE, and VC), as well as nonchlo-
rinated hydrocarbon byproducts such as ethene or ethane. Normally, the instrument is cdibrated
to detect compounds at the lowest concentrations feasible. A typica detection limit for chlori-
nated hydrocarbonsis 2 ng/L, provided that there is no strong matrix interference that requires
dilution of the primary sample.

Anionstypicaly are measured using ion chromatography (IC) and cations by inductively

coupled plasma (ICP). Detection limits for inorganic congtituents dso can depend on the matrix.
There should be very little problem with anayte interference when DI or low TDS weter
(synthetic or actud groundwater) is used; however, this may not be the case when high TDS
water is used.

Eh and pH are measured using gppropriate probes (usualy combination eectrodes). Eh and pH
can be measured by e ectrodes inserted into the column at gppropriate locations or they can be
measured in water samples immediately after they are withdrawn from the column.

Accurate pH measurements can be taken in water samples withdrawn from the column only
when the water is buffered or contains adequate concentrations of strong acid or strong base.
Because most waters are near neutrd to dightly akaline and metalic compounds may raise the
pH above 9, the pH range of 6 to 8 may be the most difficult to obtain accurate readings. Thisis
particularly true when the water in the column contains no buffer, such as carbonate. Smilarly,
accurate Eh readings taken with a platinum electrode cannot be obtained in water withdrawn
from the column unless the system is buffered with repect to eectron transfer reactions; such a
sysemisreferred to as being “poised.” When a system is not well poised, Eh measurements do
not reflect the abundance of eectrons that result from the combinations of half-cedll couples.
Therefore, for accurate Eh and pH measurements, contact between air and the water withdrawn
should be minimized as much as possible.

DO isdifficult to measure offline, and may require an online flowthrough probe that excludes
amospheric oxygen from the sample. The DO concentration normally will be negligible when
Eh is negative, as should be the case when highly reducing metds such asiron or zinc arein
equilibrium with the weter. Therefore, DO measurements potentialy can be omitted during
column tests, particularly if Eh can be measured with confidence.

5.2.2 Interpreting Column Data

For each water flow velocity and each column profile, CvVOC concentrations can be plotted
initidly as afunction of distance through the reactive column. When the flowrate and porosity
are known, distances through the column can be converted easily to resdencetimes. A graph of
CVOC concentrations (Ug/L) versus residence time (in hours) then can be generated. Severd
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gudies with iron and CVOCs in water have shown that the degradation of CVOCs follows
pseudo firgt-order kinetics (Sivavec and Horney, 1995; Gavaskar, 1999). An example plot of
TCE degradation is shown in Figure 5-3. This plot illustrates a series of firs-order reactions
leading to the formation, and subsequent degradation, of the reaction byproducts DCE and VC.
A degradation rate constant, k, can be calculated for each concentration profile using first-order
kingtics. Alternatdy, if the column used in the test islong enough and if the degradation kinetics
arefast enough, the TCE, DCE, and VC curvesin Figure 5-3 may progress to their respective
MCLs. Inthiscase, the required resdence timeis the longest time taken by any of these CVOCs
toreechitsMCL. Intheillugration in Figure 5-3, the required residence time is determined by
the VC degradation time.

1000

Concentration, pg/L

Lo e

Residence Time (hr)

[t is the required residence time] [not to scale]

W1 COR

Figure 5-3. Column Concentration Profiles of TCE and Its Degradation Byproducts

Alternately, the first-order kinetics equation (Equation 5-1) can be used to determine areaction
rate (k) or haf-life (ty2) for each CvOC compound. When In (C/C,) isplotted againgt timein
hours (see an example plot in Figure 5-4), the dope of the fitted lineis the reection rate, k (hr'Y).
The degree of fit can be determined by calculating the correlation coefficient (r?). Ther? vdue
indicates how well the pseudo first-order mode fits the experimental data. Once the rate constant
isknown, a hdf-life can be estimated using Equation 5-2 for each organic contaminant of interest
intheinfluent. A hdf-lifeisthe time period required to reduce the concentration of a contam-
inant by half. Table2-1in Section 2.0 shows the estimated haf-lives for various contaminants.
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Figure5-4. Psuedo First-Order Degradation Rate of TCE

C = C,eX (51

When comparing the haf-lives obtained for the same compound in columns with different
reective media, the reactive medium which provides the shortest haf-life generdly is selected.
Codts, availability, environmenta effects, and other factors dso may be considered, as described
in Section 4.0.

Residence time can be estimated from the haf-life smply by counting the number of haf-lives
required to bring the concentration of the CVOC down to its MCL. For example, if TCE entersthe
reective cdll a 1,000 pg/L, eight hdlf-lives are required to degrade TCE to an MCL of 5 pug/lL. If
the haf-life of TCE from the column test was determined to be 2 hours, the required residence time
in the reective cell would be at least 16 hours. If there is more than one CVOC of interest in the
influent, the resdence time is determined from the CVOC with the longest hdf-life,

5.3 Measuring the Hydraulic Properties of the Reactive M edium
The hydraulic properties of the medium that are required for PRB design include:

o Hydraulic conductivity (K)
o Porosty (n)
o Bulk dengty (B).
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The K vaue of the reactive medium is required to determine the flow velocity and residence time
of groundwater in the reactive cdl. Idedly, the K vaue for unconsolidated mediais determined
from constant head permeameter tests (Fetter, 1994). These tests are most reliably conducted in
laboratories with conventiond permeameter facilities. However, it may aso be possible to use
laboratory treatability test columns to estimate K by setting up the columns as constant head
permeameters.

A congtant head permeameter consigts of an inlet tube with water level (head) maintained at a
height dightly above the outlet level of the column. The water is alowed to flow through the
reactive medium in the column until steady-<ate flow is obtained and the volume of water
flowing out over aperiod of timeismeasured. K is determined from avariation of Darcy’s law:

v

= 5-3
A>t>h &3

where V =thevolume of water discharging intimet
L = the length of the reactive medium sample
A = across-sectiond area of the sample
h = the hydraulic head difference across the column.

It isimportant to prepare a uniformly packed column. For design purposes, K is often repre-
sented in units of ft/day.

When the flow veocity is known, a porosity (n) estimate of the reactive medium is required to
estimate the volumetric flowrate through the reactive cell. The volumetric flowrateinturnisan
indicator of the size of the capture zone of the PRB.

A bulk density estimate (B) for the medium is required to obtain initial estimates of the mass of
reactive medium that will be required to fill up the specified dimensions of the reective cell.
Porosity and bulk dendity can be measured during column testing by pre-weighing the reective
medium before it is packed into the column.

Another way to determine K, n, and B isto send a smdl sample of the reactive medium obtained
from a prospective supplier to a geotechnicd laboratory for routine andyss for these three
parameters. Because the same type of reactive medium (e.g., granular iron) may vary in particle
shape and size distribution among different suppliers, sometimes (even for the same supplier) it
isimportant to obtain a representative sample of the medium from the supplier and have it
andyzed for K, n, and B during the design phase. It dso should be noted that the actud vaues
of these parametersin the field may differ somewhat from the laboratory-measured vaues
because of differences in packing and settling in the field reactive cdll. However, the laboratory
measurements do provide ardatively good initid bassfor desgn. Table 5-1 ligsthe hydraulic
conductivities measured for granular iron media obtained from different commercia sources. A
bulk densty correction factor generaly is gpplied to adjust this parameter for the design of the
flowthrough thickness of the field reactive cell (see Section 6.2.2).
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Table5-1. Hydraulic Conductivitiesfor Different Sourcesof Iron Measured in a
Geotechnical Laboratory

J2eRAN% | Bulk Density | Hydraulic Conductivity (K)®

Iron Source Sieve M esh (Ib/ft’) (cm/sec) (ft/day)
Peerless” - 8/+50 NA 7x10° 198
Peerless™ _8/+20 114 6.1x 107 173
Peerless™ -8/+20 150 61x10° 173
Peerless” - 8/+16 108 81x10° 230
Peerless™ _30+76 NA 17x107 48
Master Builders”, 2
Rancho Cucamonga, CA -840 NA 90x10 255
Conndly™ -8/+20 110 83x10° 235
Conndly™ - 8/+50 NA 5x10° 142
Conndly™@ - 8+50 146 27x10°" 765
Connely"™ - 8/+50 122 55x10°t019x 10| 15610539

(8 Average value from four measurements.

(b) Datasupplied by ETI from various PRB sites (ETI, 1999).

(c) Dataobtained by Battelle for Dover AFB PRB (Battelle, 2000).

(d) Dataobtained from dug tests in the field reactive cell at Dover AFB for comparison (Battelle, 2000).

5.4 Column Testsfor Assessing the Longevity of the Reactive Medium

Column tests conducted for contaminant half-life determination aso can be used to obtain some
indication of the long-term performance potentia of the reactive medium with groundweater from
aspecific gte. Concentration profiles can be developed during the column test for inorganic
parameters (e.g., plots of pH or Eh versus resdence time in the column), just asfor the target
contaminants. 1n an iron medium, as conditions become more anaerobic in the column, Eh
should decline and pH should increase with increasing distance. Concentrations of anions
(nitrate, sulfate, and chloride), cations (Ca, Mg, and Mn), and dkdinity may be measured in the
column influent and effluent. Loss of dissolved cacium or magnesium from the groundwater
flowing through the column could indicate the potentia for precipitate formation in the reactive
medium. A comparison of the levels of inorganic condituentsin the column influent and efflu-
ent can provide agood basis for reactive media selection and longevity assessment. Section 6.4
describes how chemica andyss of the influent and effluent from alaboratory column or afied
reactive cdll can be used to evauate the geochemical processes affecting the longevity of the
resctive medium.

A more resource-intensve method of evauating the longevity of areactive medium isthe use of
accel erated-flow column tests (Gavaskar et a., 1998; Sivavec, 1996). Thesetests are not directly
required for designing the PRB; however, they provide a means of accderating the aging of the
iron by passing groundwater at asgnificantly faster rate through the column with reective

medium than would occur at thefield ste. The advantage is that many pore volumes of ground-
water can be passed through the reactive medium in a short time to Smulate severd years of
operation of thefied PRB.
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Before accd erating the column flow, degradation rates are measured in a column at the expected
veocity inthe reactive cdl a agiven ste. Theflow then isincreased to “age’ theiron by

passing alarge number of flow volumes. In the aging process, groundwater species (e.g., DO,
cations, and anions) may precipitate out and coat the reactive and adsorptive sSites on the
medium. Periods of low and high flow are dternated. At each low flow step, as soon as steady
dtate is reached, measurements may be conducted to estimate reaction rates, porosity losses
(measured through tracer tests), inorganic profiles, and reaction products.

Caution should be exercised in interpreting the results of accelerated column tests. Aging the
reactive medium with 100 pore volumes of flow at 20 ft/day in the laboratory may not exactly
mimic the condition of the reactive medium after 1,000 pore volumes of flow at 2 ft/day in the
fied. Also, reactivity and porosity losses tend to be higher in the first part of the reactive
medium. Therefore, extrapolation to the |aboratory results to the field Situation may not be easy.
One precaution in such accelerated-flow testsisto ensure that the flowrate is not set so high that
the target inorganic parameters (e.g., DO, pH, ORP, Ca, and Mg) have not leveled off by the
time the water exitsthe column. If theinorganic parameters are leveling off, afairly repre-
sentative smulation of field behavior may be possble. Despite dl these limitations, accelerated-
flow column tests may be the only empiricd means for evaduating the longevity of areactive
medium at agiven ste. Accelerated-flow tests may be consdered more an area of investigation
for PRB technology developers than for site owners consdering routine PRB application.
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6.0 Modeling and Engineering Design

Following preliminary assessment, Site characterization, reactive media selection, and laboratory
testing, the PRB design can proceed. As shown in Figure 2-1 in Section 2.0, designing a PRB
involvesthe following steps:

Q

Hydrologic Modding. Hydrologic modeing can be used to sdect and optimize the
best PRB location, configuration, width, and orientation that provide sufficient
groundwater capture in the targeted region of the aquifer (plume).

Reactive Cell Thickness Design. Reactive cdl thickness refersto the length of the
groundwater flowpath in the reactive medium that provides sufficient residence (con
tact) time for the contaminants to degrade to target cleanup levels. Thisthicknessis
based on the haf-lives of the contaminants and the groundwater flow velocity

through the reactive cell. The groundwater velocity can be determined through
hydrologic modeling of the sdected PRB configuration, width, and orientation.

Geochemical Evaluation. Interactions between the reactive medium and native
groundwater congtituents, such as DO, calcium, dissolved silica, and carbonate
species, may lead to precipitate formation and deposition on the reactive medium
surfaces. Over the long-term, precipitation may lead to loss of reactivity and/or
hydraulic conductivity of the PRB. For both these reasons, an evauation of Ste-
specific geochemicd parameters and their potentid effect on the longevity of the
reactive medium needs to be performed.

6.1 Hydrologic Modeling
Hydrologic modding is an important component of PRB design. Hydrologic modding andyzes
the measured hydraulic characteristics of the aquifer and the reactive medium to:

Q

Determine a suitable location and configuration for the PRB with respect to the
groundweter flow, plume movement, and Site-specific festures such as property
boundaries, building foundations, and buried utilities.

Determine the width of the reactive cdl and, for afunnd-and-gate configuration, the
width of the funnel that captures the targeted groundwater.

Edtimate the expected groundwater flow ve ocity through the reective cell.

Determine gppropriate locations for monitoring points in the field PRB system and
aquifer (discussed in Section 8.0).

Evauate and incorporate the effects of complications such as tempord fluctuations in
groundwater flow direction and velocity; potentid for groundwater or plume
underflow, overflow, or bypass, and changes in hydraulic parameters over time.
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Although severa different computer codes have been used for PRB design, the basic stepsin
hydrologic modeling are common. This section describes the use of modelsin the evaluation of
PRB design and performance. The generd requirements of the modeling codes ussful for PRB
goplication, abrief overview of the modeing methodology, descriptions of the available codes,
and areview of previous modeling studies for PRB design are presented in Appendix C. For
most practica purposes, commercialy available models such as MODFLOW (flow modd)
coupled with a particle-tracking model (such as RWLK3D®) have been sufficient for the design
evauation and optimization.

The two primary interdependent parameters of concern when designing a PRB are hydraulic cap-
ture zone width and residence time. Capture zone width refers to the width of the zone of ground-
water that will pass through the reactive cell or gate (in the case of funne-and- gate configurations)
rather than pass around the ends of the barrier or beneath it. Capture zone width can be maximized
by maximizing the discharge (groundwater flow volume) through the reactive cdll or gate. Res-
dence time refers to the amount of time contaminated groundwater isin contact with the reactive
medium within the gate. Residence times can be maximized ether by minimizing the discharge
through the reactive cell or by increasing the flowthrough thickness of the reactive cdll. Thus, the
design of PRBs must often balance the need to maximize capture zone width (and discharge)
againg the desire to increase the resdence time. Contamination occurring outside the capture zone
will not pass through the reactive cell. Smilarly, if the resdence timein the reactive cdl istoo

short, contaminant levels may not be reduced sufficiently to meet regulatory requirements.

The mgjor advantage of constructing a detailed groundwater flow model isthat severa design
corfigurations, Site parameters, and performance and longevity scenarios can be readily evau-
ated once theinitid modd has been sat up. Thus, the combined effect of severd critical param-
eters can be incorporated smultaneoudy into one modd. Groundwater modeling has been used
at most previous PRB ingdlations. In most cases, groundwater flow models have been used in
conjunction with particle tracking codes to construct maps showing travel paths and residence
times through the reactive cdl. The models are usudly set up after laboratory column tests have
shown the feasibility of the contaminant degradation, and the reaction haf-lives and the resulting
residence time requirements have been determined. The modeling illugtrations for some of the
PRB configurations and aguifer conditions are presented in the following sections.

6.1.1 Modeling Continuous Reactive Barriers

The smplest PRB design is a continuous reective barrier ingdled in asurficid aquifer and

keyed to aconfining layer at the bottom. An example smulation for this scenario using
MODFLOW followed by a particle-tracking model (RWLK3D®) isshown in Figure 6-1. This
smulation consgts of a 10-ft-long section of reactive cdl having a 6-ft thicknessin the direction
of flow. The aquifer issmulated as asingle layer having uniform hydraulic properties with a
conductivity of 10 ft/d. The reective cdll is smulated with a hydraulic conductivity of 283 ft/d
(0.1 cm/sec). The flow field was smulated with an aquifer gradient of 0.005. Particle tracking
techniques were used to delineate the capture zone of the reactive media by delineating flow-
pathsfor 180 days. Asindicated by the dashed lines, the capture zone has awidth greeter than
the 10-ft length of the reactive cell. The width of the capture zone will increase or decresse as
the ratio of the reactive media hydraulic conductivity to the aquifer hydraulic conductivity
increases or decreases, respectively. Residence time through the reactive media can be estimated
using particle-tracking methods to ensure sufficient residence time for the degradation reections
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to occur. In this case, where no funne walls are used, severa short flowpathsinto and out of each
end of the continuous reactive barrier can occur. Groundwater flowing aong these paths does not
pass through the entire thickness of the reactive media, and therefore, entrained contaminants may
not be fully degraded in these zones unless gppropriate safety factors are incorporated into the
desgn. Varidionson the straight continuous reactive barrier design mainly include the changesin
shape to curvilinear or angled continuous reactive barriers based on Ste-gpecific conditions.

6.1.2 Modding Funnd-and-Gate Systemsin Homogeneous Aquifers

At many dtes, funnd-and- gate systems may be more appropriate than continuous reactive
bariers. The key sep in modding these systemsis optimizing the dimensions of the funnd wall
S0 that the capture zone and residence time requirements can befulfilled. A detalled illustration
of the modeling approach for afunnd-and-gate system in rdaively homogenous aquifersis
presented in Appendix C. This smulation incorporates common PRB features, such asthe
resctive cdl, peagravel, or funnd walls, into the basdline aguifer mode as heterogendtieswith
the gppropriate hydraulic conductivities. Figure 6-2 shows the smulated particle tracking result
for this funnd-and-gate system. For the homogeneous aquifer, the hydraulic capture zore is
symmetrica and extends beyond the width of the gate. The flow divide upgradient of the funndl
wadlsisa the midpoint of the funne walls on each Sde. Mixing of the water flowing through
the gate and water flowing around the barrier takes place downgradient.

A more complex funnd-and-gate scenario was used for smulation of a funnd-and-gate system
with two gates, one of which wasingdled at Dover AFB (Battelle, 1997b). Thefind design for
this sysem is shown in Figure 6-3. Each gate consisted of an 8-ft-diameter caisson containing
reactive media, and pre- and post-treatment zone sands. The reactive media section consisted of a
4-ft by 4-ft zone surrounded by a pretrestment and post-trestment zone up to 2 ft thick. Funnel
walls were congtructed using sheet piling up to a depth of about 40 ft. The funnd walls extended
30 ft between the two gate locations and 15 ft on each end of the ingtdlaion. A single layer, two-
dimensond (2-D) groundwater flow modd was used with the aquifer assumed to have auniform
hydraulic conductivity. The caculated flow fild was used to estimate the capture zones for the
funnd-and-gate ingdlation. At this Ste, several combinations of K vaues and tempora variaions
in groundwater flow conditions were smulated. Figure 6-3 shows the details of flowlines through
one of the reactive gates. Based on the smulation, the estimated residence time in the gates ranged
from 4 to 26 days and the capture zone ranged from 52 to 54 ft. The capture zone for the entire
system and the effect of tempord variationsin regiond groundweter flow on the portion of the
plume captured are shown in Figure 6-4. In this case, it gppears that the effect of flow direction
fluctuations on plume capture would be minima and can be eadily incorporated in the design.
Another aspect a this Site isthe dow flow velocity of ambient groundwater (around 0.1 ft/d),
which may result in very long cleanup times due to dow plume movement. Another observation
from this and other flow system smulations presented here is that the flow lines retain their norma
course until they reach very close to the funnd walls before turning toward or away from the
funnd walls. Therefore, the groundwater flow monitoring efforts in the upgradient aquifer have to
be concentrated on this very small zone to observe meaningful changesin flow directions.

6.1.3 Modeding PRBsin Heter ogeneous Aquifers

Modding sudies and barrier designs at most existing PRB sites have been primarily based on
the assumption that the aquifer sedimentsin the vicinity of the PRB are homogeneous.
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However, a many stes, there may be strong heterogeneity in the sediments. This heterogeneity
develops mainly due to the variations in depositiona environments of the sediments. The gent
erd implications of heterogeneity are that more detalled Site characterization is required and the
models are more complex. The symmetrica capture zones seen in homogeneous sediments
become asymmetricd and difficult to predict without detalled characterization and modding.

Figure 6-5 shows the results of modeling conducted at former NAS Moffett Field (Battelle, 1998).
The capture zones at this Site, as seen from the particle tracking maps, are highly asymmetrical. In
the less permegble shallow layers (Layers 1 and 2), there is hardly any movement of particles over
25 days. Inthe more permeable Layer 3, the particle movement is very fast upgradient of the gate
but very dow upgradient of the funnd walls. In the more permegble Layer 4, the particle movement
isvery fagt in front of the west funne wall but somewhat dower on the eastern Sde. These irregu-
larities exist because the lower part of the PRB (Layers 3 and 4) islocated in a high-conductivity
sand channel, whereas the upper part is located in lower-conductivity interchannel deposits. The
location of the sand channels at the Site was determined based on existing Base-wide Site characteri-
zation maps and from localized CPT data generated during additiond site characterization activities
that were conducted to aid the design of the barrier. The irregularitiesin flow may result in vastly
different resdence timesin the reective cell. Peagravel sections aong the upgradient and down-
gradient edges of the reective cdll help to homogenize the vertical and horizonta flow to some
extent.

A smilar stuation is reported by Puls et d. (1995) for the Elizabeth City, NC ste. At thissite,
the geology is characterized by complex and variable sequences of surficid sands, silts, and
cdays Groundweter flow velocity is extremely variable with depth, with a highly conductive
layer a roughly 12 to 20 ft bgs. Thereactive cell wasingdled in the sand channd to capture the
contamination aong the fastest flowpath.

These examplesilludrate the benefit of placing the reactive cdll in a zone of high conductivity
that forms a preferentia pathway for most of the flow and contaminant transport through the
aquifer. Additionaly, the dependence of capture zones on aquifer heterogeneities emphasizes
the need for detailed Site characterization and adequate hydrogeologic modeing prior to PRB
design and congruction. Particle tracking smulations, such as the one shown here dong with a
flow modd based on good Site characterization, dso can help in optimizing monitoring well
locations for evauating the performance of the barrier.

6.1.4 Summary of Important Resultsfrom Modeling Studies

Severd generd observations regarding PRB design modeling can be made from theillugtrations
presented above, the detailed example provided in Appendix C, and from previous modeling
gudies. Most importantly, modeling can be used to evaluate and optimize different PRB config-
urations and dimensions for a given set of desgn parameters. Different widths of a continuous
reective barrier, gate, or funnel can be smulated to evauate any trade-offs that may occur
between various design parameters (e.g., increased hydraulic capture width versus longer res-
dencetimein thereactive cdl). Theillugtrative modding scenariosin Appendix C result in the
following congderations for PRB design.
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o While designing the dimensions of the reactive cell, it isimportant to note that K xquifer
is the sensitive parameter for discharge and residence time through the reactive cdll as
long as the Kcq is severd times (about 5) higher than Kguiter. Reductionsin Keg do
not significantly impact discharge and residence times through the gate until the ratio
of Keell t0 Kaguiter drops below about 5:1, at which point K e becomes an incressingly
senstive parameter. This type of analys's can be used with Ste-specific models to
evauate the effect of decreasing reactive cell permegbility over time on the perform-
ance of the permeable cell. Appropriate safety factors (in terms of additiona reactive
cdll width or larger particle size reactive medium) then can be incorporated into the
design for anticipated changes in capture zone and residence time.

o Asdischarge through the reactive cdl increases, capture zone width increases, and
travel time through the reactive cdll (residence time) decreases. For the scenarios
amulated in thisillugration, resdence timesin the reactive cdl ranged from more
than 200 days for low-K (0.5 ft/day) aquifersto roughly one day for higher-
conductivity aguifers (100 ft/day). The estimates of residence times based on particle
tracking can be used to optimize the flowthrough thickness of the reective cell
required for achieving the desired reduction in contaminant levels.

o Paticletracking may be used to design a performance-monitoring network aong
specific flowpaths. As shown in the smulations, the flowpaths do not bend toward or
away from the PRB until the particles are within afew feet of the PRB. Therefore,
hydrologic monitoring efforts for cgpture zone determination need to be focused on
these amdl| trangtiond zones. Particle tracking dso is useful if tracer testsareto be
conducted in the reective cdll or itsvicinity. Some particle tracking codes so can
incorporate the solute transport processes, which can be used to evauate the effects of
disperson within the reective cdl. The fastest trave times determined from the
advective-digpersve smulations then would be used to determine the safety factor
required in designing the reective cell.

o For funnd-and-gate configurations, hydraulic capture zone width appears to be most
sengtive to funnd length and aguifer heterogenaity. Capture zone width is generdly
grecter for higher values of Keel When Kagiter IS held constant. At ratios greater than
5:1 between Kce and Kaguiter, Capture zone width does not change significantly when
only the K¢q isvaried. Higher conductivity aquifers have larger capture zones
relative to less conductive aguifers for the same Kcqj. Capture zone width ismore
senstive to variability in Kagiter rel@ive to changes in Kegi.

The following design results from previous modeling studies (Starr and Cherry, 1994; Shikaze,
1996) are dso worth noting:

o Inafunnd-and-gate configuration, the maximum absolute discharge (groundwater
flow volume) through the gate occurs when the funnd walls are a an apex angle of
180 degrees (dtraight barrier).

o For dl goex angles, the maximum discharge occurs when the funnel is perpendicular
to theregiond flow gradient.
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o A bdance between maximizing the hydraulic capture zone size of the gate and maxi-
mizing the resdence time in the reactive cdl should be achieved through modeling.
In generd, for afunnd-and-gate system, hydraulic capture zone size (or discharge
through the gate) and residence time are inversdy proportiona. The resdencetime
usudly can be increased without affecting the Size of the capture zone by increasing
the width of the gate.

o For funnd walls at 180 degrees (straight barrier), the hydraulic capture zone size (or
discharge) increases with increasing funne width. However, the relative capture
width decreases dramatically as the funnd width increases. The rdlative capture zone
width istheratio of the capture zone width to the total width of the funnd-and-gate
sysem.

o For acongant funnel width, the absolute and relative capture zone width increase
with gatewidth. Therefore, it is desirable to have a gate as wide asis economicaly

possible.

o For agiven funnd-and-gate design, the cgpture zone Size increases with increase in
K a reative to the aquifer. However, thereisreatively little increase in capture zone
Sze when the K is more than 10 times higher than Kagaiter. Therefore, in selecting the
particle Sze of the reactive medium, it is useful to note that the resulting Keq vaue
need not be more than about 10 times higher than the K of the surrounding aguifer.

6.2 Reactive Cell Thickness Design

The reective cdll thicknessis determined by the half-life (resdence time) requirements of the
target contaminants for a given reactive medium and by the velocity of groundwater through the
reective cell.

6.2.1 Determining Flowthrough Thickness of the Reactive Cell

Based on the groundwater velocity expected in the field reactive cdll and the required residence
time, the flowthrough thickness (b) of the field reactive cell can now be determined as.

b=V ety (6-1)

where V

ty

veocity in the flow direction
resdencetime.

Hydrologic moddling (Section 6.1) may be used to determine the expected groundwater velocity
through the reactive cell. Correction factors are required for temperature and bulk density (see
Section 6.2.2). Safety factors may be incorporated into the calculated thickness to account for
seasond variations in the flow, potentid loss of reactivity of the iron over time, and any other
field uncertainties (Section 6.3).

6.2.2 Correction Factorsfor Field Application

Some corrections are required to adjust the degradation rate from laboratory data for field gppli-
cation. Temperature and bulk density are the two parameters that often differ between laboratory
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and fidd conditions. The temperature of the groundwater in the fild gpplication (typicaly

10°C) isgenerdly lower than the room temperature of the laboratory column tests (typicaly

20to0 25°C). The empirica residence time may need to be increased to account for the lower
temperature. For example, Senzaki and Kumagal (1988a and 1988b) found that the haf-life of
1,1,2,2-TCA increased by 10% when temperature declined from 20 to 10°C. Jefferset d. (1989)
provide adiscussion on the use of Arrhenius temperature dependence to adjust for the effects of
temperature on degradation rate of organic compounds. The Arrhenius equation relatesthe
reaction rate (K) to absolute temperature (T) asfollows:

k p e ERT (6-2)

where E is the activation energy, and R is the universal gas congtant (8.314 Joulessmol Kévin).
Equation 6-2 can be rearranged as.

Ink=(1nA) - (E/RT) (6-3)
where k = firg-order reaction rate constant
A = frequency factor for the reaction
E = ativaionenergy
R = ided gascongant
T = absolutetemperature.

A plot of In k versus 1/T should give asraight line with adope of - E/R and an intercept on the
I/T axisof (INA)/(E/R). Experimenta datafrom controlled-temperature column tests indicate
that the effect of temperature follows the Arrhenius equation (ETI, 1997). Based on the fitted
equation, a 15°C in thefied, TCE degradation rates could be expected to decline by afactor of
1.4 from those measured in the laboratory at 23°C. Fied observations at atest Stein New
Jersey have shown that the degradation rate declines by afactor of 2 to 2.5 at temperatures of 8
to 10°C compared with laboratory rates. Similar results have been observed & other field Sites.

The gpplicability of the Arrhenius equation was demonstrated in another study (Su and Puls,

1998), in which batch tests were conducted to examine the effects of temperature (10 to 55°C) on
TCE degradation by metds, including granular iron. In these batch tests, the normaized hdf-life
for TCE with granular iron from Peerless Meta Powders and Abrasives, Inc., Detroit, M| fell

from about 40 hrsto below 10 hrs when the temperature was increased from 10 to 25°C. From
25 t0 40°C, and from 40°C to 50°C, the decrease in hdf-life was not as dramatic. For granular
iron from Magter Builders the normdized haf-lives decreased from about 25 at 10°C to below

10 at 25°C, indicating that iron from different sources may behave differently with temperature.

In this study, the activation energy (E) term in Equation 6-3 was estimated at 37.4 kilo-
Joules'mole for Peerlessiron and 32 kilo-Joulessmole for Magter Buildersiron.

Temperature versus reaction rate relaionships have not yet been determined experimentaly for

PCE, DCE, or VC. Given PCE'ssmilar behavior to TCE in deha ogenation reections, it may be
assumed that a smilar temperature factor would apply.
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The bulk dengty of the reactive cdl in thefield is generdly lower than the bulk dengty

messured in the laboratory because of different settling conditions for the medium. Therefore,
the surface area of reactive medium per unit volume of groundwater in the field may be lower
than the surface area measured during column testing. Also, degradation rates (or half-lives) are
proportiond to the specific surface area of the reactive medium (Gillham, 1996; Sivavec and
Horney, 1995), so the field residence time must be increased to account for the lower expected
ratio of reactive surface areato volume of solution. Currently, there is no clear indication of how
large the bulk density correction factor should be. To some extent, this factor would depend on
the efficiency of the congtruction and on how well the reactive medium consolidates after cor+
gruction. Gillham et a. (1993) reported that an increase in the surface area of iron by afactor of
5 caused the hdf-life for TCE to decline by afactor of about 2.5. Reduced iron surface area per
unit volume of groundwater is the reason why 100% iron degrades faster than ironsand mix-
tures. Also, finer iron granules generaly have larger surface areas and faster degradtion rates.

6.3 Safety Factorsfor PRB Design Parameters

One of the major design issuesin PRB congtruction is the incorporation of appropriate safety
factorsinto the design. Thisisatricky issue, because the estimates of input parameters used in
the PRB design can vary by an order of magnitude or more. The parameters that can affect the
performance due to variations include the influent contaminant concentrations, the hydraulic
gradient, flow direction, and hydraulic conductivity. In addition, potentia changesin ground-
water geochemistry, porosity, and seasond variations in temperature also should be considered.

The influent contaminant concentrations may change by severd orders of magnitude either as
higher-concentration parts of the plume reach the PRB or as aresult of changesin recharge or
flow patterns over time. The hydraulic gradient generaly does not change more than an order of
magnitude over time. On the other hand, the groundwater flow direction can change severd tens
of degrees over time, and hydraulic conductivity may vary by as much as afactor of 5 or 10
between estimated and actud field conditions, even with careful Ste characterization. These
uncertainties may result in the need for wider and thicker PRBs to ensure that the resdence time
and capture zone requirements are fulfilled.

Detaled and careful Site characterization generdly can reduce the uncertainty in the parameters
to amore acceptable range. It dso can prevent future performance falures by ensuring that the
minimum requirements for PRB location, width, depth, and thickness are met. However, it may
not be possible to incorporate the full range of hydraulic parameter uncertainty into the PRB
design, because such caution could lead to unacceptably high capita investment requirements. It
is probably sufficient to use a reasonable safety factor, in the range of about 2 to 3 timesthe
caculated flowthrough thickness at most Stes. The exact value of this safety factor at a given
Site depends on the judgment of the design managers concerning the uncertainty in the input
parameters (e.g., groundwater velocity) used in the design and in Ste-Specific risk requirements.
The safety factor can be reduced by modeling the PRB for afull range of input parameters (e.g.,
groundwater velocity, groundwater flow direction, and contaminant concentrations) expected at
the Ste, rather than using average vaues.

A further safety factor can be incorporated into the find design width of the reactive cell, if any
perceived uncertainty about groundwater flow velocity and direction exists as a result of ether
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seasond variations or limitations of Ste characterization measurements. Estimating very

locdlized groundwater movement (within afew feet) can be difficult, especidly with smaller
plumes, and loca flow characteristics may be different from regiond flow characteristics. The
more the actud flow direction deviates from the perpendicular (to the face of the reactive cdll),
thelesslikely it isthat the targeted groundwater (plume) will be captured, even though the tota
capture volume may be the same. Such flow variations can be accounted for in the computerized
modeling smulations and incorporated with a suitable safety factor into the width of the reective
cdl to account for the reduced efficiency of cgpture. By smulaing awide range of hydraulic
flow conditions (including flow direction), optimum orientation and dimensons of the PRB can

be designed.

6.4 Geochemical Evaluation of the PRB

Concern over the longevity of permeable barriers arises for contaminant plumes thet are

expected to persst for the next several years or decades. However, no PRBs have been in opera-
tion for more than sx years. During this time there have been no reported failures, nor isthere a
consensus on the factors that would cause them to lose their reactive or hydraulic performance.

Based on studies of geochemical processesin column tests and in existing field PRBs, there
seem be two main reasons that PRB performance could decline. Firt, the reactivity of granular
iron, or other reactive media, could diminish over time until it eventudly alows breakthrough of
the contaminants of concern. Granular iron, currently the most prevalent reactive mediumin

use, has not been studied for sufficiently long times in ether laboratory or fidd PRB systemsto
define the performance lifetime of abarrier. In one accelerated column study (Gavaskar et dl.,
1998) with granular iron (Peerless Metal Powders and Abrasives, Detroit, Ml), the haf-life for
TCE increased substantialy after 1,200 pore volumes of groundwater flow. Samples of theiron
were examined by scanning ectron microscopy (SEM) and x-ray diffraction (XRD), which
indicated the presence of iron oxyhydroxide and iron carbonate nearest the influent end.
Carbonate precipitates (calcite and aragonite) were found in the bulk iron throughout the column.
These precipitates, as well asthe possibility of iron surface passivation by dissolved slica, have
a 50 been reported in studies involving groundwater analysis (inorganic parameters) and andyss
of iron core samples from field PRBs a Dover AFB, former NAS Moffeit Field, and former
Lowry AFB. Trendsin the distribution of inorganic parameters a other permegble barrier Sites,
induding Alameda Point, U.S. Coast Guard Support Center at Elizabeth City, NC, and Denver
Federal Center, have smilarly been attributed to precipitate formation in the iron (Baitelle,
1999). Additiond research isrequired in this areato understand the relationship between
geochemical processes and loss of reactivity.

Second, inorganic precipitates formed in the reactive medium could occupy the available pore
gpace and eventualy reduce the porosity and hydraulic conductivity of the PRB. In the highly
reducing environment produced by zero-vaent iron, dissolved species, including oxygen,
carbonate, sulfate, calcium, magnesium, iron, and silica, can potentialy interact to form precipi-
tates that could deposit on the iron or within the pore spaces. Due to their irregular shape and
broad size digtribution (such as - 8+40 or - 8+50), the granular iron typicaly used in PRBs tends
to have alarge amount of void space; porosities typically range from 55 to 65% (Baitelle, 1999).
As shown from the modeling described in Section 6.1, this type of granular medium has consid-
erable capacity to accept such precipitates before its hydraulic performance is significantly
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affected. On the other hand, even athin or mono-molecular layer of precipitates on theiron
surface may be enough to prevent access of contaminants to reactive steson theiron. Addi-
tional research is needed in this area to understand the relationship between geochemical
processes and loss of hydraulic performance.

The composition of the Site groundwater has a strong bearing on the amount of precipitation
encountered in a PRB system.  Some column studies have shown that precipitation and clogging
can be more severe in the entrance to the iron zone when influent DO content is high (Mackenzie
et d., 1999). Inthese exparimentsa“solidified” zone of iron caused arapid risein pressure
between a positive displacement pump and the entrance to the column. Clogging of this sort
would have grestly reduced flow in a passvely fed system, such as would be encountered in an
ingtu barrier. The researchersin the Mackenzie et d. (1999) study noted that short-term
porosity losses are controlled by precipitation of Fe(OH), and entrgpment of afilm of H, gas a
theiron surface. Fe(OH),, FeCOs, and CaCO3 became important porosity controls at longer
trestment intervals, and the gppearance of cacium carbonate depended on the carbonate content
of the groundwater.

Given these geochemicd factors, and the uncertainties associated with their effects, it may be
desirable during the PRB design process to evaluate the longevity of the PRB in terms of:

0 Site characterization data (inorganic parameter levels in the Ste groundwater)

o Column test data (inorganic parameter levelsin the groundwater influent and effluent
to the column containing resctive medium)

o Geochemicd modding.

The sampling and andysis of fidd parameters (DO, pH, ORP, and conductivity) and other rele-
vant inorganic parameters (including Ca, Mg, NOs™, SO4 2, and CI') were discussed in Section
3.3. Useof these parametersin geochemica evauation/modeling and their role in evauating
the longevity of the PRB are discussed in the following two subsections, and are followed by a
brief review of further geochemicad modeling options.

6.4.1 Geochemical Evaluation with Smple Inorganic M easurements

Inorganic parameters easily monitored during column tests are pH, ORP (Eh), DO, and conduc-
tivity. Inorganic parameter measurements should indicate that geochemica conditionsinside the
reactive medium are conducive to reductive dechlorination. For example, redox measurements
should be low and pH should remain close to the steady- state val ue measured a the beginning of
the column test.

DO measurements generdly are taken in the field during groundwater collection to determine if
the groundwater is aerobic or anaerobic. DO probes are useful for measuring oxygen levelsin
aquifer groundwater, but generdly yield uncertain numbersinsde areactive cdl, becauseiron
scrubs oxygen to levels that are many orders of magnitude lower than can be measured by aDO
probe.
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Conductivity is useful for determining whether the concentration of dissolved ionsin the ground-
water are changing as water passes though the reactive medium. For example, groundwater
entering the reactive medium may become diminished in dissolved ion content due to precipita:
tion reactions brought about by the pH and redox changes. Although details about the precipi-
tation process can only be found by andyzing the inorganic condtituents in the water,
conductivity measurements provide a quick method to determine if precipitation could be
occurring.

6.4.2 Geochemical Evaluation with Other I norganic Measur ements

As water moves through the reactive medium, changes (Iosses) are often noted between the
influent and effluent concentrations of native inorganic species. A change or loss could be an
indication that precipitation is occurring within the reactive cdll. Due to the large geochemica
dissmilarity between a reactive medium (such asiron) and the native aguifer materid, changes
will be most noteble at the influent end of the reactive cell. Although it is usudly unclear how
much of this precipitate mass Says in the reactive medium and how the mass affects reactivity,
the amount of inorganic species (such as cacium and carbonate) logt as the groundwater moves
through the reactive medium may be an important indicator of the type and degree of precipita:
tion that is occurring.

Trends in groundwater geochemistry can be detected by routine analyss of some key inorganic
gpecies in native groundwater both before (influent) and after (effluent) it has passed through the
reactive medium. The influent analysis can be obtained during Site characterization. Both
influent and effluent concentrations of the inorganic species can be obtained by sampling the
influent and effluent to the columns during the |aboratory testing Sage. The influent and effluent
concentrations of various inorganic species can be compared to determine losses that result from
interactions with the reactive medium.

Indications that chemica precipitation reactions are taking place in a PRB can sometimes be
determined by comparing inorganic parameters dong the flowpath in a column test (or in the
post-congtruction monitoring stage in the fild PRB system). For example, Table 6-1 illudrates
the andysis of groundwater dong the flowpath through the reactive medium used a former NAS
Moffett Fidd. The reactive medium samples represent intermediate points dong the flowpath
through the reactive medium where the speed of some of the reactions can be observed. It can be
Seen in Table 6-1 that concentrations of Ca, Mg, akalinity, nitrate, and sulfate are Sgnificantly
lower in the reactive medium than in the influent. Changes in magnesum are less pronounced
compared to Ca and akdinity, but are aso apparent.

Comparing concentrations in the influent and effluent, it can be seen that there is sgnificant
declinein dissolved solids, which can be attributed to loss within the reactive cdll. Table 6-2
shows the average changes in species concentrations between the influent and effluent sections
(equivdent to the influent and effluent from a column test). It can be seen that losses of some
species are quite high. For example, dkainity and sulfate each decline by more than 300 mg/L.
These losses dso are substantid, relative to the repective influent concentrations, specificdly,
Mg, Ca, nitrate, and sulfate each decrease by more than 90% and akalinity decreases by 85%.
Some ions behave more consarvatively, notably Cl (7%) and Na (18%), while K isintermediate
at 34% decline.
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Table 6-1.

[lustrative Results of Inorganic Chemical Measurementsfor Groundwater Flow through a Column of Reactive
Medium (Iron) Using Former NAS Moffett Field Data as an Example

Sample Calcium Magnesium Sodium Iron Alkalinity™ Chloride Nitrate Sulfate
Location®|  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Influent to the Reactive Medium
Influent 164E 65.7E 33.6E U 215 45.2 15 329
163E 63.7E 31.9E U 289 45.7 U 335
177 72.8 38.5 U 276 313 18 264
164 63.9 35 0.118 310 46.1 2.8 342
Groundwater in the Iron Medium
Upgradient 2.02B 304 36.1 U U 38.3 U 56.7
iron 2.25B 175 34.3 U 89.2 37.8 U 21.8
3.498 32.8 32.6 U 70.8 395 U 94.4
8.27 16.3 33 U 62.2 39 U 51
Down | 09218 | 03498 | 36 | 0.029B | 143 | . 24 | u | 1
gradient 1.48B 0.488B 35.7 0.044B 14.1 43.3 U 11
iron 0.486B 0.852B 34.7 U 16.6 41.2 U 4.2
87.8E 1.16EB 41.6E 0.035B 134 39 U 111
Effluent from the Reactive Medium
Effluent 141EB 0.593EB 26E 0.347 124 41.7 U 1
521 113B 27.1 0.326 U 39.1 U 4.6
751 2.31B 285 0.053B 13.6 37.1 U 11
13.2 0.327B 32.1 U 194 36.5 U 29

(8 Multiple measurements.

(b) Alkalinity as CaCOs.
U = The compound was analyzed but not detected at or above the specified reporting limit.
B = The compound was detected in the associated method blank.
E = The amount reported exceeded the linear range of the instrumentation calibration.




Table 6-2. Average Changesin Species Concentrations Between I nfluent and Effluent
from the Reactive Medium Using Data from Former NAS M offett Field asan Illustration

Na K Mg Ca Alkalinity Cl Nitrate Sulfate
Section/Change| (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Influent 355 2.1 66.9 165.4 412 42.2 20 333
Effluent 29.1 14 1.0 10.4 62 39.1 0.0 18.0
Change 6.4 0.7 65.9 155 350 31 20 315
% Change 18% 34% 98% A% 85% %  100% 95%

Asseenin Table 6-1, the decrease in calcium, nitrate, and sulfate concentrations appears to take
place quickly in theiron. Concentrations of these ions decrease sharply as the water enters the
upgradient portion of the reactive medium. However, following thisinitid decline, the concen
trations of these ions remain Steady as water moves through the rest of the reactive medium,
which suggests that the kinetics of the controlling reactions for these ions take place on asmilar
time scae as the residence time of groundwater in the reactive cell. The gppearance of steady-
gate conditions in the downgradient portion of the reactive medium suggest that reactions are
completed by the time water reaches the downgradient end of the iron.

Such changes in inorganic condtituents suggest that inorganic compounds are precipitating
within the reactive medium as a result of changesin pH and Eh. For example, reductionsin the
concentrations of akainity, calcium, and magnesium are believed to be caused by precipitation
of aragonite or cacite (CaCOs) and magnesite (MgCOs). The magnesium concentration also
may be affected by precipitation of magnesium hydroxide (brucite). Sulfate concentrations are
not sufficiently high to cause precipitation of mineras, such as gypsum (CaSO,2H,0). Itis
more likely that reducing conditions lead to reduction of sulfate to alower oxidation sate of
aulfur, such as aulfide, which then precipitates as FeS or FeS,. Other possible precipitates
include ferrous carbonate (sderite), iron hydroxide, and “green rust,” a compound of ferrous or
ferric iron containing hydroxide, chloride, and sulfate,

A rough estimate of the amount of precipitation that may be expected to occur in the reactive
medium in afield PRB can be obtained by measuring the losses (differences) of the inorganic
gpecies between the influent and effluent in a column test, without measuring intermediate
concentrations. The reduced data set in Table 6-2 can be used to roughly estimate these losses,
asshown in Table 6-3. The concentrations in Table 6-2 were multiplied by the estimated volu-
metric flowrate through the reactive cell designed a the former NAS Moffett Field Stefor a
groundwater velocity range of 0.2 to 0.5 ft/day (310,000 L/yr at 0.2 ft/d and 775,000 L/yr at
0.5 ft/d). Table 6-3 showsthat the total solids produced per year ranged from 279 to 697 kg.
However, the digtribution of inorganic matter may not be even throughout the reactive cell. For
example, the bulk of the precipitation may take place in the upgradient portion of the reactive
cdl. Thetruedifficulty liesin the inability to relate these groundwater inorganic parameter
losses to the degree of loss of reactive Sites on the reactive medium surfaces.
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Table 6-3. Estimated Annual L oss of I norganic Species Dueto Precipitation at
Former NAS M offett Field

Flowrate® | Na K Mg Ca Alkalinity Cl Nitrate Sulfate | Total
(ft/d) (kg) (kg) (kg)  (kg) (kg) (kg)  (kg) (kg) (kg)
0.2 2.0 0.2 20 48 109 1.0 0.6 98 279
0.5 5.0 0.6 51 120 272 2.4 15 244 697

(& Estimated from hydrogeologic modeling of the PRB-aquifer system.

Disolved slicais another inorganic condtituent present in groundwater that is of potential con
cern to the longevity of abarrier. Monomeric slicic acid, HySOg4, is known to form polymers
that may coat iron grains, producing a passvating film. It is unknown whether or to what extent
dissolved slica acts as a corrosion inhibitor for granular iron. Figure 6-6 shows the distribution
of dissolved dlica(as SO») inthe PRB at former NAS Moffett Fidd. Thetrend lineisfor visud
effect and is not based on modeling. Note that the overdl behavior of dlicais smilar to thet of
other inorganic species, whose concentrations decrease due to precipitation.

At this stage of development of the PRB technology, there is no way of linking the mass of
precipitates generated in the reactive cell to the depletion of reactive surface areain the reactive
medium. Severd studies currently are being conducted to address thisissue.

25
i _ )
[ g
L _,\.\ E
- . (O]
20 T 8
- o
=
Q2
[ 2|9
— o
I7 e S
=) o <]
E o o
~ Upgradient s Iron Downgradient Aquifer
o Aquifer e
? 107 g o
i °
g
[o)
o
S
5 -
®
0 t : t t t
-10 -5 0 5 10 15 20 25 30

Distance (ft)
Figure 6-6. Distribution of Dissolved Silica in the PRB at Former NAS Moffett Field
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6.4.3 Geochemical M odeling

The geochemica evauation described in Sections 6.4.1 and 6.4.2 should be possible without
sgnificant resources being expended, and should be sufficient for most full-scale PRB applica
tions. If more detailed evauation is required, Appendix D describes the use of computerized
geochemicd modding for evauating precipitation reactions and the longevity of aPRB. In
addition, core samples of the reactive medium can be andyzed after suitable intervals (after the
field PRB isingaled) for physica evidence of precipitates and confirm their existence (see
Section 8.3.3). Geochemica modeling and core analysis are specidized andytical tools that are
generdly suitable for research work undertaken for technology devel opment purposes.
However, if reactivity or flow problems develop a PRB sites, these additiona tools may be
ussful for further evauation of geochemica processes affecting PRB performance. Geochemical
modeling aso is useful for evauating new reective mediafor PRB gpplication.
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