bromide has been found to work well in an iron reective medium when aretardation factor of 1.2
isincorporated (Sivavec, 1996). During priminary Ste characterization, the levels of tracer in
the native groundwater should be measured. Elevated levelsin the native groundwater would
make the tracer test more difficult, because alarger concentration of injected tracer would be
required. At high concentrations, the tracer may be subject to a dendty gradient asit travels
through the aquifer or reactive cdll. The resulting path of the tracer, then, may not be the same as
that of the natural groundwater. One advantage of atracer (such as bromide) isits ability to be
continuously monitored using downhole, ion-selective dectrodes. Continuous monitoring with
such probes increases the probability of capturing the tracer peak and reduces labor cogts. 1o
selective probes are expensive, but their cost could be justified by reduced labor requirements
and increased chances of success. Field application of tracer tests for evaluating PRBS has not
been very successful in the past for avariety of reasons (Focht et a., 1997). In particular, diffi-
cultiesin ensuring the success of tracer tests occur as aresult of the high cost involved in obtain-
ing adequate sampling dengity (number of monitoring wells and frequency of sampling) and of

the limitations of monitoring instruments. However, tracer tests within the PRB are more likely

to be successful than those conducted in the aquifer for capture zone delinestion, because the
possible flowpaths in the PRB are rdlatively constrained by sheet piled on two Sides.

An example tracer test in a PRB took place at the former NAS Moffett Field PRB site (Battelle,
1998). Inthiscase, tracer wasinjected in awell in the upgradient pea gravel zone. It was
observed that the tracer oreads lateraly within the pretrestment zone before moving into the
reactive zone (Figure 8-7), because the conductivity of the pea grave in the pretreatment zone
was greater than that of the reactive media. At this site, the tracer test showed that the flow was
moving in the expected downgradient direction. It also showed that the actud flow through the
reective cdll was highly heterogeneous. However, despite very extensive monitoring, it was not
possible to achieve an acceptable mass baance for the tracer. Therefore, the presence of other
pathways for flow could not be ruled out. Other examples of tracer testing for performance
assessment at PRB dtes are presented in Piana et d. (1999) for Fry Canyon, UT, and Devlin and
Barker (1999) for monitoring of flushing through a PRB &t the Borden site in Ontario, Canada.

8.3 Geochemical Performance Monitoring Strategy

Generdly, monitoring the geochemica performance of a PRB is a secondary consideration, with
contaminant degradation and hydraulic performance being the key short-term concerns. Inthe
long term, however, Ste managers may want to evauate how long the reactive medium will
continue to provide the desired performance. Also, Site managers may wish to determine how
well the field PRB system matches the predictions of the geochemica eva uation done during the
design stage (based on site characterization and column test information as described in

Section 6.4).

There are three main methods available for monitoring the geochemistry of the PRB, and these
range in cost and complexity:

o  Groundwater monitoring for inorganic pecies

o Geochemica modding
o Coreextraction and andysss.
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Monitoring groundwater within the PRB for inorganic species is essentia for understanding
geochemica conditions and is a prerequisite for geochemica modeling. Inorganic andyss need

not be performed as often as VOC sampling, but a comprehensive round of analyses could be done
every oneto two years. At thisfrequency of data collection it should be possible to detect any
sgnificant changes taking place within the barrier and have sufficient time to correct them before

the barrier fails to meet compliance requirements. Generdly, groundwater monitoring and data
andyssis sufficient at most Sitesfor evauating geochemica interactions. Geochemica modding
and reactive medium core collection and analyss are specidized methods that could be undertaken
for technology development purposes or for more detailed evauation of the Ste geochemidry, if
groundwater monitoring reveds any unusual patterns that could affect PRB performance.

Geochemicad modding reguires high-quaity measurements of field parameters and eementa
concentrations that typicaly would be obtained during groundwater monitoring. Reliance on

raw groundwater data aloneis limited in two ways. Firgt, subtle changes in groundwater chem-
istry may be overlooked in raw data; and second, there is no reference with which to compare
raw data. However, with geochemica monitoring, subtle changes in groundwater chemisiry may
be more apparent in the modeling results; aso, geochemica modeling results can be compared to
theoretica equilibrium caculations, which would provide an important reference point for
understanding the geochemica system through the monitoring data. 1t isimportant to note thet
the input data must include dl parameters that relate to interactions in the barrier for geochemi-
ca modding to produce meaningful results.

Findly, core sampling of theiron and surrounding media offers a direct way to observe geo-
chemica behavior within these media. Core sampling is much more invasive than groundwater
sampling and should only be performed at critical times. For example, if the performance of the
barrier has degraded over time and this behavior seemsto be related to either hydraulic factors
(e.g., plume bypass) or adeclinein reactivity (e.g., plume breskthrough), core sampling could
provide important information about conditions within the barrier. |If an opportunity arisesto
take core samples a an earlier stage (i.e., before any threeat to the performance of the barrier is
detected), the andysis data could serve as a baseline with which to compare observations a a
later date. In addition, it isaso agood idea to save some of the unused iron for comparison with
core samples collected at alater time. The unused iron should be stored in an airtight container,
preferably insde a desiccator.

8.3.1 Evaluating Geochemical Performancewith
Groundwater Monitoring
To monitor the processes taking place within abarrier, the following geochemica information
should be collected on aroutine basis (monitoring events could be incorporated into the
compliance monitoring schedule):

o On-stefidd parameter measurements
0 Inorganic chemicd andysis of groundwater samples.

The primary purpose of taking field parameter measurements and andyzing groundwater

samples for inorganic condituentsis to ensure that the PRB maintainsiits ability to degrade hao-
genated contaminants or immobilize target metals. Another purpose may be to confirm that DO
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is being scrubbed within a pretreatment zone, so that water entering the reactive cdl is anoxic.
On-gtefidd parameter measurements should be used to track parameters such as DO, ORP, pH,
conductivity, and temperature. Typica levels of DO in an aerobic aguifer can be measured using
aDO probe. Usualy, DO probes are effective when oxygen levels are between 0.5 mg/L and
saturation (about 8 mg/L). They tend to give spurious readings when oxygen levels are below

0.5 mg/L and therefore are not suitable for measuring conditions within the reective cell.

The strength of the reducing environment indde a reective cell must be measured using a combi-
nation or pair of eectrodes, congsting of aworking dectrode (usudly a platinum wire) and a
reference eectrode (typicaly a AgCl/Ag cdl). A more universal expresson of ORP isthe Eh,
which refers to the standard hydrogen electrode (SHE) as the reference potential. ORP is easily
converted to Eh by subtracting the reference cell potertia. Redox measurements are often
expressed in volt (V) or millivolt (mV) units. Another scae that can be used is the pe scale,
which isrelated by pe = Eh (mV)/59.2 at 25°C. Thus, for both scales, a zero value refers to the
same potentid, and the Sgns stay the same. ORP, Eh, and pe become more negetive in reducing
environments and more pogitive in oxidizing environments. Because other factors, including pH,
afect redox measurements, there are no absolute values that indicate oxidizing or reducing
conditions only, or serve as a divider between the two.

In most situations, field parameter measurements can be taken using probes that are either con-
figured for downhole submersion or coupled to a flowthrough cell for aboveground use. Which
ever typeisused, it isimportant to record the readings after the probe has stabilized. Also, the
water insde the probes must be protected againgt contact with ambient air, particularly so that
DO and ORP readings are not biased. Downhole probes more easily assure that air contamina-
tion does not occur.

If dl groundwater sampling is to be conducted during one event, the samples for volatile organic
anaytes should be collected before those for inorganic andytes in order to obtain the most repre-
sentative samples for VOC andysis, as explained in Section 8.1.2. It is preferable to collect dl
samplesfor VOCsfirgt, and then repeet the sampling schedule to collect samples for inorganic
andyds. Analyticd |aboratories require different containers and preservation methods for

metals and anion andys's. Recommended inorganic andytica requirements for groundweter
samplesare givenin Table 8-1. Added to the list would be any substances that are either treated
by the barrier (such as Cr), or substances that may have some indirect effect on the barrier (such
as high concentrations of phosphate). Samples for metals andysis should befiltered in the field
using 0.45-umor smaler pore-sze membranesimmediately after collection. Fltering hdpsto
exclude colloidd materia and suspended iron fines from being collected with the water sample,
which would be subsequently acid-digested and andyzed. Elimination of colloidal materid from
the sample is necessary because only the concentrations of dissolved species rather than total
metals have bearing on minera precipitation. Iron and manganese are the most problematic
metasto andyze, due to their tendencies to absorb onto colloidd materid. If turbidity isvery
low, it may not be necessary to filter for main group metals, such as Na, K, Mg, and Ca.
However, it is advisable to verify whether filtering should take place by taking filtered and
unfiltered samples during one event and comparing the results. If metal concentrations are
ggnificantly higher in the unfiltered samples, then filtering should be consdered necessary.
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Table 8-1. Recommended Inorganic Analytical Requirementsfor Groundwater Samples

Analysis  Sample Storage Preservation  SampleHolding
Analytes Method Volume Container Method Time
Cations
Na, Ca, Mg, Fe, and Mn EPA 200.7 100mL  Polyethylene  Filter, 4°C, pH<2 180 days
(HNG;)
Anions
NO; SO,, and Cl EPA 300.0 100mL Polyethylene 4°C 28 days®
Alkdinity EPA 3101 100mL  Polyethylene 4°C 14 days®
Neutrals
Dissolved slica EPA 6010 250mL  Polyethylene None 28 days
TDS EPA 160.1 100mL  Polyethylene 4°C 7 days

(@) Halding time for nitrate is 48 hours when unpreserved; holding time can be extended to 28 days when
preserved with sulfuric acid.
(b) Determination of akalinity in the field using atitration method is preferred whenever there is concern
over precipitation in the sample container during storage.

In addition, anions including nitrate, sulfate, chloride, and dkalinity should be andyzed because
of their eectroactivity (nitrate and sulfate), potentid for precipitation (dkadinity and sulfide), and
conservative reference (chloride). Other andytes that should be measured include dissolved
slica, because of concern over iron passivation, and TDS, which can be corrdated with conduc-
tivity and helps confirm that al major dissolved species have been andyzed.

lonic charge balance should be caculated to provide a measure of inorganic data quality inde-
pendent of routine andytica qudity assurance/qudity control (QA/QC). Charge bdanceis
caculated as the percent difference in cation and anion milliequivalents (meg), as shown in the

following equation:

Charge bdance = 100~

meq cations - meg anions

meq cations + meg anions

(&1)

Electrolyte solutions are dectricaly neutrd, so any charge balance caculated to be more or less
than zero represents cumulative errorsin analysis of the ionic species. Solutions that are within
10% cation-anion balance are consdered adequately baanced for subsequent uses such as
geochemica modding. Figure 8-8 shows charge baance results from sampling a Dover AFB in
June 1999. In thisfigure, the data are distributed near the charge balance line (heavy line), and
mog points fal within the £10% envelope. Thisfigure dso illugtrates that water in Gate 2 had a
higher ionic concentration than water in Gate 1.

Andysis of the groundwater monitoring datais Smilar to the evauation of inorganic parameter
data from column tests, as described in Section 6.4.2. In addition to conducting a qualitetive
evauation of the types of precipitates that may be expected, a quantitative evauation can be
conducted by comparing the groundwater influent and effluent levels of inorganic parameters
(eg., Ca, Mg, and dkdinity). Tables6-2 and 6-3 in Section 6.4 show how differences between
the influent and effluent concentrations can be used to estimate the groundwater losses of these
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Figure 8-8. lonic Charge Balance for Selected Wellsat the PRB at Dover AFB (June 1999)

parameters due to precipitation. However, as aso mentioned in that section, the difficulty in
linking groundwater losses of these condtituents to any losses in the reactive and hydraulic
performance of the PRB lieswith the inability to link mass of precipitate to loss of reactive surface
gtes. Currently, it is unclear how these precipitates account for alossin reective sites on the
resctive medium. For example, if the precipitates form a thin mono-layer on the reactive medium
surface, very little precipitate mass may be needed to consume al available reective sites; on the
other hand, it is not clear whether or not the preci pitates occupy the same reective Stes asthe
contaminants. Also, if the precipitates ether tend to form multiple layers on the reactive medium
surface, settle in bulk at the bottom of the reactive cell, or are trangported out of the reactive cell as
colloidd particles, the PRB could sustain a considerable mass of precipitate before reactive and/or
hydraulic performance starts declining. Evauating the longevity of a PRB isan arearequiring
further research, especidly given its potentid influence on PRB performance and economics.

8.3.2 Evaluating Geochemical Performance with
Geochemical M odding
Geochemica modeling can be used to Smulate reactions between a native groundwater and the
reactive medium, such asiron. This modeling can be useful for understanding the mechanisms
of various kinds of precipitates that can form. Two types of computer models are commonly
used for this purpose: equilibrium modes and inverse modds. Both are described in Appendix
D and contain examples from PRB gites.

8.3.3 Evaluating Geochemical Performance with
Reactive Medium Core Sampling

Reactive medium core sampling and analys's are specidized techniques that may not be required
at most PRB fidd gtes. However, core andys's provides important geochemical information for
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evauaing the longevity of the reactive medium. If problems with field PRB performance relat-
ing ether to hydraulics or to degradation of contaminants of concern are detected, it may be
desrable to investigate the cause by examining the reactive medium directly. This can be done
by collecting core samples of the reactive medium and andyzing them for the following:

o Evidence of chemicd and mineradogica changes
o Signsof any unusua microbid activity (aquifer soil samples should be andlyzed too).

When performing core sampling, possible changes in the reactive medium near the interfaces

with the adjoining sections are of particular interest, because these interfacid regions are the

places where plugging could be most pronounced. The upgradient interface aso is very impor-
tant because this is where the most sudden change in chemicd environments occurs. To examine
these interfaces, vertical core samples of medium should be taken as close as possible to the
adjoining upgradient section (i.e., peagravel or aquifer). If possible, angled cores aso should be
be placed into the upgradient interface of the medium. Vertical cores are easly taken by various
kinds of direct push equipment. Taking angled cores, on the other hand, requires more versdile
equipment. Angled cores can be very useful because they expose greater surface areaand can cut
across the interface of the medium and aquifer or pretreatment zone. Core samples of granular
iron medium have been collected from some existing PRBs and examined for sgns of the corro-
sion and precipitation as predicted by the groundwater analysis and geochemica modding. Fg-
ure 8-9 shows a vertica core being extracted at the Dover AFB PRB site, and Figure 8-10 shows
an angled core being taken at the former NAS Moffett Field PRB.

Coring locations should be chosen to provide specimens over alarge area of the permeable
barrier and dso to include aquifer samples both upgradient and downgradient of the permesble
barrier for microbiologica anayss. However, precedence should be given to the upgradient

e T e e
7 B - e

Figure 8-9. Core Sampler Extracting Vertical Core at Dover AFB
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Figure 8-10. Enviro-Core™ Sampler Extracting Angled Core at
Former NAS Moffett Field

portion of the reactive cell, where more precipitation is likely to occur. At least three cores should
be taken in the reective cdll so that spatia information about theironisavalladle.

The sampler itself should be designed for coring at discrete depth intervals, so that depth infor-
mation can be incorporated into the analysis. Core barrds are typicaly fitted with severd short
(6-inch-long) stainless stedl or brass deeves, or one long clear plagtic deeve. Multiple deeves
dlow shipment of samples from a comparable depth interva to be shipped to various locations
without the need for sub-sampling.

After sample deeves are removed from the core barrel, the deaves should be fitted with tight-
fitting plagtic caps to contain the sample and redtrict air. It isimportant to minimize air contact
with the samples after they are collected. Severa storage approaches have been reported in the
literature, as summarized in Table 8-2. The approach used at Dover AFB and former Lowry
AFB has been to place the sample deevesinto Tedlar™ bags that contain packets of oxygen
scavenging materid, as shown in Figure 8-11. The bags then are purged with nitrogen gas, as
shown in Figure 8-12, and refrigerated until they are shipped to an analytica laboratory.
Samples for microbiologica andysis should be shipped in an airtight container to the designated
laboratory. Samplesfor inorganic analysis should be vacuum-dried using a vacuum oven
without heat. Core samples then should be placed in a nitrogen-filled chamber for sub-sampling
and storage until needed.
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Table 8-2. Survey of Core Sampling and Preparation Methods

L ocation Sampling/Drilling® Stor age/Shipping® Sample Processing'®
Former Enviro-core dual-tube sampling, | Refrigerated immediately | Sleeves were transferred to a heated
NAS vibrated into the ground. Poor and shipped on blueice | vacuum dessicator. The tape was
Moffett core recovery at former Lowry to an off-site laboratory | removed but it was unnecessary to
Field, CA; | AFB (with a“catcher.”) where samples were remove the caps. Vacuum drying was
and former placed in aglove box and | conducted at 125°F and required up to
Lowry Polybutyrate liners used initially | purged with ultrapure 72 hrs. Core samplesthen were
AFB, CO | because they were denser; nitrogen. returned to the glove box.

currently use three 6-inch-long
stainless steel sleevesinside Sleeve end caps were removed from
18-inch-long barrel. Obtain three the dried core while inside the nitrogen
subsamples per barrel. Sleeves glove box and 1 inch of materia on
areplaced inaTedlar™ bag that each end was discarded. The remain-
has previously been purged with ing sample was put into glass jars and
inert gas. Oxygen scrubber is put mixed to homogenize. Subsamples
on the bag. Samples are shipped were prepared in small glass vials and
cold. sealed in nitrogen.
Interface between reactiveiron
and pea gravel difficult to
distinguish due to clogging of the
sampling system when the pea
gravel was encountered.
Dover A direct-push CPT sampler was | Refrigerated immediately | Sleeves were transferred to a heated
AFB used for vertical core collection. | and shipped on blueice | vacuum dessicator. The tape was
Three 6-inch-long stainless steel | to an off-site laboratory | removed but it was unnecessary to
sleeves were fitted into the core | where samples were remove the caps. Vacuum drying was
barrel for each push. Recovery | placed in aglove box and | conducted at 125°F and required up to
of iron was less than 50%. purged with ultrapure 72 hrs. Core samplesthen were
nitrogen. returned to the glove box.
Sleeve end caps were removed from
the dried core while inside the nitrogen
glove box and 1 inch of material on
each end was discarded. Theremain-
ing sample was put into glass jars and
mixed to homogenize. Subsamples
were prepared in small glassvialsand
sealed in nitrogen.
Somers- Geoprobe® was used; there was a | Shipped oniice XRD and SEM/EDS performed. Iron
worth problem of peagravel mixing grains were gently washed with
landfill with the Fe and biasing carbonate | Shipped overnight nitrogen-purged acetone in a nitrogen
site, NH results. glove box. Grainswerefiltered,

washed repeatedly with additional
acetone, and then vacuumddried in a
dessicator.®

A single acetone rinse isinsufficient,
multiple rinses are needed.
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Table 8-2. Survey of Core Sampling and Preparation M ethods (Continued)

L ocation

Sampling/Drilling

Stor age/Shipping

Sample Processing

ORNL,
TN

Geoprobe® used for angle coring,
samples collected in
polyurethane tubes.

Attempted to obtain 4 ft samples
but only retrieved ~2 ft because
of compaction and spillage.

After removal, cores
purged with argon and
sealed with rubber stop-
pers. During the period
between sampling and
preparation (2-3 weeks),
the storage tubes were
purged with nitrogen
twice per week. Other
samples preserved with
acetone.

Representative samples were washed
with acetone prior to mineralogical
analysis. Remainder of sample was
air-dried, ground and mixed.

Kansas
City Plant,
KS; and
Fry
Canyon,
uT

Geoprobe” used for angle coring,
samples collected in PTEG
sleeves. No problems obtaining
complete core with intact
interface.

After removal, cores
purged with argon and
sealed with rubber stop-
pers. During the period
between sampling and
preparation (2-3 weeks),
the storage tubes were
purged with nitrogen
twice per week. Other
samples preserved with
acetone.

Kansas City Plant: Samplesfrozen,
awaiting processing.

Fry Canyon: USGS processing/no
information available.

Elizabeth
City, NC

Geoprobe® used.

Polycarbonate sleeves,
cut and seal the sleeves
with plastic electrical
tape and quick freeze
with liquid nitrogen in
thefield.

Ship overnight ondry ice
for processing in glove
boxes.

Also performing acetone
treatment in field.

Geochemical analyses: replaced pore
water with acetone to eliminate
oxidative effects.

Microbiology “freeze dry and store”
frozen until analysis.

Others

Collected at Kansas City Plant
and Fry Canyon sites.

Samplespackedinice
with 50% ethanol in one
set and a 2% solution of
gluteraldehyde (stored
anaerobically).

Microbiological analysesonly.

(@) Sources. Korte, 1999; Battelle, 1998 and 2000.

(b) Comparison testing demonstrated that vacuum dried samples had additional oxidation relative to samples
processed with acetone.

USGS = United States Geological Survey.

Samples should be andyzed by alaboratory that can perform the kinds of analyses recommended
in Table 8-3. Many materids science or geology laboratories have ingruments for inorganic
non-biologicd andyss. Microbiologica samples should be sent to alaboratory equipped to
perform heterotrophic plate counts and phospholipid faity acid (PLFA) profiles of microbia
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Figure 8-11. Photograph of Core Seeves Being Placed into Tedlar ™ Bagsthat Contain
Packets of Oxygen Scavenging M aterial

Figure8-12. Tedlar ™ Bags Flushed with Nitrogen Gas Before Sealing
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Table 8-3. Recommended Characterization Techniquesfor Coring Samples

Analysis M ethod

Description

Total Carbon Analysis
Combustion furnace used to quantify total
organic and inorganic (carbonate) carbon

Quantitative determination of total carbon. Useful for
determining fraction of carbonates in core profile.

Raman Spectroscopy
Confoca imaging Raman microprobe

Semiquantitative characterization of amorphous and
crystdline phases. Suitable for identifying iron oxides
and hydroxides, sulfides, and carbonates.

Fourier Transform Infrared Spectr oscopy
(FTIR)
FTIR coupled with auto-image microscopy

Attenuated total internal reflection (ATR) spectrawere
collected using a germanium internal reflection e ement.

Scanning Electron Microscopy
Secondary electron images (SEl)

Energy-dispersive spectroscopy (EDS)

High-resolution visua and elemental characterization of
amorphous and crystalline phases. Useful for identifying
morphology and composition of precipitates and
corrosion materials.

X-Ray Diffraction (XRD)
Powder diffraction

Quialitative determination of crystaline phases. Useful
for identifying minerals such as carbonates, magnetite,
and goethite.

Microbiological Analysis
Heterotrophic plate count
PLFA profiling

Identification of microbid population within the cored
material. Useful for determining the presence or absence
of iron-oxidizing or sulfate-reducing bacteria.

drains. The main intent of the non-biologica analyssisto determine physicad and chemicd
changes that have taken place in the iron due to exposure to Site groundwater. The micro-
biologcd andlyssisintended to determine if microbiologica activity is occuring in theiron or
downgradient aquifer, because buildup of and fouling by biomassis a potentia concern.
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9.0 PRB Economics

The potentia long-term economic benefit of PRBs has been an important driving force behind
the interest in thistechnology. At stes with groundwater contaminants, such as chlorinated
solvents, that could persst for severa years or decades, a passive technology (namely, PRB) that
has no recurring operating labor or energy requirement beyond quarterly monitoring has a poten-
tid long-term cost advantage over a convertiond P& T system. Key varigblesthat affect PRB
economics are the length of time that a given indaled reactive medium will retain its reactive

and hydraulic performance and, consequently, the type and frequency of the maintenance
required to replace and/or regenerate the reactive medium. Because the PRB technology has
undergone field gpplication only in the last five years or so, there is no historica experience or
data which can be rdied on to make a clear judgement about the longevity of a PRB, and any
cost evauation should take this uncertainty into account.

Because PRB agpplication costs need to be evaluated in the context of a competing technology,
PRB and P& T costs are used to illudtrate the cogts evauation in this section. Other dternatives
to P& T, such asar sparging or bioremediation, aso may be used as the competing technology
with asmilar evduation gpproach.

The two main categories of costs for any technology are capitd investment and O&M cods.
These two categories of costs are addressed in this section for the PRB and P& T technologies.
For long-term applications, O& M costs are spread over several years or decades. A PV andysis
that takes into account the time value of money is described in this section to evauate PRB and
P&T cods. Findly, theintangible costs and benefits of the competing technologies (both PRB
and P& T) are taken into account for afinal economic decison on whether to implement a PRB

a agiven dte. Appendix B provides an example of a cost evauation conducted for afull-scale
PRB application for aCVOC plume a Dover AFB, based on apilot project completed recently
(Battelle, 2000). Another useful reference for cost andlysis of long-term projectsis the document
titled “ Standard Life-Cycle Cost- Savings Andys's Methodology for Deployment of Innovetive
Technologies,” published by the DOE Office of Environmental Management (DOE, 1998).

The cost evaluation described in this section can be conducted to varying degrees at two stagesin
the desgn of aPRB. Firg, apreiminary cost evauation may be conducted during the prelimi-
nary assessment to determine the suitability of aste for PRB application. This evauation would
compare the cost of a PRB application at the Site to the cost of using a competing technology,
such as P& T. Although adetailed cost evauation may not be possible a the preliminary assess-
ment stage, rough estimates for capital investment and O&M costs for the two options (PRB and
P& T) may be developed during initid discussions with reactive medium suppliers and construc-
tion contractors. This early process of contacting construction contractors aso helpsto identify
the most cost-€effective PRB congtruction technique for a given aquitard depth and other ste
featuresinvolved. If the preliminary cost evauation turns out to be favorable for the PRB, ste
managers could proceed to additional Ste characterization, laboratory testing, modding and
engineering design, and monitoring plan preparation, as described in Section 2.0. Once the draft
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design is ready, reactive medium suppliers and congtruction contractors can be contacted again,
thistime to obtain detailed cost estimates, and a detailed cost andlysis then can be conducted.

At both stages of the cost evauation, a mgor uncertainty in the cost evauation is the longevity

of the reactive medium (i.e,, the period of time over which the reactive medium can sudtain the
desred reactive and hydraulic performance). The longevity of the reactive medium determines
the frequency at which the reactive medium may need to be regenerated or replaced, and there-
fore determines the long-term O& M costs of the PRB. In the absence of areasonably accurate
prediction of the longevity of the PRB, the methodology of developing multiple longevity
scenarios described in Section 9.3 issuggested. These longevity scenarios indicate the minimum
life expectancy of the reactive medium that will make the PRB a cogt- effective investmentt.

9.1 Capital Investment

Capita investment in atechnology refers to the funds required to cover the initid non-recurring
cod involved in acquiring and ingdling the technology to the point where it is reedy for its
intended use. Using the PRB inddled at Dover AFB as an example, Table 9-1illugtrates the
items that condtitute the capita investment in aPRB. The capitd invesment for ingdling a
PRB includes the following mgor items:

o Precongtruction costs
o Mateidsand condruction costs.

Mogt stes with PRBs so far have reported materids and construction costs only asthe total cost
of aPRB, probably because materias and construction costs are easier to identify, track, and
edimate than are precongtruction costs. However, preconstruction codts are generdly significant
enough that they should be considered for the economic evauation. Appendix B contains an
illugtration of the capital investment requirements estimated for a PRB a Dover AFB, aswell as
the capitd investment estimated for an equivdent P& T system for comparison. An equivaent
P& T system is one capable of capturing the same amount of water as the PRB.

9.1.1 Preconstruction Costs

Preconstruction costs are those incurred for the activities leading up to initiation of PRB
condruction at the ste. This category includes items such as preiminary Site assessment, Site
characterization, laboratory testing, PRB modeling and design, procurement of materials and
congtruction contractors, and regulatory review. Precongtruction costs are not inconsequentia
and can condtitute as much as 50% of the total capita investment in the PRB.

Site characterization is usudly the largest component of preconstruction costs, whether for a
PRB or aP&T system. Given the fact that the PRB isamore or less permanent structure that is
difficult to expand and/or modify, adequate Site characterization is al the more important for
understanding the local contaminant and groundwater flow features of the site on the scale of the
planned PRB. The degree of Ste characterization required a a Ste may vary depending on the
complexity of the contaminant distribution and/or hydrogeologic environment and on the amount
of exiding information available from previous RFl or RI/FS studies.
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Table 9-1. Illugtration for Estimating Capital Investment Based on the Projections for
Operating a Full-Scale PRB at Dover AFB

ltem Description | Basis | Cost
Phase 1. Preconstruction Activities
Preliminary ste | Historical Site data evaluation RI/FS, other reports procurement and | $15,000
assessment evauation; site meeting
Site Characterization Plan, fieldwork, | CPT pushes for geologic mapping $200,000
characterization | laboratory anaysis and temporary wells; analysis of
water samples for CVOCs; select
samples for geotechnical analysis,
dug tests; ground-penetrating radar
survey®
Column tests Two column tests; Area 5 Column tests? and laboratory $50,000
groundwater analysis of water samples; report
Design, Data evauation, moddling, Characterization/column test data $100,000
procurement of engineering design, Design Plan; | evaluation; hydrogeologic modeling;
subcontractors, procurement of subcontractors; geochemical evaluation; engineering
and regulatory interactions with regulators design; report; procurement process;
review regulatory interactions
Subtotal $365,000
Phase 2: PRB Construction Activities
Site preparation | Utilities clearances; arrangements | Coordination with regulators and $10,000
for equipment/mediastorage and | Base facilities staff
debris disposal
Reactive media | Conndly iron, shipping Iron: 108 tons @ $360/ton $48,000
procurement Shipping: $9,000
PRB Construction | Mobilization/demobilization; Mob./demob.:$60,000 $487,000
Ingtallation of four 8-ft-diameter | Gates: $266,000
caisson gates to 40-ft depth; Monitoring wells: $25,000
120-ft-long sheet pile funnd; Funndl: $102,000
asphalt parking lot restoration Surface restoration: $34,000
Monitoring Thirty-four PVC aquifer wells Aquifer wells: $37,000 $37,000
system ingtaled for monitoring the pilot-
construction scale PRB
Subtotal $582,000
TOTAL $947,000

(@ All cost items may not be necessary or applicable at other sites. A lower level of these activities may
be sufficient at some sites.

Design and modedling, procurement of materidls and congtruction contractors, and regulatory

review are important precongtruction activities that may require some effort and cost. Design
and moddling generdly include the analysis conducted to interpret the laboratory test data and

dte characterization datain order to determine the location, orientation, configuration, and
dimengons of the PRB.

Sdlection and procurement of a suitable reactive medium also may require some effort, especi-
dly if amedium other than the more common variety of granular iron isused. Procurement of a
suitable congtruction contractor is akey activity that may take afew weeks, especidly if
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construction techniques other than standard backhoe excavation are needed. Most contractors
are cgpable of conducting backhoe excavation (for the gate or for a continuous reactive barrier)
and durry wall congtruction (for the funnd, if required). Any other congiruction technique may
involve alimited number of contractors, and extensive review both of different congtruction
options offered by different vendors, and of the technica suitability and cost of these options for
agiven ste. Generdly, rdatively deegp aguifers (more than 30 ft deep) require evaluation of
gpecid dternative methods of congtruction (see Section 7.0). Even for rdatively shalow aqui-
fers, new technologies such as the continuous trencher (Section 7.1.4) should be consdered asa
way of reducing cogts, if technicaly feasble. A sitevigt should be arranged before receiving
find bids to provide interested construction contractors an opportunity to see the ste and talk to
ste personnel. Congtruction contractors may identify unusua ste features (e.g., Site access or
overhead utilities) that could make congtruction more difficult and affect the cost of implement-
ing their particular technologies. Once the congtruction contractor has been sdlected, a precon-
gruction meeting generaly is required to discuss preparations and arrangements for congruction.
Site managers have to provide sufficient storage and working space around the PRB location,
arrange for traffic diverson during congtruction, and/or arrange for the disposal of spoils/ground-
water removed from the ground during construction.

9.1.2 PRB Materialsand Construction Costs

Table 9-1 illudrates the materials and construction components of capita investment required for
aPRB. The reactive medium itsdf can be a ggnificant cost item. The unit cost of the resctive
medium depends on the type of medium sdected. Granular iron is the chegpest and most well-
understood of the currently available reactive meta media, and therefore has been preferred for
most PRB gpplications so far. Although initia field applications are reported to have paid up to
$650/ton for the granular iron, identification of additional sources has reduced the unit cost of
iron available to approximately $300-350/ton. At least three suppliers of granular iron in the
desred form are available. If the selected reactive medium is patented, licensing costs may be
involved.

Thetotd cogt of the reactive medium is driven not only by the unit cost of the reactive meta, but
aso by the amount of reactive meta required. The amount of reactive metd required depends
on the fallowing site- specific factors:.

o Typeand Concentrations of the Chlorinated Contaminants. Contaminants that
have longer hdf-lives require alarger flowthrough thickness of the reactive cell, and
therefore higher codt.

o Regulatory Treatment Criteria. The more stringent the trestment criteria that the
PRB has to meet, the greater isthe required resdence time; and the greater the res-
dence time, the greater isthe required thickness of the reactive cell, which increases
the cost accordingly.

o Groundwater Veocity. The higher the groundwater velocity, the greater the
thickness of the reactive cdll required to obtain a certain residence time, which
increases the cost accordingly.
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o Groundwater Flow and Contaminant Digribution. At siteswhere the digtribution
of groundwater flow or contaminants is very heterogeneous, a continuous reactive
barrier of uniform thickness and extent can lead to an inefficient use of reactive
medium. Congtruction of the reective cell in zones of higher permesbility or the use
of funnd-and-gate configurations and pea gravel-lined cdls are some of thewaysin
which the contaminant loading on the reactive medium may be made more
homogeneous. On the other hand, continuous reactive barriers are easier to design
and build, and they generate less complex hydraulic flow patterns.

The unit costs of construction depend on the type of technique sdlected, which, in turn, depends
on the depth of the ingdlation. Table 7-1 (in Section 7.0) summarizes the congtruction tech
niques available, the maximum depth possible for each technique, and some representetive unit
costs obtained from severd geotechnica contractors. Although some variahility in the cost of
each technique represents differences in vendors, the range of unit costsis more likdy driven by
depth. Thetota cost of congtruction is based on three main factors:

o Plumeand Aquifer Depth. For agiven congtruction technique, the upper part of the
cost range generaly appliesto the grester depthsin its range.

o PlumeWidth. The greater the width of the plume, the wider the PRB is required to
be in order to capture it.

o Geotechnical Considerations. The presence of rocks or highly consolidated sedi-
ments, underground/overhead utilities, or other sructuresin the vicinity may make it
harder to drive the congtruction equipment (e.g., sheet piles or caissons) into the
ground.

Given the cogt difference between the congtruction techniques for afunnd versus those for areac-
tivecdl in Table 7-1 (Section 7.0), there may be a cost trade-off between selecting a funnd-and-
gate system versus a continuous reactive barrier. Disposal of spoils generated during construction
is another cost that may vary based on the construction technique selected. For example, construc-
tion of durry walls generates more spoils than does congtruction of sheet pile barriers. Digposdl of
gpoils could be more coglly if the barrier must be located within the plume, in which case the spoils
may have to be disposed of as hazardous waste. Restoration of the Ste surface may include
returning it to grade or repaving the surface for built-up Sites.

Monitoring wells are a cost component for both PRB and P& T options. The number and
digribution of monitoring wells generdly is determined by regulatory guidance and the need to
collect performance data (see Section 8.0 on monitoring).

9.1.3 Capital Investment for an Equivalent P& T System

The materids and congtruction components required for aP& T system generdly include

extraction wells, pumps, piping and instrumentation, an air stripper (for VOCS) or ion exchange
unit (for metalic contaminants), a carbon polishing unit for the liquid effluent, and an air trest-

ment unit (if the air discharge from the stripper exceeds locd regulatory limits for a point

source). In recent years, low-profile (tray type) air strippers have been used as a cheaper and less
space-consuming (higher capacity) dternative to bulkier packed towers for VOC treatment. In
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generd, a P& T system comparable to the PRB described in this subsection would have to cap-
ture the same volume of groundwater asthe full-scale PRB. Because of possible capture ineffi-
ciencies with extraction wdls, the P& T system may generdly be designed to capture ground-
water from an aquifer region larger than the extent of the plume.

9.2 Operating and Maintenance Costs

The O&M cogts of atechnology are the recurring or periodic costsincurred during the operating
life of the system. Using the PRB at Dover AFB as an example, the O&M cost components of a
PRB areillugrated in Table 9-2.

Table9-2. lllugtration for Estimating O& M Costs Based on the Projections for Operating
a Full-Scale PRB at Dover AFB

ltem | Description | Basis | Cost
Annual Monitoring Activities
Groundwater Quarterly, labor, materias, travel | 40 wdls $80,000
sampling
CVOC analysis Quarterly, 40 wells 44 per quarter @ $120/sample $20,000
Inorganic andysis Annud, 20 wells 22 @ $200/sample $4,000
Water-level survey | Quarterly, labor 40 wells per quarter $4,000
Data analysis; report; | Quarterly, labor 4 times per year $40,000
regulatory review
Annual operating cost $148,000
Maintenance Activities (once every 10 years assumed)
Site preparation Permitting, clearances L abor $10,000
Reactive media Conndly iron, shipping Iron: 108 tons @ $360/ton $48,000
procurement Shipping: $9,000
Removal/replace- Mohilization/demohbilization; Mob./demob.: $38,000 $363,000
ment of gates ingtallation of four 8-ft-diameter | Gates: $266,000
caisson gates to 39-ft depth; Monitoring wells: $25,000
asphalt parking lot restoration Surface restoration: $34,000
Periodic maintenance cost $421,000

(onceevery 10 year sassumed)

o Contaminant Monitoring Costs. These costs may vary from ste to Ste depending
on regulatory requirements, number of monitoring wells, and frequency of sampling.
These costs include sampling, laboratory andyss, and reporting.

Performance Monitoring Costs. If additiond monitoring is desred by Site mana-
gersto achieve other performance evauation objectives (see Section 8.2), additiond
monitoring costs may be incurred. These costswill vary depending on the objectives
of dte managers a agiven Ste.

Periodic Maintenance Costs. Maintenance may be required if inorganic precipitates
build up to a point where either the reactivity or the hydraulic conductivity of the
reactive cdll is Sgnificantly affected. The reactive medium may have to be regener-
ated or replaced. Table 9-2 assumes that the reactive medium in the gates will be
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removed and replaced every 30 years. Another dternative that has been mertioned is
to ingal a second PRB near the first one after the reactive mediumin the first PRB is
exhausted. Any of these regeneration/replacement options are likely to be reatively
expendve and the expectation from the PRB technology is that such maintenance will
be infrequent. Although various rules-of-thumb have been proposed in the past, the
best approach may be to develop multiple economic scenarios, as described in
Section 9.3, to assess the impact of the longevity of the reactive medium on the
economic uitability of the PRB.

The O&M cogts of aP& T system include operating labor, energy, and maintenance. The labor
and energy requirements for operating the P& T system are amgor driver of O&M codt. In
addition to this recurring operating cost, a P& T systemn often requires frequent maintenance to
replace moving parts, replace the carbon in a carbon polishing unit, or replace the catdlyst in a
catdytic oxidation unit. Appendix B contains an example of the O&M costs estimated for a
PRB and aP& T system for a CVOC plume at Dover AFB.

9.3 Present Value Analysis

Although this may not be the case a every ste, the P& T system at Dover AFB (see Appendix B)
was estimated to require alower initid capital investment as compared to the PRB. On the other
hand, the P& T system has higher O&M cogts, primarily because of the recurring annua labor

and energy requirements to operate the P& T system (Battelle, 2000). The P& T system requires
more frequent routine maintenance (e.g., replacement of pumps and sedls) and periodic mainte-
nance in the form of carbon and catayst replacement. Because the PRB and P& T system require
maintenance a different points in time and because the contamination (and the associated oper-
ating/monitoring costs) is expected to last for severa years or decades, aPV analysisisrequired
to consolidate the capital investment and long-term O& M costs into atota long-term cost in
today’ s dollars.

Typicdly, PV or discounted cashflow andlysisis used to determine the life cycle cost of a
technology. PV cost represents the amount of money that would have to be set aside today to
cover dl the capitd investment and O& M costs occurring in the present and future.

PV technology = Capital Investment + PV annual 08.M costs over life of the new technology (9-1)

In the above equation, capital investment does not have to be discounted back to the present
because this investment occurs immediately (timet=0). Theterm PV annual 0&M costs over life of the new
technology represents the annual O&M costs (and savings redlized, if any) over severd years of
operation, adjusted for the time vaue of money. This adjustment is done by dividing each year's
O&M costs by afactor that incorporates a discount rate (r), as shown in Equations 9-2 and 9-3.
The discount rate incorporates the combined effect of inflation, productivity, and risk. In other
words, the discount rate accounts for the fact that any cost postponed into future years frees up
money which can be put to productive use and which provides arate of return equal to the
discount rate (r).

o O& Mcostin Yeart

I:)Vannual O& M costs = a (1+ r)‘ (9' 2)
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_0&M costinYear1+O& McosiinYearZ+ O&Mcostin Year n
annual O& M costs (1+ r)l (1+ r)z (1+ r)n

PV

Another way of interpreting Equation 9-3 is that, because O&M costs are incurred gradualy over
severd years, asmaler amount of money can be set asde today (for example, in abank deposit
that provides arate of return, r) to cover future O&M codts. The further into the future (i.e., the
gredter thet), the greater is the denominator for the relevant t, and the lesser isthe PV of that
year'sO&M cost. That is, fewer dollars must be set aside today (in a separate investment that
provides arate of return, r) to cover the O&M costs of the future. Herein lies the potential
advantage of aPRB over aP& T system: whereas P& T systemsincur a continuous O& M cost for
labor, maintenance, and energy requirements, O&M cogts for a PRB are postponed until the
reective medium performance starts declining. Indications from existing PRBs are that these
PRBs could operate without any O& M costs for severa years. Note that both P& T systems and
PRBs reguire routine monitoring to verify regulatory compliance; thisis the only recurring

annudl cogt for the PRB.

A tota time period of 30 years (n = 30) typically is used for the long-term eva uation of remedi-
ation costs. A red discount rate of 2.9% is currently recommended in the PV andysis, as per the
1999 update to the U.S. EPA Office of Management and Budget (OMB) circular (U.S. EPA,
1993).

Table 9-3illudrates the PV andyss based on the projections for afull-scae PRB a Dover AFB
(Battelle, 2000) and the estimated cost for an equivalent P& T system, over a 30-year period (see
Appendix B for details). Inthisilludration, it is assumed that the PRB will maintain its

reectivity and hydraulic performance over 10 years of operation, after which time the reactive
medium in the four gates will have to be removed and replaced. Aninitiad capita investment of
$947,000 is estimated for the PRB and $502,000 for an equivdent P& T system to capture and
treat a 100-ft-wide CVOC plume. The O&M cost of the PRB in Year 10 includes the annud
monitoring cost of $148,000, plus the reactive medium replacement cost of $421,000 (cost to
remove and re-ingdl four gates containing iron). The P& T system incurs an annua O&M cost
of $214,000, except in years that require periodic maintenance to replace the polishing carbon
and/or the catalyst in the effluent air oxidizer. The PVsof the capital investment and annua

O&M costs arelisted in columns 2 and 5 of Table 9-3 (for the PRB and P& T system, respec-
tively), and indicate that the further back in time that the cost occurs, the lower isits PV.
Columns 3 and 6 list the cumulative PV & the end of each year; the cumulative PV includes the
capital investment and the PV of al the O&M costs up to thet year. The year in which the
cumulative PV cogt of the PRB is equd to or below cumulative PV cogt of the P& T systemisthe
payback period or break-even point for the PRB.

As shown in Table 9-3, there are two potentia break-even times for the PRB (indicated by the
shaded cdlsinthetable). InYear 8, the cumulative or totd PV cost of the PRB is lower than the
PV cogt of the P& T system, indicating the first potentia break-even point. However, in Year 10,
the nonroutine maintenance cost of replacing the iron in the four gatesisincurred, which makes
the totd cogt of the PRB dightly higher again thanthe P& T system. In Year 14, thetota PV

cost of the PRB again becomes lower, and thisis the true break-even point. In other words, over
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Table 9-3. lllustration of a PV Analysisof PRB and P& T Systemsfor Dover AFB
Assuming 10-Year Lifeof PRB

PRB P& T System
Cumulative PV Cumulative PV
Annual PV of Annual of Annual Annual PV of Annual of Annual
Y ear Cost® Cost® Cost® Cost® Cost® Cost®
0 $947,000¢  $947,000 $947,000 $502,000” $502,000 $502,000
1 $148,000°  $143,829 $1,090,829 $214,0009  $207,969 $709,969
2 $148,000 $139,775 $1,230,604 $214,000 $202,108 $912,077
3 $148,000 $135,836 $1,366,441 $214,000 $196,412 $1,108,489
4 $148,000 $132,008 $1,498,449 $214,000 $190,876 $1,299,365
5 $148,000 $128,288 $1,626,736 $235,000 $203,700 $1,503,065
6 $148,000 $124,672 $1,751,408 $214,000 $180,269 $1,683,334
7 $148,000 $121,159 $1,872,567 $214,000 $175,189 $1,858,523
8 $148,000 $117,744 $1,990,311 $214,000 $170,251 $2,028,774
9 $148,000 $114,426 $2,104,737 $214,000 $165,453 $2,194,228
10 $569,000"  $427,522 $2,532,259 $242,000 $181,828 $2,376,056
11 $148,000 $108,067 $2,640,326 $214,000 $156,259 $2,532,315
12 $148,000 $105,021 $2,745,347 $214,000 $151,855 $2,684,170
13 $148,000 $102,061 $2,847,408 $214,000 $147 575 $2,831,745
14 $148,000 $99,185 $2,946,593 $214,000 $143,416 $2,975,162
15 $148,000 $96,390 $3,042,983 $235,000 $153,051 $3,128,213
16 $148,000 $93,673 $3,136,656 $214,000 $135,446 $3,263,659
17 $148,000 $91,033 $3,227,690 $214,000 $131,629 $3,395,289
18 $148,000 $88,468 $3,316,158 $214,000 $127,920 $3,523,208
19 $148,000 $85,974 $3,402,132 $214,000 $124,314 $3,647,523
20 $569,000"  $321,222 $3,723,354 $242,000 $136,618 $3,784,141
21 $148,000 $81,197 $3,804,550 $242,000 $132,768 $3,916,908
22 $148,000 $78,908 $3,883,459 $214,000 $114,097 $4,031,006
23 $148,000 $76,685 $3,960,143 $214,000 $110,882 $4,141,887
24 $148,000 $74523 $4,034,667 $214,000 $107,757 $4,249,644
25 $148,000 $72,423 $4,107,090 $235,000 $114,996 $4,364,641
26 $148,000 $70,382 $4,177472 $214,000 $101,769 $4,466,409
27 $148,000 $68,399 $4,245,871 $214,000 $98,901 $4,565,310
28 $148,000 $66,471 $4,312,341 $214,000 $96,113 $4,661,423
29 $148,000 $64,598 $4,376,939 $214,000 $93,405 $4,754,827
30 $569,000"  $241,352 $4,618,291 $242,000 $102,649 $4,857,476
(& Annua cost isequd to the capitd investment in Year 0 and the O&M cost in subsequent years.

(b) PV cost isthe annual cost divided by a discount factor term based on a 2.9% discount rate.
(c) Cumulative PV cost isthe sum of annua PV costs in each year and previous years.
(d) Initid capita investmert.
() Annua O&M cost.

(f) Annua monitoring cost of $148,000, plus maintenance/replacement of gates for $421,000.

14 years, the lower annua operating cost (passive operation) of this PRB makes it aworthwhile
investment. At the end of the andysis period of 30 years, the PV of the totd savings from imple-
menting a PRB versusa P& T system in thisillugtration is $239,000 (that is, the difference
between the cumulative costs of $4,618,291 and $4,857,476 for the PRB and P& T system at the
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end of 30 years). If the plume persists for 50 or more years, the estimated savings will be even
greater, as seenin Table 9-4.

Because the break-even point is sendtive to the assumption on the life of the PRB, the PV andy-
gsshown in Table 9-3 can be repeated assuming that the life of the reactive medium is 5, 10, 20,
and 30 years (see Tables B-8 to B-11 in Appendix B). Table 9-4 summarizes the results of run-
ning these longevity scenarios. The same longevity scenarios can be represented pictoridly as
shownin Figure 9-1. Asseenin Table 9-4 and Figure 9-1, if the reactive medium lagts only

5 years, and the gates must be replaced every 5 years, then the P& T system isless expensive
(i.e., there is no break-even point because the PV cost of the PRB is aways higher than the PV
cost of the P& T system). If the PRB lasts at least 10 years, it isless expensvethan aP& T sys-
tem. The longer the reactive medium performance lasts, the grester are the savings at the end of
30+ years. Thelonger the duration of the project (thet is, the longer the plume persists at the Site),
the greater are the potential savings. In Table 9-4, when the project duration increases to 50
years, the potentia savings redized are greeter than $1 million (see Table B-12 in Appendix B).

Table9-4. lllustration of the Break-Even Point and Savings by Using a PRB Instead of a
P& T System at Dover AFB

Life of Reactive| Break-Even PV of Savings Over the
Medium Point Duration of the Project Duration of Project
5 None - $603,000 30 years
10 years 14 years $239,000 30 years
20 years 8 years $734,000 30 years
30 years 8 years $793,000 30 years
30 years 8 years $1,251,000 50 years

These same smulations are described graphicaly in Figure 9-1. In thisfigure, the bresk-even
point isthe point a which the two lines (solid line for PRB cost and dashed linefor P& T cost)
intersect. When periodic maintenance (replacement of iron) isrequired every 5 years, the PRB
cost isdways greater than the P& T cogt, asindicated by the fact that the two lines do not inter-
sect. If the reactive medium lasts 10 years or longer without replacement, there is a break-even

point.

The estimated saving or cost advantage of using a PRB at Dover AFB, dthough subgtantia over
along period of time, isnot as great as that reported at some other sites. One reason for the cost
differenceisthat in many previous studies, higher discount rates (8 to 15%) have been used. For
example, using a discount rate of 8%, the PV of the savings for the PRB at former NAS Moffett
Field was estimated at $14 million after 30 years (Battelle, 1998). However, the PV estimate for
the PRB at Dover AFB is caculated with amuch lower discount rate of 2.9%, which is based on
the most recent (1999) update to the U.S. EPA guidance (U.S. EPA, 1993). Thisyear’slow
discount rate reflects the current low-inflation environment of the U.S. economy. In alow-
inflation (low-discount rate) environment, future savings gppear to be less attractive thanin a
high-inflation (high-discount rate) environment.
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At many stes, a continuous reactive barrier (no funne) may be more economica than a funnd-
and-gate system, especidly for rdaivey shdlow PRBsthat can be ingdled with codt- effective
techniques such as continuous trenching. Innovative construction techniques, such asjetting and
hydrofracturing, offer the potential for additional cost reduction in degper aquifers.

In the absence of reasonably accurate predictions of the life of the reactive medium, the multiple
longevity scenarios shown in Table 9-4 provide away of understanding the performance expec-
tations of the reactive medium. In the example in Table 9-4, indications are that the PRB at this
dtewould have to retain its reective and hydraulic performance for at least 10 years, before the
long-term O& M savings redlized are large enough to offsat the higher initid capitd invested in
the PRB (as compared to a P& T system). At other sites, the break-even point for the PRB may
occur in earlier or later years, depending on the differencesin capita investment and O&M codis
between a PRB and a competing technology (such as P&T).

9.4 Cost-Benefit Evaluation

The cogt analysisin Section 9.3 takes into account only the more tangible costs (and savings) of
the two groundwater treatment options (PRB and P& T system). An economic decison onwhich
of the two technologies to adopt should be based on a cost- benefit andyss that includes less tant
gible and/or intangible costs and benefits of the two technologies. An example of alesstangible
benefit of the PRB is continued productive use of the PRB site because of the absence of above-
ground structures (asin aP& T system). For example, at Dover AFB and former NAS Moffett
Field, the Stes are dtill being used as parking lots. It is difficult to assgn adallar vdueto this
benefit; however, it is a benefit that adds to the savings redized by implementing a PRB instead
of aP&T sysem. At the private Inters| stein Cdifornia, Ste owners were able to lease the
property to a new tenant because of the absence of aboveground structures and lack of O&M
requirements besides monitoring (Yamane et d., 1995). In addition, PRBs are not prone to the
high down time and |abor/maintenance/waste disposal requirements of aP& T system.

9.5 Computerized Cost Models

The Remedid Action Cost Engineering and Requirements (RACER) System is an environmentd
costing program developed by the U.S. Air Force. It can estimate costs for various phases of a
remediation project:

o Site characterization studies
o Remedid action (including O&M activities)
o Stework and utilities.

The program’s framework is based on actud engineering solutions gathered from historical
project information, construction management companies, government |aboratories, vendors, and
contractors. It is designed to factor in specific project conditions and requirements based on
minimal user input in order to generate acost etimate. RACER Version 3.2 has a cost database
crested mostly from the U.S. Army Corps of Engineers Unit Price Book and supplemented by
vendor and contractor quotes. Version 3.2 has been adapted especidly for PRB applications.
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Figure 9-1a. PRB vs P&T costs assuming reactive

medium replacement every 5 years

Figure 9-1b. PRB vs P&T costs assuming reactive

medium replacement every 10 years
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10.0 Current Status of the PRB Technology

This section reviews the technica, economic, and regulatory experience at various Stes where
the PRB technology has been applied.

10.1 Existing PRB Applications

Tables 10-1 and 10-2 (which appear at the end of this section) summarize the Site characterigics,
PRB features, and monitoring updates at the Sites where PRBs have been gpplied. Although the
lists are not exhaudtive, these sites offer a good distribution of contaminants, reactive media,
hydrogeologic characterigtics, PRB configurations and dimensions, congtruction methods, and
costs. Some noteworthy trendsin these applications are listed below:

o Todate, most of the PRBs have used granular iron medium and have been applied to
address CVOC contaminants. CVOC degradation by iron has been demonstrated at
severd dtes. Thetendency of CVOCsto persst in the environment for severd years
or decades makes them an obvious target for a passive technology.

o Metadsamenable to precipitation, under the reducing conditions created by the
common iron medium, have been the next most common targets. Examples of these
meta'sinclude hexavaent chromium and uranium. One concern is that, unlike
CVOCs, metds do not degrade but instead accumulate in the reactive medium. At
some point in time, the reactive medium (containing the precipitated metals) may
have to be removed and disposed of. With CVOCs, even after the PRB performance
has declined, it is possible that the reactive medium can just be left in the ground.

o Although many initid gpplications were pilot-scale PRBS, most recent gpplications
have been full scale, indicating that confidence in this technology has grown.

o At many Stes, the target cleanup levels have been MCLs. At some Sites, stateflocal
regulations have reguired more stringent cleanup levels for some contaminants, such
asVC.

o At steswheretarget cleanup levels have not been achieved in the downgradient
aquifer, the reason has generdly been the inability of the PRB to achieve the designed
plume capture or resdence time, rather than the inability of the reactive medium to
replicate laboratory-measured reactivity (contaminant haf-lives) in the fidd.

I nadequate hydraulic capture and/or inadequate residence time has been observed at
some Steswith ether funnd-and-gate systems (Denver Federal Center and former
NAS Alameda) or continuous reective barriers (DOE Kansas City Plant). At one Site
(former NAS Alameda), plume heterogeneities appear to have contributed to higher-
than-expected contaminant concentrations & the influent to and effluent from the
reactive cdll (Einarson et d., 2000).
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0 PRBshave been gpplied a sites with groundwater velocities (in the aquifer) reported
at 0.0003 to 2.8 ft/day. No monitoring data are available for the two Sites that repre-
sent the extreme ends of therange. Although 2.8 ft/day is a ve ocity that could be
handled with a reasonable thickness of the reactive cell, it is unclear how efficiently
the groundwater moving at 0.0003 ft/day would passively contact the reective
medium.

o Although most PRB applications used iron as the reective medium during the initid
use of thistechnology, the use of other innovative media has been investigated in
recent years at some sites.

o More of the recent applications have been configured as continuous reactive barriers
rather than funnd-and- gate systems. One reason for thisis that the unit cost of iron
medium has declined from $650/ton to about $300/ton, plus shipping and handling.
Although, in theory, the same amount of iron should be required for a given mass of
plume contaminants, the heterogeneous distribution of the contaminant concentra:
tions in the plume makes the amount of iron required in a uniformly thick continuous
resctive barrier somewhat inefficient. However, the lower cost of iron and other
benefits make continuous reactive barriers more aitractive. Benefits of continuous
reactive barriersinclude easer desgn and congtruction, and a propensity to generate
less complex flow patterns.

o Althoughinitid useof this technology involved conventiond congtruction techniques
(such as backhoe excavation, sheet pile, and/or durry wall), innovative congtruction
techniques (such as caissons, continuous trenching, jetting, and hydrofracturing) are
being explored a more recent PRB Stes. These techniques offer the potentid to
access greater depths with lower construction codts.

Additiond information and updates on some of these PRB stes can be obtained from the RTDF
Web ste at www.rtdf.com.

10.2 Guidance from Gover nment Agencies

In an effort to promote more regular consideration of newer, less codtly, and more effective
technologies to address the problems associated with hazardous waste sites, the U.S. EPA has
published six In Situ Remediation Technology Status Reports, one of which dedls with PRBs
(U.S. EPA, 1995). This Technology Status Report briefly describes demongrations, field appli-
cations, and research on PRBs. A more detailed report by the U.S. EPA on PRB technology
goplication dsoisavaladle (U.S. EPA, 1998). Asshownin Table 10-2, federa drinking water
standards or MCL s have been the cleanup targets at many sites. However, at some sites, state
environmenta agencies have imposed more stringent cleanup gods for individua compounds,
suchasVC.

In addition to these federd government efforts, individua states have formed the ITRC group to
build a consensus anong the states on regulatory issues surrounding innovetive remediation
technologies. The ITRC hasformed a PRBs subgroup. This subgroup first convened at a meet-
ing in Philade phia on September 25, 1996, and includes members from environmenta regula-
tory agenciesin 29 states, aswdll as other interested parties such as environmenta groups, the
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U.S. military, industry, and environmenta consulting firms. The subgroup has devel oped
consensus documents for the states that enhance the regul atory acceptance of the PRB technol-
ogy and provide guidance on compliance monitoring requirements (ITRC, 1997 and 1999).
Although these documents represent a generd regulatory consensus on PRBS, individud states
may decide to add on their own specific requirements.

At many existing PRB Stesto date, regulatory requirements for design, construction, and
monitoring have been determined on a case-by-case bas's, under the generd guidance of the
ITRC documents. Regulatory agencies suggest that for a prospective site there should be

(1) compelling reasons why a PRB isthe best choice for that site and (2) data to show why the
PRB is expected to work as planned. Asfidd datafrom a growing number of PRB applications
becomes available, acceptance of this technology by regulatorsis expected to increase.

Intersl, the stein Sunnyvae, CA that implemented the firgt full-scale PRB application, wasin
many ways an ided Stuation from atechnicd feasbility and regulatory viewpoint. It wasan
underutilized property, was run by a cooperative potentialy responsible party (PRP), and posed
no excessve human hedlth threet. Furthermore, it had shallow groundwater, poor (brackish)
water quaity, acompetent aquitard, and ardatively shalow aguifer. A pilot study conducted at
the Ste showed that the PRB would work and that the total cost was estimated as hdf that of a
P& T system over 30 years (Kilfe, 1996). The cost analysisfor this Site assumed that the iron
medium would not require replacement and included the benefit of being able to lease the prop-
erty, an option that was enabled by the passive long-term nature of the technology. Although the
plume had moved off the property at Intersil, regulators dlowed placement of the PRB within
property lines based on indications that naturd attenuation of the chlorinated contaminants,
which was occurring downgradient, would take care of the off-gte portion of the plume.

Other stes may be more difficult from an gpplication viewpoint. At one potentid Ste wherea
full-scale PRB was being considered, the gpprova process was made difficult by the fact that
there is dready a ROD with 30 sgnatories (PRPS) in place for inddling aP& T system to clean
up aregiond plume. Obtaining a consensus for modifying the ROD with 30 PRPs proved
difficult. Another difficulty that could be encountered isif the plume has moved off the property
and the PRB needsto be ingtaled outside the property boundaries; obtaining Site access when the
prospective Steis beyond the property boundary may be difficult.

One important trend is that regulators are increasingly open to discussion of cleanup costs.
Thereisagrowing willingness in the regulatory community to consder cost an important factor

in selecting dternatives for cleanup. If asgnificant benefit-to-cost ratio can be shown for the
PRB versusaP& T system (or any other competing technology), it would be a considerable
factor in favor of aPRB. It isrecommended that Ste managers confer with regulators as early as
possible in the design stage to promote better understanding of the technical, cost, and regulatory
concerns of dl stakeholders.

10.3 Future Challengesfor the PRB Technology

As shown in Table 10-2, for many CVOC contaminants, the most common target for PRB appli-
cations so far, the ability of granular iron medium to degrade the contaminants to MCL s has been
adequately demondtrated at severd different sites (Battelle, 1998 and 2000; Blowes et d., 1997;
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Yamane et d., 1995; U.S. EPA, 1998). Demondtrating the reactive capabilities of granular iron
with CVOC plumesis now afairly routine matter that can be addressed by suitable column tests.
As common reactive media (e.g., granular iron) are increasingly standardized by various
suppliers, and these media are applied at multiple sites for common contaminants (such as TCE),
it may be possible to forgo many features of treatability testing (column tests) in favor of
published contaminant half-life values with gppropriate safety factors. Proceeding with PRB
gpplication without Site- pecific treatability tests for some common contaminants would have to
be approved by the concerned regulators. In generd, Site-specific treatability tests are helpful,
especidly if the groundwater exhibits unusuad geochemigiry (e.g., high levels of DOC, nitrete, or
dkalinity) or the congruction method involves mixing of the reactive medium with another
meterid (e.q., biodegradable durry).

Three key technicd factors— plume capture, residence time, and geochemidry (longevity) — are
the main challenges that need to be addressed in designing aPRB. A PRB should be designed to
provide the required plume capture and sufficient resdence time in the reactive medium to
degrade the contaminants to target levels at a particular site. Also, on along-term basis, the
reective medium-groundwater geochemistry should be suitable for sustaining the reactive and
hydraulic performance of the PRB over long periods of time. For non-CVOC contaminants (e.g.,
RCRA metas and/or radionuclides) and reactive media other than the commonly-used granular
iron, demongtrating the reactive capabilities of the PRB-groundwater system with treetability

tests on a Ste-pecific badsis fill important because of the limited history of PRBs.

There are two reasons why hydraulic issues (plume capture and residence time) pose a design
chdlenge. Fird, sSite characterization conducted at some sites may not be adequate to obtain a
good understanding of the hydraulic flow characteristics of the Ste. Second, even a steswhich
have undergone subgtantial characterization, hydrogeol ogic heterogeneities (variability in
gradients and conductivities), plume heterogeneities (variability in contaminant concentrations),
and seasond variability in flow magnitude and direction can pose achdlenge for PRB design.

To address these hydraulic issues, the authors of this document recommend that technology users
conduct adequate Ste characterization, Smulate multiple groundwater flow scenarios, and
incorporate adequate safety factors in the design dimensions and orientation of the PRB.

Assessng longevity, or the ability of the reactive medium to sustain the reactive and hydraulic
performance of the PRB over time, dsoisachdlenge. Although much progress has been made
a severd gdtesin using inorganic analyss of groundwater, iron coring, and geochemica modd-
ing to evaluate precipitation potentia in the reactive medium, predicting the life of the reactive
medium has proved difficult. In the absence of reasonable estimates of the life of the reactive
medium, the authors of this document recommend the use of multiple longevity scenarios (see
Section 9.3) to evaluate the cost/savings expectations from a PRB application.

An interagency initiative supported by severa government agencies, including DoD, DOE, U.S.
EPA, and ITRC, ismaking an effort to address the three issues of plume capture, residence time,
and longevity (Battelle, 1999). The DaD effort, funded by Strategic Environmental Research
and Deve opment ProgramVEnvironmenta Security Technology Certification Program (SERDP/
ESTCP), isbeing led by the Nava Facilities Engineering Service Center (NFESC) and Battelle,
with AFRL, ITRC, the U.S. Army Corps of Engineers, and the U.S. Air Force Center for
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Environrmenta Excellence as partners. Fidd datafrom severa PRBs at DoD stes are being
reviewed and supplemented with additional focused monitoring, where required, to address the
three important issues discussed above. ORNL (for U.S. DOE) and the U.S. EPA are conducting
gmilar efforts with the PRBs at DOE and U.S. EPA sites.

Innovative PRB congruction techniques that do not involve trenching (e.g., jetting and hydraulic
fracturing) are being demongtrated at various Sites. As more field data from these demonstra
tions are published, and as the ability of these techniques to ensure the desired continuity and
thickness of the reective cdll is verified, depth may no longer be asgnificant limitetion for the
PRB technology. Thisimprovement is expected to increase the applicability of the technology.
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Table 10-1. Update on Design, Construction, and Cost of PRBs

Reactive | Amount of | Gateor
Depth to Cell Reactive CRB Gateor CRB Funne
Aquitard | Thickness Medium Width Funne Construction Construction
PRB Site PRB Type (ft bgs) (ft) (tons) (ft) Width (ft) Method Method PRB Cost

Elizabeth City, NJ [CRB 259 2 450 150 Continuous $500,000 total

trenching
DOE facility, CRB 30 6 666 130 Cofferdam $1,300,000 tota
Kansas City, MO installation
Watervliet Arsenal, | CRB with 10-15 25 166 Trench A Trench box $257,000 total
NY 2trenches 205; Trench

B 83

Former CRB 1523 5 720 127 Cofferdam $725,000
manufacturing site, installation
NJ
Seneca Army depot | CRB 81010 1 203 650 Continuous $250,000 iron
activity, NY trenching and construction
Industrial site, SC |CRB 1 400 325 Continuous $350,000

trenching installation
Caldwell Trucking, |CRB with2 0.25 250 150 and 90 Vertical hydraulic $670,000 for 90
NJ trenches fracturing ft and $450,000

technique for 150 ft
Private electronics |CRB 0 $30,000-
firm, $100,000 total
Mountainview, CA
Dry cleaning site, |CRB 69 iron 85 74(33 Overlapping $93,000 total
Germany iron sponge| granular boreholes

iron& 41
iron
sponge)

Bardowie Farm, CRB 5 115 Continuous
Cambridge, NZ trenching
M assachusetts CRB 0.28 44 48 Vertical hydraulic $160,000
military reservation fracturing installation

technique
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Table 10-1. Update on Design, Congtruction, and Cost of PRBs (Continued)

Reactive | Amount of Gateor
Depth to Cell Reactive CRB Gateor CRB Funne
Aquitard | Thickness Medium Width Funnel Construction Construction
PRB Site PRB Type (ft bgs) (ft) (tons) (ft) Width (ft) Method Method PRB Cost
Belfast, Northern | Funnel-and- 80t0 100 |In situ reaction Bentonite cement |$20,000iron
Ireland gate vessel durry walls $350,000
construction
Industrial facility, |Funnel-and- 20 35 45 12 15 Cofferdam Sheet piling $30,000iron
NY gate $250,000
construction
Industrial facility, |CRB (2walls) 18 1 742 Trench A = Continuous $797,000
NY 120 ft; trenching installation
trench B =
370t
Intersil, Sunnyvale, |Funnel-and- 4 220 36 535(300 [Cofferdam Cement-bentonite |$170,000 iron
CA gate and 235 Slurry wall $720,000
gates construction
Canadian Forces |CRB 20 5 5 Clamshell $25,000-
Base, Borden, excavation, sheet $30,000 total
Canada pile box for
shoring
Denver Federal Funnel-and- 23-30 2t06 160 (40 ft x 1,040 Cofferdam Sealable-joint $1,000,000 total
Center gate (with 4) sheet piling
4 gates)
Former NAS Funnel-and- 25 6 75 10 40(20x 2) |Backhoe Sedlable-joint $323,000
Moffett Field gate excavation, sheet |sheet piling installation
pile box for
shoring
Somersworth Funnel-and- 40 4 30 Caisson Bentonite slurry [ $175,000 tota
Sanitary Landfill gate walls construction
Superfund Site
Somersworth CRB 40 23 100 21 Bioslurry trench $175,000
Sanitary Landfill construction
Superfund Site
Former Lowry Funnel-and- 17 5 10 28 (14 x 2) |Cofferdam Sealable-joint $530,000
AFB, CO gate with sheet piling installation

angled funnel
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Table 10-1. Update on Design, Congtruction, and Cost of PRBs (Continued)

Reactive | Amount of | Gateor
Depth to Cell Reactive CRB Gateor CRB Funne
Aquitard | Thickness Medium Width Funne Construction Construction
PRB Site PRB Type (ft bgs) (ft) (tons) (ft) Width (ft) Method Method PRB Cost
Portsmouth gaseous| Above ground 32 $4,000,000 total
diffusion plant, OH
ORNL, TN Funnel-and- Concrete treat- $1,000,000 for
gate ment canisters both barriers
ORNL, TN CRB 2 80 26 225 Continuous $1,000,000 for
trenching, guar both barriers
gum slurry for
shoring
East Garrington gas | Trench with 6 290 (145 x |Vertical culverts | Trench sealed $67,200
plant, Canada 2 gates 2) with liner construction
Fry Canyon site, Funnel-and- 3 7 $140,000
uT gate with installation
3barriers $30,000 design
Private site, Tifton, [Funnel-and- 400 Vibrating beam $520,000
GA gate construction and
reactive media
Former NAS Funnel-and- 10 15 20(10x 2) [Trench with $400,000
Alameda, CA gate; concrete pad on construction
compound bottom
gatewith 2
reactive cells
in series
Public schooal, Funnel-and- 6 6 32(16x 2) Seal able sheet $5,000
Ontario, Canada gate pilings construction
Tonolli Superfund | Groundwater 3 1,100 Continuous trench
Site, PA trench
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Table 10-1. Update on Design, Congtruction, and Cost of PRBs (Continued)

Reactive | Amount of | Gateor
Depth to Cell Reactive CRB Gateor CRB Funne
Aquitard | Thickness Medium Width Funne Construction Construction
PRB Site PRB Type (ft bgs) (ft) (tons) (ft) Width (ft) Method Method PRB Cost
Nickel Rim Mine, Funnel-and- 12 50 Cut-and-fill Coarse sand buffer [ $30,000 total
Canada gate Technique zone cost
Aircraft Funnel-and- 24 15 gatel Gate1l, 650 Continuous Soil-bentonite $600,000
maintenance gate with 2 and 3’ gate 2 50ft and trencher and durry construction
facility, OR gates gate 2, 50 ft trackhoe and drag
box
Industrial site, KS | Funnel-and- 30 3 70 20 980 (490 x | Cofferdam Sail bentonite $400,000
gate 2) slurry installation
Cape Canavera Air |CRB (2walls) 43 1ft 9 70 1005 (515 |Mandrel and JAG $279,000
Station, FL (mandrel) (mandrel) and49 |emplacement mandrel system
107 JAG barriers) $238,000JAG
system
Dover AFB, DE Funnel-and- 40-45 4 54iron 8 60 Caissons Sealable sheet $22,000iron
gate with 5 pyrite (2 gates, piles $25,000 pyrite
2 gates 4 ft each) $327,000
construction
Rocky Flats, Collection 5t016 230 Gravity-fed Collection
Golden, CO and treatment reaction vessel trenches
system
Manufactured gas |Funnel-and- 419 79
plant, Germany gate with
2 gates
Wood-treating Funnel-and- 30 650 Sealable sheet
facility, NH gate piles
100D Area, In situ redox 85 50 150 Injecting sodium $480,000
Hanford site, WA [ manipulation dithionite into construction
existing wells
Savannah River Geosiphon $26,400 iron
site, Aiken, SC cell $119,115 total

costs
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Table 10-1. Update on Design, Construction, and Cost of PRBs (Continued)

Reactive | Amount of | Gateor
Depth to Cell Reactive CRB Gateor CRB Funne
Aquitard | Thickness Medium Width Funne Construction Construction
PRB Site PRB Type (ft bgs) (ft) (tons) (ft) Width (ft) Method Method PRB Cost
DoD facility, SC CRB NA 1 275 Continuous $400,000 total
(4 parale trenching
walls 275 ft
wide)
Industrial facility, |CRB 23 1 616.5 720 Continuous $260,000 total
LA trenching
DoD facility, CRB 28-38 4 1680 565 Trench box $1,000,000 total
Warren, AFB
DaoD facility, CRB 33 25 150 Bioslurry trench $300,000 total
Pease AFB, NH
Industrial facility, |CRB 17 25 180 Sheet pile “box” $420,000 total
MA
Industrial facility, |CRB 20 1 72 200 Open trench $70,000 total
OH excavation
DoD facility, CRB 50 45 300 80 Jetting $360,000
TravisAFB, CA construction
NASA facility, LA | Granular iron 225 Sheet pile box
placed around
leaking
manhole
Maxwell AFB, AL |CRB 75 0.08-0.3 40 Vertical hydraulic
fracturing
technique

(a) PRB isnot keyed in to aquitard.
CRB = Continuous reactive barrier.
JAG = Jet-assisted grouting.
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Table 10-2. Update on PRB Site Characteristics and Monitoring

Groundwater
PRB Site Scale of Target Cleanup Velacity in Aquifer | Monitoring Update
(Installation Date) PRB Target Contaminants Reactive Medium Levels (ft/day) and Remarks
Elizabeth City, NC Full® [cr® (3430 uglL) Granular iron MCLs: MCLsmet in
(June 1996) TCE (4,320 ug/L) Cr (50 pg/L) reactive cell; plume
cis-DCE (12 mg/L) TCE (5pg/lL) migration below
VC (0.1 mglL) hanging PRB
possible.®
DOE facility, Kansas City, Full cis-DCE (1,500 pg/L) Granular iron MClLs: 0.025in clay zone; Possible plume
MO VC (291 ug/L) cis-DCE (70 pg/L) 1.13ingravel zone |bypass around south
(April 1998) VC(@2ug/lL) end of PRB. MCLs
met in reactive cell.
Watervliet Arsenal, NY Full PCE (1,100 pg/L) Granularironand | PCE, TCE, cis-DCE, 0.15
(October 1998) TCE (1,500 pg/L) sand mixture transDCE (5 ug/L)
¢is-DCE (4,200 pg/L) VC(2ug/lL)
transDCE (11 pg/L)
VC (1,700 pg/L)
Former manufacturing site, Full 1,1,1-TCA (1,200 ppb) Granularironand | PCE, TCE (1 ng/L) 0.6
NJ PCE (19 ppb) sand mixture 1,1,1-TCA (30 pg/L)
(September 1998) TCE (110 ppb) VC (5ug/lL)
Seneca Army depot Full TCE (4t0 190 pg/L) Granularironand | TCE, cis-DCE (5 ug/L) 017
activity, NY DCE (43 t0 150 pg/L) sand mixture VC(2uglL)
(December 1998)
Industrial site, SC Full TCE (25 mg/L) Granularironand | MCLs: 014
(November 1997) cis-DCE (35mg/L) sand mixture TCE (5ug/lL)
VC (0.9 mg/L) ¢is-DCE (70 pg/L)
VC@2uglL)
Caldwell Trucking, NJ Full TCE (6,000-8,000 pg/L) Granular iron 50 ug/L TCE 11
(April 1998)
Private electronics firm, Pilot | cis-DCE (5-10 mg/L) Granular iron
Mountainview, CA TCE (1 mg/L)
VC (5-50mg/L)
Drycleaning site, Germany Full PCE (20mg/L) Granular iron and 28
cis-DCE (0.5 mg/L) iron sponge
Bardowie Farm, Full Nitrate (50 mg/L) Native soil and
Cambridge, NZ sawdust
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Table 10-2. Update on PRB Site Characteristics and Monitoring (Continued)

Groundwater
PRB Site Scale of Target Cleanup Velocity in Aquifer | Monitoring Update
(Installation Date) PRB Target Contaminants Reactive Medium Levels (ft/day) and Remarks
M assachusetts military Pilot | TCE(15ug/lL) Granular iron MCLs: 1
reservation PCE (300 pg/L) suspended in aguar | PCE, TCE (5 pug/L)
(June 1998) gum slurry
Belfast, Northern Ireland Full TCE (390 mg/L) Granular Iron TCE (500 pg/L) 99.7% reduction in
(December 1995) TCE and cis-DCE.
Low levels (<100
Mg/L) of cis-DCE
have been detected.
V C has not been
detected.
Industrial facility, NY Pilot | TCE (300 pug/L) Granular iron MCLs: 1 MCLs met within
(May 1995) ¢is-DCE (500 pg/L) TCE (5 ug/lL) 1.5ft of travel
VC (80 ug/L) cis-DCE (70 pg/L) through the reactive
VC(2ug/lL) media
Industrial facility, NY Full TCE (200-1,280 pg/L) Granular iron MCLs: 0.6 Wall constructed
(December 1997) ¢is-DCE (300-1,800 pg/L) TCE, DCE (5 ug/L) over top of pilot
VC (26-53 pug/L) VC(2uglL) system. MCLs met
iniron zone. Relic
VOCsin down-
gradient aquifer
wells.
Intersil, Sunnyvale, CA Full TCE (50-200 pg/L) Granular iron TCE (5ug/lL) 1 MCLs being met
(February 1995) cis-DCE (450-1,000 pg/L) cis-DCE (6 ug/L) after 5 years of
VC (500 pug/L) VC (05 uglL) operation.
Freon® 113 (60 pg/L) Freon® (1,200 pg/L)
Canadian Forces Base, Pilot | PCE (43 mglL) Granularironand | MCLs: 03 90% TCE removed
Borden, Canada TCE (250 mg/L) sand mixture PCE, TCE (5 ug/L) and 88% PCE

removed. MCLs not
met.
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Table 10-2. Update on PRB Site Characteristics and Monitoring (Continued)

Groundwater
PRB Site Scale of Target Cleanup Velaocity in Aquifer | Monitoring Update
(Installation Date) PRB Target Contaminants Reactive Medium Levels (ft/day) and Remarks
Denver Federal Center Full TCE (600 pg/L) Granular iron TCA (200 pg/L) 05 Cleanup targets met
(October 1996) TCA (200 pg/L) TCE (5pug/lL) iniron, except 1,1-
cis-DCE (470 pg/L) ¢is-DCE (70 pg/L) DCA (8pg/L) in
1,1-DCE (230 ug/L) 1,1-DCE (7 ug/L) gate effluent.
VC (15 pug/L) VC (2ug/L) Upgradient
1,1-DCA (5 pglL) mounding may be
causing plume
bypass over or
around the PRB.
CVOC concentra-
tionsincreasing in
the groundwater
flowing around the
south end of barrier.
Also, plume
potentially may be
moving under the
barrier.
Former NAS Moffett Field | Pilot® | TCE (1,300 pg/L) Granular iron MCLs: 02-05 MCLsmet in
(April 1996) ¢is-DCE (230 pg/L) TCE (5 ug/lL) reactivecell. Plume
cis-DCE (70 pg/L) underflow possible
through intentional
gap between thin
aguitard and base of
PRB.?
Somersworth Sanitary Pilot | TCE, cis-DCE, Granularironand | MCLs: 05t020 Constructability test
Landfill Superfund Site VC (<300 pg/L) sand mixture TCE (5ug/lL) using bioslurry
(November 1996) ¢is-DCE (70 pg/L) trench completed in
VC(2uglL) October 1999, prior

to full-scale
application.
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Table 10-2. Update on PRB Site Characteristics and Monitoring (Continued)

Groundwater
PRB Site (Installation Scale of Target Cleanup Velaocity in Aquifer | Monitoring Update
Date) PRB Target Contaminants Reactive Medium Levels (ft/day) and Remarks
Former Lowry AFB, CO Pilot | TCE (1,400 pg/L) Granular iron MCLs: 1 MCLs met
(December 1995) TCE (5g/lL)
cis-DCE (70 pg/L)
Portsmouth gaseous Pilot | TCE (70-150 pg/L) Granular iron in MCL (5pg/L) MCLs met
diffusion plant, OH canisters
ORNL, TN Full HNOg;, uranium, Granular iron
technetium
East Garrington gas plant, Pilot | BTEX (12mglL) None
Canada
Fry Canyon Site, UT Full Uranium (20,700 pg/L) Bone char 15
phosphate, foamed
zero-valent iron,
and amorphous
ferric oxide
Private Site, Tifton, GA Full Pesticides and VOCs Activated carbon
Former NAS Alameda, CA Pilot | cis-DCE (250 mg/L) Granular ironin 0.42-1.25 Breakthrough of
(December 1996) VC (70,000 mg/L) first reactive cell; CVOCsdueto
Toluene (9 mg/L) biosparging in higher-than-expected
following cell CVOC concentra-
tionsin gateinfluent.
Residence timein
iron reactive cell
inadequate.
Public school, Ontario, Pilot | Phosphate (1.0 mg/L) 6% iron and 09
Canada Nitrate (23 to 82 mg/L) Ca-oxides,
% Calimestone,
and 85% sand
Tonolli Superfund Site, PA Full Pb (328 ppb) Limestone
Cd (77 ppb)
As (313 ppb)
Zn (1,130 ppb)

Cu (140 ppb)
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Table 10-2. Update on PRB Site Characteristics and Monitoring (Continued)

Groundwater
PRB Site (Installation Scale of Target Cleanup Velaocity in Aquifer | Monitoring Update
Date) PRB Target Contaminants Reactive Medium Levels (ft/day) and Remarks
Nickel Rim Mine, Canada Full Sulfate (2,400-3,800mg/L) | Municipal com 013
Fe (740-1,000 mg/L) post, leaf compost,
Ni (10mg/L) and wood chips
Aircraft maintenance Full VOCs (500 pg/L) Granular iron 30 MCLsmetiniron
facility, OR zone.
(March 1998)
Industria Site, KS Full TCE (400 ug/L) Granular iron 0.2 Two additional gates
(January 1996) 1,1,1-TCA (100 pg/L) and 3,200 ft of durry
wall were added to
system in November
1999.
Cape Canavera Air Pilot | TCE(9Omg/L) Granular iron 0.1t00.5
Station, FL DCE (170 mg/L)
(November 1997) VC (7mg/L)
Dover AFB, DE Pilot | PCE (5,617ug/L) Granular iron MCLs: 0.06-0.3 MCLs met.
(January 1998) TCE (549 ug/L) (pretreatment zones | PCE, TCE (5 pug/L)
cis-DCE (529 ug/L) containing iron- cis-1,2-DCE (70 pg/L)
sand or iron-pyrite | VC (2 pg/L)
mixtures)
Rocky Flats, Golden, CO Full PCE (528,000 pg/L) Granular iron 05t02
(July 1998) TCE (18,000 pug/L)
Manufactured gas plant, Full PAHs (>100 pg/L) Granular activated
Germany carbon
Wood-treating facility, NH Pilot | Nonagueous-phase liquid
100D Area, Hanford site, Full Chromate (2 mg/L) Chemical reducing
WA agent
Savannah River site, Pilot | TCE (200-250 ug/L) Granular iron MCLs: Controlled flowrate [ MCLsmetiniron
Aiken, SC cis-DCE (20-50 pg/L) PCE, TCE (5 pg/L) zone of Geosiphon.
(July 1997) NOs (10-70 mg/L) ¢is-1,2-DCE (70ug/L)

VC(2pglL)
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Table 10-2. Update on PRB Site Characteristics and Monitoring (Continued)

Groundwater
PRB Site (Installation Scale of Velocity in Aquifer | Monitoring Update
Date) PRB Target Contaminants ReactiveMedium | Target Cleanup Lewls (ft/day) and Remarks
DaoD facility, SC Full 1,1,1-TCE (6,000 pg/L) Granular iron MCLs: 15 Thiniron zones,
(November 1998) 1,1-DCA (10,000 pg/L) 1,1,1-TCE (200ug/L) desorption of VOCs
¢is-DCE (1,400 pg/L) 1,1-DCE (7 pg/L) from aquifer strongly
1,1-DCE (450 pg/L) cis-DCE (70 pg/L) influenced results.
VC (240 pg/L) VC(2uglL)
Industria facility, LA Full TCE (10,000 pg/L) Granular iron PCE (25ug/L) 0.0003 Very low flow
(November 1998) PCE (260,000 pg/L) TCE (210 ug/L) velocity.
¢is-DCE (66,000 pg/L) ¢is-DCE (116,000 pg/L)
VC (32,000 pg/L) VC (358 pg/L)
TCE (5,000 pg/L)
DoD facility, WY Full TCE (21,000) One segment MCLs: 133
(August 1999) ¢is-DCE (560) granular iron; two | TCE (5ug/L)
VC (120 segments granular | cis-DCE (70 ug/L)
iron sand mixture [ VC(2ug/L)
DoD facility, NH Full TCE (4,700 pg/L) Granularironand | MCLs: 0.03
(August 1999) ¢is-DCE (10,000 pg/L) sand mixture TCE (5ug/lL)
VC (1,700 pg/L) cis-DCE (70 pg/L)
VC(2uglL)
Industrial facility, MA Full PCE (17,000 pg/L) Granular iron MCLs:
(August, 1999) TCE (100 pg/L) TCE (5g/lL)
cis-DCE (100 pg/L) cis-DCE (70 pug/L)
VC(20pglL) VC(2pglL)
Industrial facility, OH Full TCE (8,000 pg/L) Granular ironand | MCLs: 0.01
(November, 1999) cis-DCE (50 pug/L) sand mixture TCE, PCE (5 ng/L)
trans-DCE (50 pg/L) cis-DCE (70 pg/L)
VC (30uglL) VC (2uglL)

1,1-DCE (7 pug/L)
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Table 10-2. Update on PRB Site Characteristics and Monitoring (Continued)

Groundwater
PRB Site (Installation Scale of Target Cleanup Velocity in Aquifer | Monitoring Update
Date) PRB Target Contaminants Reactive M edium Levels (ft/day) and Remarks

DoD facility, Travis AFB, Pilot | TCE (10,000 pg/L) Fine grained MCLs: 02
CA (Jduly 1999) ¢is-DCE (300 pg/L) granular iron TCE, PCE (5pg/L)

1,1-DCE (700 pg/L) mixed with aquifer | cis-DCE (70 ug/L)

cis-DCE (23,200 ug/L) material VC (2ug/L)

1,1-DCE (7 pg/L)

NASA Facility, LA Pilot | TCE (22,500 pg/L) Granular iron TCE (2,600 pg/L)
(August 1999) VC (6,810 ug/L ) VC (4,500 pg/L)

¢is-DCE (23,200 pug/L) ¢is-DCE (70,300 pg/L)
Maxwell AFB, AL Pilot | TCE (720 ug/L) Granular iron 0.07-0.2
(July 1998) PCE (<1 ug/L) suspended in aguar

gum dlurry

(a) PRB isnot keyed in to aquitard.
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Appendix B
Cost Evaluation of a PRB at Dover AFB

The cost evauation of the permeable reactive barrier (PRB) in Area5 at Dover Air Force Base
(AFB) includes the actud capitd investment required for the pilot-scae PRB ingdled in Decem:
ber 1997 (Figure B-1) and the estimated capita investment for a proposed scaleup (Figure B-2).
Also, annud operating and maintenance (O& M) codgts are projected for the scaled- up PRB only.
Finaly, a present vaue (PV) analysisis provided which compares the long-term costs of a PRB
and an equivaent pump-and-treat (P& T) system.

B.1 Capital I nvestment

Table B-1 ligs the capitd investment incurred in ingaling a pilot-scale PRB in Area5. This PRB
isafunnd-and-gate system with two gates. Each gate is4 ft wide and is keyed into the aguitard
at adepth of 39 ft. Each gate has a 4-ft thickness of iron and incorporates a pretrestment zone
(PTZ) and an exit zone. Thefunnd is 60 ft wide, giving atota barrier width of 68 ft. The PRB is
estimated to capture about 50-ft width of plumein an aquifer that is approximately 25 ft thick.
The variousitemsin Table B-1 include the cogts incurred by Battelle and its construction subcon
tractor (C* Environmental), aswell as broad estimates of relevant costsincurred by Dover AFB
gaff for Ste arrangements and by the United States Environmenta Protection Agency’s Nationd
Exposure Research Laboratory (U.S. EPA-NERL) for the on-gte column tests.

Building 639

A\ Parking Lot
T

a8

' \)"_\ Groundwater Flow ""«!\

NOT TO SCALE

Evreux Street

Figure B-1. Schematic of the Pilot-Scale PRB in Area 5 at Dover AFB
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Figure B-2. Schematic of the Scaleup of the PRB

Table B-1 ligs the capita investment codts for the pilot-scale PRB in two categories. precon
gruction activities and PRB congruction activities. Site characterization was akey cost driver in
the precongtruction category. Becausethe PRB isan in Stu Structure, it isdl the more important
that the chlorinated volatile organic compound (CVOC) digtribution and aquifer characteristics
be well defined. InaP&T system, Site characterization and design deficiencies can be corrected
after system ingdlation by adding additiond wells or adjusting the aboveground treatment
system. However, once a PRB has been ingtaled, making system adjustments or expansions can
be rdlaively expensve. Ancther factor driving the characterization cost at Area 5 was that the
bulk of the plume was nat in the area identified by data from regiona wells as reported in the
exiging Remedid Investigation/Feasibility Study (RI/FS) documents. Characterization activities
were redirected after data from temporary wells pushed during additiond ste characterization
activities (June 1997) became available.

The column test costs in Table B-1 illudrate the type of long-term on-Site tests conducted for the
Dover AFB pilot-scae effort on reactive media selection and degradation rate estimation. For a
full-scale gpplication, much less rigorous column tests are required, with a concomitantly lower
Ccost.

The design, procurement, and regulatory review cogtsinclude activities such as site characteriza-
tion, data evauation, hydrologic and geochemicad modding, draft and find design/test plan
preparation, evaluation and procurement of reactive media suppliers and construction subcor:
tractors, and regulatory review. Procurement of acommercia source of pyrite proved to be par-
ticularly chalenging, because pyrite is no longer the primary source for sulfuric acid production

in the chemicd industry. Procuring a construction subcortractor involved solicitation of bids,
arrangement of aSte vigt for prospective vendors, and sdection of the best technica and cost
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TableB-1. Capital Investment Incurred in Ingtalling the Field Pilot-Scale PRB in Area 5

Iltem | Description | Basis Cost®
Phase 1. Preconstruction Activities
Preliminary site [Historica Site data evaluation RI/FS, other reports procurementand | $15,000
assessment evauation; site mesting
Site Characterization plan, fieldwork, | Cone penetrometer test (CPT) pushes | $150,000
characterization |laboratory analysis for geologic mapping and temporary
wells; analysis of water samples for
CVOCs, select samples for
geotechnical analysis; dug tests;
ground-penetrating radar survey™
Columntests | Two columns for two reactive Three-month on-site test and labora= | $100,000"
media combinations; Area 5 tory analysis of water samples®;
groundwater report
Design; Data evauation, moddling, Characterization, column test data $100,000
procurement; | engineering design, Design/Test evaluation; hydrogeologic modeling;
regulatory Plan; construction subcontractor | geochemical evaluation; engineering
review procurement; regulatory design; report; procurement process,
interactions regulatory approvals; preconstruction
mesting
Subtotal $365,000
Phase 2: PRB Construction Activities
Site preparation | Utilities clearances; arrangement | Coordination with Base facilities staff $10,000
for equipment/media storage and
debris disposal
Reactive media | Conndly iron, shipping; pyrite Iron: 54 tons @ $360/ton $47,000
procurement | source identification, procurement; | Pyrite: 5 tons @ $1,400/ton
pyrite chunks, crushing, sizing, Pyrite preparation: $12,000
shipping. Shipping: $9,000
PRB M obilization/demohilization; Mob./demob.: $38,000 $264,000
Congtruction  |ingtalation of two 8-ft-diameter Gates: $133,000
caisson gates to 40-ft depth and Monitoring wells: $25,000
one 60-ft-long sheet pile funnd; Funndl: $51,000
restoration of asphalt parking lot | Surface restoration: $17,000
Monitoring Thirty-four polyvinyl chloride Aquifer wells: $37,000 $53,000
system (PVC) aquifer wellsinstalled for | Velocity sensors: $16,000
construction monitoring the pilot-scale PRB
(fewer wells would be required for
afull-scale system); four in situ
groundwater velocity sensors
Subtotal $374,000
TOTAL $739,000

(@) Includes costs incurred for labor and materias by Battelle and its construction subcontractor
C® Environmental, as well as broad estimates of relevant costs incurred by Dover AFB staff for site
arrangements and by U.S. EPA-NERL for the on-site column tests. Some cost items in this table may
not be applicable at other sites.
(b) Thisleve of testing was done for demonstration purposes and may be excessive for full-scale

gpplication.
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bid. The PRB design wasfindized only after discusson of severd dternative desgns and cont
gruction techniques with various bidders and a preconstruction meeting with the winning bidder.

Site preparation involved acquidtion of clearances from the Base utilities office, arrangements to
receive reactive media and construction equipment shipments, and arrangements to dispose of
the congtruction debris. On a per ton bas's, the pyrite was costlier than iron, especidly after
pyrite processing costs were included. It is presumed that if pyrite use for PRB gpplications
grow, less expendgve sources of pyrite may become available over time.

PRB construction costs at this Ste were driven by the cost of ingaling the caisson gates. How-
ever, thismethod of ingtdlation was found to be less costly compared with other dternatives.
Als0, caisson gates were eesier to indal in the midst of multiple utility lines thet crisscross
Area5. Note that the mobilization/demobilization costs & this Site are probably lower than a
other sites, because the construction subcontractor used alocd partner in Dover, DE to supply
most of the heavy equipment and operators, such as the 100-ton crane, 5-ft-diameter auger, and
the pile driver. Having this equipment locdly avallable dso sgnificantly minimized the time
periods that this equipment had to be retained on site. Most of the heavy equipment and
operators were requistioned only on the days that the equipment was actualy used. These
advantages may not be available at other Sites.

Because of the research needs of the demondration, more monitoring wells were ingtdled than
would be required for full-scale gpplication. The monitoring system dso includes the ingdlaion
of the four velocity sensors.

B.2 Scaleup

Although the PRB in Area 5 is consdered pilot-scae, its rdatively large size (68 ft wide and

39 ft degp) makes its economics eadly scaable to afull-scale PRB. CVOC contamination at
Area5 of Dover AFB isfairly widespread, with devated CVOC concentrations identified in
wells on both the north and south sides of Building 639. During additiona Site characterization
in June 1997, an effort was made to identify the most contaminated portion of the plume for this
demondtration; however, the boundaries of the entire plume were not mapped. Also, CVOC
concentrations at Area 5 tend to vary sharply in both horizontal and vertica planes, indicating
the presence of multiple sources of contamination. Lastly, the aquifer region under Building 639
remains unsampled and the CVOC didribution in that region is unknown.

Dover AFB is congdering expanding the current pilot-scale PRB to capture more of the plume.
Inthat event, additional Ste characterization to delineste more of the plume would be required.
Based on the CVOC data from monitoring points on the fringes of the demondration areg, it is
suspected that the plume may be at least 100 ft wide. The locd gradientsthat drive the move-
ment of thislarger plume would have to be evaluated during additiona cheracterization. Loca
gradients, on the scale of the parking lot a Area 5, will determine whether an extended PRB
would continue aong a sraight line aong the current orientation or would be angled from the
edges of the current funndl. Based on regulatory and cost considerations, adecision will have to
be made as to how much of the larger plume would need to be captured and trested.
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To capture a 100-ft width of the plume with the current configuration, two more gates would

have to be added to double the capture zone, as the current pilot system captures a 40- to 50-ft-
width of the plume. The two additiona gates could be ingtalled with caissons, and the funnd

could be extended using additiond sheet piles. The scaled-up sysem is shown in Figure B-2.

The costs of this extended barrier are listed Table B-2. The costs have been estimated as if the
full-scale barrier had been ingtaled right at the beginning, indead of inddling the pilot-scale
barrier and then extending it.

In Table B-2, Phase 1 costs remain mosily the same asin Table B-1. One differenceis thet
$50,000 has been added to reflect the cost of additiona Site characterization to locate the

Table B-2. Capital Investment Projected for Installing a Full-Scale PRB at Dover AFB

ltem | Description | Basis | Cost
Phase 1: Preconstruction Activities
Preliminary dte Historical dite data evauation RI/FS, other reports procurement and | $15,000
assessment evaluation; site meeting
Ste Characterization Plan, fieldwork, | CPT pushes for geologic mapping $200,000
characterization | laboratory analysis and temporary wells, andysis of
water samples for CVOCs; select
samples for geotechnical anaysis,
dug tests
Column tests Two column tests; Area s Column tests and laboratory anaysis $50,000
groundwater of water samples; report
Design, Data evaluation, modding, Characterization, column test data $100,000
procurement of engineering design, Design Plan; | evauation; hydrogeol ogic modeling;
subcontractors, procurement of subcontractors, geochemical eva uation; engineering
and regulatory interactions with regulators design; report; procurement process;
review regulatory interactions
Subtotal $365,000
Phase 2: PRB Construction Activities
Site preparation | Utilities clearances; arrangements | Coordination with regulators and $10,000
for equipment/media storage and | Base facilities staff
debris disposal
Reactive media | Conndly iron, shipping [ron: 108 tons @ $360/ton $48,000
procurement Shipping: $9,000
PRB Construction | Mohilization/demobilization; Mob./demob.: $60,000 $487,000
Ingtallation of four 8ft-diameter | Gates: $266,000
caisson gates to 40-ft depth, and | Monitoring wells: $25,000
one 120-ft-long sheet pile funnd; | Funnd: $102,000
restoration of asphalt parking lot | Surface restoration: $34,000
Monitoring Thirty-four PV C aquifer wells Aquifer wells: $37,000 $37,000
system ingtaled for monitoring the pilot-
construction scale PRB
Subtotal $582,000
TOTAL $947,000

B-5




boundaries of the plume and assess the geology dong alonger length. Another differenceis that
the column test cogts have been reduced to reflect the less rigorous tests required for the full-
scae gpplication. In Phase 2, severd of the items change. Assuming that only iron is used in the
gates (no pyrite), the reactive media cost does not change significantly because the additiona
iron required costs much less than the smal amounts of pyrite that it replaces.

In the category of PRB congtruction, mobilization/demobilization costs have been increased
compared to the pilot system in order to reflect transportation of additiona sheet piles and other
materiads. For afull-scae system, the same number of wells as currently ingdled for the pilot-
scae system could be redigtributed over the four gates, a higher number of wells was used for
demondration purposes for the pilot system. The codsts for the gates, funnd, and surface restora-
tion have been doubled to reflect the addition of two more gates and another 60 ft of funnd. The
aquifer monitoring system cost was kept the same, based on the assumption that the same
number of wells could be spread over alarger area. Also, the HydroTechnics velocity meters
have been diminated.

B.3 Projected Operating and Maintenance Costs
The expected O&M codts of the full-scae barrier over the next severa years consist of:

o Annua monitoring cost. Thisitem relates to the groundwater sampling and analyss
and water-leve measurements that would be required to verify acceptable capture and
treatment of the plume.

o Periodic maintenance cost. Assuming that the reactivity and/or hydraulic perform:
ance of the reactive cdl may decline before the plume (or the possible DNAPL
source) dissipates, it is probable that some maintenance would be required to
regenerate or replace the reactive medium.

It is presumed that groundwater sampling for CVOC analysis would have to be conducted on a
quarterly bas's, consstent with the regulatory sampling conducted on the rest of the Base. Water
levels dso could be measured on a quarterly basisto track seasond flow conditions. Ground-
water sampling for inorganic analys's may be required only once ayear or once in two yearsto
track the geochemical environment. Other measurements, such asiron core evauation, may be
considered only if required. Table B-3 providesthe projected cost of such a monitoring
schedule.

Egtimating the maintenance cost of the PRB is more difficult. Fird, the frequency a which such
maintenance would be required is unknown. PRBs are afairly new technology; the longest-
running PRB has been in the ground for about 5 years. Long-term column tests at accel erated
flowrates have been conducted, but extragpolating the results to field conditions has proved
difficult. A rule-of-thumb approximation has been proposed and used in the past a some dtesto
project the cost of long-term maintenance. This gpproximeation suggests a maintenance require-
ment that 25% of the iron medium would have to be replaced every 5 or 10 years, depending on
the level of dissolved solids (or potentid for precipitation) in the groundwater. However, there
are no datato redlly drive such projections.
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TableB-3. O&M Costs Projected for Operating a Full-Scale PRB in Area 5

(once every 10 years)

ltem | Description | Basis | Cost
Annual Monitoring Activities
Groundwater Quarterly, labor, materids, travel | 40 wells $30,000
sampling
CVOC analysis Quarterly, 40 wells 44 per quarter @ $120/sample | $20,000
Inorganic analysis | Annud, 20 wells 22 per year @ $200/sample $4,000
Water-level survey | Quarterly, Iabor 40 wells per quarter $4,000
Data anaysis; Quarterly, labor 4 times per year $40,000
report; regulatory
review
Annual operating cost $148,000
Periodic Maintenance Activities (once every 10 years)
Site preparation Permitting, clearances Labor $10,000
Reactive media Connelly iron, shipping Iron: 108 tons @ $360/ton $48,000
procurement Shipping: $9,000
Remova/ M obilization/demobilization; Mob./demob.: $38,000 $363,000
replacement of installation of four 8-ft-diameter Gates: $266,000
gates caisson gates to 39-ft depth; Monitoring wells. $25,000
restoration of asphalt parking lot Surface restoration: $34,000
Periodic maintenance cost $421,000

Also, it isunclear asto what physica means would be applied to remove and replace the reactive
medium. Presumably, the contents of the gates could be removed with an auger after ingaling
temporary sheet piles along the upgradient and downgradient edges of the reactive cdllsto retain

the sdes of the excavation. However, such remova activities may not be easy given thet the

shape of the reactive cdl is square, and that augering probably would be impeded by the
presence of monitoring wells. After gate removal, fresh iron then could be ingtaled in a manner

gmilar to that for the new ingdlation. All the cogsin the condruction category in Table B-2

would be incurred, except for the funnel cost. Thisassumesthat dl resctive mediain the geteis
to be replaced; partid remova and replacement would be much more difficult.

Based on these assumptions for monitoring and maintenance, Table B-3 shows the projected
O&M cogtsfor the PRB over the long term. Table B-3 assumes that PRB maintenance will be
required once every 10 years. Maintenance is assumed to involve replacement of al theironin
the gates. Maintenance costs are assumed to be smilar to the construction costs of the origina
gates. The funnd cost and the aquifer monitoring system cogtsin Table B-2 have been dropped
from Table B-3. Additiona scenarios involving periodic maintenance requirements of every 5,
10, 20, or 30 years are discussed in Section B.4. Because the longevity of the reactive medium
cannot be predicted with certainty, these multiple scenarios show the dependency of the
economics of the PRB on the longevity of the reactive medium.

B.4 Present Value Analysisof PRB and P& T Options

The PRB technology is an innovetive dternative to conventiond P& T sysems. As compared
with aP& T system, a PRB offers the benefits of passive operation (no externd energy input
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required for operation) and absence of aboveground structures. A long-term comparison of these
two technology options for Area 5 is presented in this section. For this comparison, the capita
investment and O&M cost of an equivaent P& T system were estimated, and are summarized in
Tables B-4 and B-5. The estimated P& T system codts for Area 5 are based on asimilar system
designed, built, and tested in a CVOC plume in adifferent areaat Dover AFB (Béttelle, 1994).

A comparable P& T system for plume migration control would have to capture the same volume

of groundwater as the full-scale PRB with four gates. At the maximum flowrate of 4.1 ft/day
through each gate, the PRB is expected to capture the equivalent of approximately 10 gallons per
minute (gpm) of flow. Because of possible capture inefficiencies with extraction wells, the P& T
system is designed to capture and treat twice as much, or 20 gpm. Asdescribed in Table B-4, the
investment in the P& T system includes three extraction wells, an air stripper to trandfer CVOCs

to air, a catalytic oxidizer to treet the air effluent from the stripper, and polishing carbon to

remove any resdua CVOCs down to maximum contaminant levels (MCLYS).

Projected O&M cogts of the P& T system consist of an annual operating cost to keep the system
running, an annua groundwater monitoring cost, and periodic maintenance costs. The periodic
maintenance cogts involve replacement of the carbon every 10 years and replacement of the
catays every 5 years. Tables B-4 and B-5 indicate thet the P& T system requires alower initid
capita investment as compared to the PRB, but incurs higher O&M codts, primarily because of
the labor and energy requirementsto operatethe P& T system. The P& T system requires more
frequent periodic maintenance in the form of carbon and catalyst replacement. Because the PRB
and P& T system require maintenance at different points in time and because the CVOC plumeis
expected to last for severd years or decades, aPV andysisis required to consolidate the capital
investment and long-term O& M costsinto atota (cumulative) cost in today’ s dollars.

Table B-6 shows the discounted cash flow (i.e., PV) andysis of the capitd investment and O&M
costs over 30 years for both PRB and P& T system options. A red discount rate of 2.9% isused in
the analysi's, as per the 1999 update to the U.S. EPA Office of Management and Budget's circular
(U.S. EPA, 1993). It isassumed that the PRB will maintain its reactivity and hydraulic perform:
ance over 10 years of operation, after which dl four gates will have to be removed and replaced (at
an estimated tota cost of $421,000, as shown in Table B-3). The PVsof the capitd investment
and annua O&M costs are listed in columns 2 and 5 of Table B-6 (for the PRB and P& T system,
respectively), and indicate that the further back in time that the cost occurs, the lower its PV. Cal-
umns 3 and 6 ligt the cumulative PV & the end of each year; the cumulative PV includes the capita
investment and the PV of dl O&M costs up to that year. The year in which the cumulative PV

cost of the PRB isequa to or below cumulative PV cost of the P& T system is the payback period
or break-even point for the PRB.

As shown in Table B-6, there are two potential break-even timesfor the PRB (indicated by the
shaded cdlsinthetable). InYear 8, the cumulative or total PV cost of the PRB islower than the
PV codt of the P& T system, indicating the first potentia bresk-even point (see shaded cdlsin
Table B-6). However, in Year 10, the nonroutine maintenance cost of replacing the iron in the four
gaesisincurred (see bold numbersin Table B-6), which makesthe totd cost of the PRB dightly
higher again than the pump-and-treat system. In Year 14, the total PV cost of the PRB again
becomes lower, and this is the true break-even point. In other words, over 14 years, the lower
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Table B-4. Capital Investment Projected for Installinga P& T Systemat Dover AFB

ltem | Description | Basis | Cost®
Phase 1. Preconstruction Activities
Preliminary site | Historica site data evauation RI/FS, other reports procurement and | $15,000
assessment evaluation; site meeting
Site Characterization Plan, fieldwork, | CPT pushes for geologic mapping $200,000
characterization | laboratory analysis and temporary wells, andysis of
water samples for CVOCs and inor-
ganics, dug testsin existing wells
Design; Data evaluation, modeling, engi- Characterization data analysis; $100,000
procurement; neering design, Design Plan; hydrogeol ogic modeling; engineer-
regulatory procurement; regulatory ing design; report; procurement;
review interactions regulatory review
Subtotal $315,000
Phase 2: P&T System Construction Activities
Site preparation | Utilities clearances; arrangements | Coordination with regulators and $10,000
for equipment storage Base facilities staff
P&T system Installation of three 4-inch- 20-gpm groundwater extractionand | $145,000
construction diameter extraction wells, pumps; | treatment system
ar stripper; catalytic oxidizer;
polishing carbon; shed; piping
Monitoring sys- | Thirty PVC aquifer wellsingtaled | Aquifer wells: $32,000 $32,000
tem construction | for monitoring plume movement
Subtotal $187,000
TOTAL $502,000

(&) Based onasimilar P& T system designed, built, and tested for a CVOC plume in a different area at
Dover AFB (Battelle, 1994). Details arein Section B.4.

Table B-5. O&M Costs Projected for Operating a P& T System at Dover AFB

ltem | Description | Basis | Cost?
Annual System O&M (includes routine maintenance)
System Keeping P& T system Labor, energy consumption, materials $66,000
operation operational replacement, waste handling, routine
mai ntenance/replacement of pumps
Groundwater | Quarterly, 40 wells, CVOC, | Labor, materids, anaytica $148,000
monitoring inorganics, water levels
Annual operating cost $214,000

Periodic Maintenance (once every 10 years)
Carbon Polishing carbon for liquid Used carbon disposal, new carbon $7,000
replacement installation

Periodic Maintenance (once every 5 years)
Catayst Oxidizer cataysts for Used catalyst disposal, new catalyst $21,000
replacement | effluent air treatment ingtallation

(8) Based onasmilar P& T system designed, built, and tested for a CVOC plume in a different area at
Dover AFB (Battelle, 1994). Details are in Section B.4.
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Table B-6. Present Value Analysisof PRB and P& T Systemsin Area 5 at Dover AFB
Assuming 10-Year Life of PRB

PRB P& T System
Cumulative PV Cumulative PV
Annual PV of Annual of Annual Annual PV of Annual of Annual
Year Cost® Cost® Cost© Cost® Cost® Cost®

0 $947,0007  $947,000 $947,000 $502,0007  $502,000 $502,000
1 $148,000°  $143,829 $1,090,829 $214,0009  $207,969 $709,969
2 $148000  $139,775 $1,230,604 $214,000 $202,108 $912,077
3 $148000  $135836 $1,366,441 $214,000 $196,412 $1,108,489
4 $148000  $132,008 $1,498,449 $214,000 $190,876 $1,299,365
5 $148000  $128283 $1,626,736 $2350009  $203,700 $1,503,065
6 $148000  $124672 $1,751,408 $214,000 $180,269 $1,683,334
7 $148000  $121,159 $1,872,567 $214,000 $175,189 $1,858,523
8 $148000  $117,744 $1,990,311 $214,000 $170,251 $2,028,774
9 $148000  $114,426 $2,104,737 $214,000 $165,453 $2,194,228
10 $569,000"  $427,522 $2,532,259 $242,0009  $181,828 $2,376,056
11 $148000  $108,067 $2,640,326 $214,000 $156,259 $2,532.315
12 $148000  $105021 $2,745,347 $214,000 $151,855 $2,684,170
13 $148000  $102,061 $2,847,408 $214,000 $147,575 $2,831,745
14 $148,000 $99,185 $2,946,593 $214,000 $143.416 $2,975,162
15 $148,000 $96,390 $3,042,983 $2350009  $153,051 $3,128.213
16 $148,000 $93,673 $3,136,656 $214,000 $135,446 $3,263,659
17 $148,000 $91,033 $3,227,690 $214,000 $131,629 $3,395,289
18 $148,000 $88,468 $3,316,158 $214,000 $127,920 $3,523,208
19 $148,000 $85,974 $3,402,132 $214,000 $124,314 $3,647,523
20 $569,000"  $321,222 $3,723,354 $242,0009  $136,618 $3,784,141
21 $148,000 $81,197 $3,804,550 $242,000 $132,768 $3,916,908
2 $148,000 $78,008 $3,883,459 $214,000 $114,097 $4,031,006
23 $148,000 $76,685 $3,960,143 $214,000 $110,882 $4,141,887
24 $148,000 $74,523 $4,034,667 $214,000 $107,757 $4,249,644
25 $148,000 $72,423 $4,107,090 $2350009  $114,99 $4,364,641
26 $148,000 $70,382 4177472 $214,000 $101,769 $4,466,400
27 $148,000 $68,399 $4,245871 $214,000 $98,001 $4,565,310
28 $148,000 $66,471 $4,312,341 $214,000 $96,113 $4,661,423
29 $148,000 $64,598 $4,376,939 $214,000 $93,405 $4,754,827
30 $569,000"  $241,352 $4,618,291 $242,0009  $102,649 $4,857,476

(& Annual cost isequal to the capital investment in Year 0 and the O&M cost in subsequent years.

(b) Present value cost is the annua cost divided by a discount factor term based on a 2.9% discount rate,
as described in Section 9.3.

(c) Cumulative present value cost is the sum of annual present value costs in each year and previous

years.

(d) Initid capital investment.
() Annua routine O&M cost.
(f) Annual monitoring cost of $148,000, plus maintenance/replacement of gates for $421,000, as
described in Table B-3.
(g) Periodic (nonrouting) maintenance to replace catalyst and/or carbon, as described in Table B-5.
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annua operating cost (passive operation) of the PRB makes it aworthwhile investment. At the end

of the analysis period of 30 years, the PV of the totd savings from implementing a PRB versusa

P&T systemin thisillustration is $239,000 (that is, the difference between the cumulative costs of
$4,618,291 and $4,857,476 for the PRB and P& T system at the end of 30 years). Table B-7 shows
the summarized results of additiona scenarios. Because the break-even point is sendtive to the
assumption on the life of the PRB, the PV anadlyss was repested assuming that the life of the PRB is

5, 10, 20, and 30 years (see Tables B-8 to B-11). In addition, Table B-12 shows a Smilar scenario
extended for a project duration of 50 years.

TableB-7. Break-Even Point and Savings by Using a PRB Instead of
aP&T System in Area5 at Dover AFB

Life of Reactive| Break-Even PV of Savings Over the
Medium Point Duration of the Project Duration of Project
5years None - $603,000 30 years
10 years 14 years $239,000 30 years
20 years 8 years $734,000 30 years
30 years 8 years $793,000 30 years
30 years 8 years $1,251,000 50 years

Table B-7 summarizes the results of these economic scenarios. As seeninthistable, if the PRB
lasts only 5 years, and the gates have to be replaced every 5 years, the P& T system isless expent
sve. If the PRB lagts at least 10 years, it isless expersvethan aP& T sysem. The longer the PRB
lagts, the greater the savings at the end of 30 or 50 years. These same cost scenarios, which are
discussed in Section 9.3, are depicted in Figure B-3.

Note that this PV cost andysis only takes into account the more tangible costs of the two options.
A dgnificant intangible benefit of usng aPRB in Area5 a Dover AFB isthat there are no
aboveground structures involved, and the site can Hill be used asaparking lot. WithaP&T
system, there would be some loss of space for housing the piping and aboveground treatment
equipment. The ability of Ste ownersto use, lease, or sall the space that would have been taken
up by aP&T system, and to improve the attractiveness of the property asawhole, isa sgnificant
benefit of PRB technology. In addition, previous and/or new owners of the property would not
have to ded with the high level of maintenance and waste handling during P& T operations.
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TableB-8. PV Analysisof PRB and P& T Systemsfor Area 5 at Dover AFB
Assuming 5-Year Lifeof PRB

PRB P& T System
Cumulative Cumulative
PV of PV of Annual PV of PV of
Year Annual Cost Annual Cost Cost Annual Cost Annual Cost Annual Cost
0 $947,000 $947,000 $947,000 $502,000 $502,000 $502,000
1 $148,000 $143,829 $1,090,829 $214,000 $207,969 $709,969
2 $148,000 $139,775 $1,230,604 $214,000 $202,108 $912,077
3 $148,000 $135,836 $1,366,441 $214,000 $196,412 $1,108,489
4 $148,000 $132,008 $1,498,449 $214,000 $190,876 $1,299,365
5 $569,000 $493,214 $1,991,663 $235,000 $203,700 $1,503,065
6 $148,000 $124,672 $2,116,335 $214,000 $180,269 $1,683,334
7 $148,000 $121,159 $2,237,493 $214,000 $175,189 $1,858,523
8 $148,000 $117,744 $2,355,237 $214,000 $170,251 $2,028,774
9 $148,000 $114,426 $2,469,663 $214,000 $165,453 $2,194,228
10 $569,000 $427522 $2,897,185 $242,000 $181,828 $2,376,056
11 $148,000 $108,067 $3,005,252 $214,000 $156,259 $2,532,315
12 $148,000 $105,021 $3,110,273 $214,000 $151,855 $2,684,170
13 $148,000 $102,061 $3,212,335 $214,000 $147575 $2,831,745
14 $148,000 $99,185 $3,311,520 $214,000 $143,416 $2,975,162
15 $569,000 $370,580 $3,682,099 $235,000 $153,051 $3,128,213
16 $148,000 $93,673 $3,775,773 $214,000 $135,446 $3,263,659
17 $148,000 $91,033 $3,866,806 $214,000 $131,629 $3,395,289
18 $148,000 $88,468 $3,955,274 $214,000 $127,920 $3,523,208
19 $148,000 $85,974 $4,041,248 $214,000 $124,314 $3,647,523
20 $569,000 $321,222 $4,362,470 $242,000 $136,618 $3,784,141
21 $148,000 $31,197 $4,443,667 $242,000 $132,768 $3,916,908
22 $148,000 $78,908 $4,522 575 $214,000 $114,097 $4,031,006
23 $148,000 $76,685 $4,599,260 $214,000 $110,882 $4,141,887
24 $148,000 $74523 $4,673,783 $214,000 $107,757 $4,249,644
25 $569,000 $278,438 $4,952,221 $235,000 $114,996 $4,364,641
26 $148,000 $70,382 $5,022,603 $214,000 $101,769 $4,466,409
27 $148,000 $68,399 $5,091,001 $214,000 $98,901 $4,565,310
28 $148,000 $66,471 $5,157 472 $214,000 $96,113 $4,661,423
29 $148,000 $64,598 $5,222,070 $214,000 $93,405 $4,754,827
30 $569,000 $241,352 $5,463,422 $242,000 $102,649 $4,857,476
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TableB-9. PV Analysisof PRB and P& T Systemsfor Area 5 at Dover AFB
Assuming 10-Year Life of PRB

PRB P& T System
Cumulative Cumulative
PV of PV of PV of PV of
Year | Annual Cost Annual Cost Annual Cost | Annual Cost Annual Cost Annual Cost
0 $947,000 $947,000 $947,000 $502,000 $502,000 $502,000
1 $148,000 $143,829 $1,090,829 $214,000 $207,969 $709,969
2 $148,000 $139,775 $1,230,604 $214,000 $202,108 $912,077
3 $148,000 $135,836 $1,366,441 $214,000 $196,412 $1,108,489
4 $148,000 $132,008 $1,498,449 $214,000 $190,876 $1,299,365
5 $148,000 $128,288 $1,626,736 $235,000 $203,700 $1,503,065
6 $148,000 $124,672 $1,751,408 $214,000 $180,269 $1,683,334
7 $148,000 $121,159 $1,872,567 $214,000 $175,189 $1,858,523
8 $148,000 $117,744  $1,990,311 $214,000 $170251  $2,028,774
9 $148,000 $114,426 $2,104,737 $214,000 $165,453 $2,194,228
10 $569,000 $427 522 $2,532,259 $242,000 $181,828 $2,376,056
11 $148,000 $108,067 $2,640,326 $214,000 $156,259 $2,532,315
12 $148,000 $105,021 $2,745,347 $214,000 $151,855 $2,684,170
13 $148,000 $102,061 $2,847,408 $214,000 $147575 $2,831,745
14 $148,000 $99185  $2,946,593 $214,000 $143416  $2,975,162
15 $148,000 $96,390 $3,042,983 $235,000 $153,051 $3,128,213
16 $148,000 $93,673 $3,136,656 $214,000 $135,446 $3,263,659
17 $148,000 $91,033 $3,227,690 $214,000 $131,629 $3,395,289
18 $148,000 $88,468 $3,316,158 $214,000 $127,920 $3,523,208
19 $148,000 $85,974 $3,402,132 $214,000 $124,314 $3,647,523
20 $569,000 $321,222 $3,723,354 $242,000 $136,618 $3,784,141
21 $148,000 $31,197 $3,804,550 $242,000 $132,768 $3,916,908
22 $148,000 $78,908 $3,883,459 $214,000 $114,097 $4,031,006
23 $148,000 $76,685 $3,960,143 $214,000 $110,882 $4,141,887
24 $148,000 $74523 $4,034,667 $214,000 $107,757 $4,249,644
25 $148,000 $72,423 $4,107,090 $235,000 $114,996 $4,364,641
26 $148,000 $70,382 $4,177,472 $214,000 $101,769 $4,466,409
27 $148,000 $68,399 $4,245871 $214,000 $98,901 $4,565,310
28 $148,000 $66,471 $4,312,341 $214,000 $96,113 $4,661,423
29 $148,000 $64,598 $4,376,939 $214,000 $93,405 $4,754,827
30 $569,000 $241,352 $4,618,291 $242,000 $102,649 $4,857,476
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Table B-10. PV Analysisof PRB and P& T Systemsfor Area5 at
Dover AFB Assuming 20-Year Life of PRB

PRB P& T System
Cumulative Cumulative
PV of Annual PV of Annual PV of Annual PV of Annual
Year | Annual Cost Cost Cost Annual Cost Cost Cost
0 $947,000 $947,000 $947,000 $502,000 $502,000 $502,000
1 $148,000 $143,829 $1,090,829 $214,000 $207,969 $709,969
2 $148,000 $139,775 $1,230,604 $214,000 $202,108 $912,077
3 $148,000 $135,836 $1,366,441 $214,000 $196,412 $1,108,489
4 $148,000 $132,008 $1,498,449 $214,000 $190,876 $1,299,365
5 $148,000 $128,288 $1,626,736 $235,000 $203,700 $1,503,065
6 $148,000 $124,672 $1,751,408 $214,000 $180,269 $1,683,334
7 $148,000 $121,159 $1,872,567 $214,000 $175,189 $1,858,523
8 $148,000 $117,744  $1,990,311 $214,000 $170,251  $2,028,774
9 $148,000 $114,426 $2,104,737 $214,000 $165,453 $2,194,228
10 $148,000 $111,201 $2,215,937 $242,000 $181,828 $2,376,056
11 $148,000 $108,067 $2,324,004 $214,000 $156,259 $2,532,315
12 $148,000 $105,021 $2,429,026 $214,000 $151,855 $2,684,170
13 $148,000 $102,061 $2,531,087 $214,000 $147575 $2,831,745
14 $148,000 $99,185 $2,630,272 $214,000 $143,416 $2,975,162
15 $148,000 $96,390 $2,726,662 $235,000 $153,051 $3,128,213
16 $148,000 $93,673 $2,820,335 $214,000 $135,446 $3,263,659
17 $148,000 $91,033 $2,911,369 $214,000 $131,629 $3,395,289
18 $148,000 $88,468 $2,999,836 $214,000 $127,920 $3,523,208
19 $148,000 $85,974 $3,085,811 $214,000 $124,314 $3,647,523
20 $569,000 $321,222 $3,407,032 $242,000 $136,618 $3,784,141
21 $148,000 $31,197 $3,488,229 $242,000 $132,768 $3,916,908
22 $148,000 $78,908 $3,567,138 $214,000 $114,097 $4,031,006
23 $148,000 $76,685 $3,643,822 $214,000 $110,882 $4,141,887
24 $148,000 $74523 $3,718,346 $214,000 $107,757 $4,249,644
25 $148,000 $72,423 $3,790,769 $235,000 $114,996 $4,364,641
26 $148,000 $70,382 $3,861,151 $214,000 $101,769 $4,466,409
27 $148,000 $68,399 $3,929,549 $214,000 $98,901 $4,565,310
28 $148,000 $66,471 $3,996,020 $214,000 $96,113 $4,661,423
29 $148,000 $64,598 $4,060,618 $214,000 $93,405 $4,754,827
30 $148,000 $62,777 $4,123,395 $242,000 $102,649 $4,857,476

B-14




TableB-11. PV Analysisof PRB and P& T Systemsfor Area5 at Dover AFB
Assuming 30-Year Lifeof PRB

PRB P& T System
Cumulative Cumulative
PV of Annual PV of Annual PV of Annual PV of Annual
Year | Annual Cost Cost Cost Annual Cost Cost Cost
0 $947,000 $947,000 $947,000 $502,000 $502,000 $502,000
1 $148,000 $143,829 $1,090,829 $214,000 $207,969 $709,969
2 $148,000 $139,775 $1,230,604 $214,000 $202,108 $912,077
3 $148,000 $135,836 $1,366,441 $214,000 $196,412 $1,108,489
4 $148,000 $132,008 $1,498,449 $214,000 $190,876 $1,299,365
5 $148,000 $128,288 $1,626,736 $235,000 $203,700 $1,503,065
6 $148,000 $124,672 $1,751,408 $214,000 $180,269 $1,683,334
7 $148,000 $121,159 $1,872,567 $214,000 $175,189 $1,858,523
8 $148,000 $117,744  $1,990,311 $214,000 $170,251  $2,028,774
9 $148,000 $114,426 $2,104,737 $214,000 $165,453 $2,194,228
10 $148,000 $111,201 $2,215,937 $242,000 $181,828 $2,376,056
11 $148,000 $108,067 $2,324,004 $214,000 $156,259 $2,532,315
12 $148,000 $105,021 $2,429,026 $214,000 $151,855 $2,684,170
13 $148,000 $102,061 $2,531,087 $214,000 $147575 $2,831,745
14 $148,000 $99,185 $2,630,272 $214,000 $143,416 $2,975,162
15 $148,000 $96,390 $2,726,662 $235,000 $153,051 $3,128,213
16 $148,000 $93,673 $2,820,335 $214,000 $135,446 $3,263,659
17 $148,000 $91,033 $2,911,369 $214,000 $131,629 $3,395,289
18 $148,000 $88,468 $2,999,836 $214,000 $127,920 $3,523,208
19 $148,000 $85,974 $3,085,811 $214,000 $124,314 $3,647,523
20 $148,000 $83,551 $3,169,362 $242,000 $136,618 $3,784,141
21 $148,000 $31,197 $3,250,559 $242,000 $132,768 $3,916,908
22 $148,000 $78,908 $3,329,468 $214,000 $114,097 $4,031,006
23 $148,000 $76,685 $3,406,152 $214,000 $110,882 $4,141,887
24 $148,000 $74523 $3,480,676 $214,000 $107,757 $4,249,644
25 $148,000 $72,423 $3,553,099 $235,000 $114,996 $4,364,641
26 $148,000 $70,382 $3,623,481 $214,000 $101,769 $4,466,409
27 $148,000 $68,399 $3,691,879 $214,000 $98,901 $4,565,310
28 $148,000 $66,471 $3,758,350 $214,000 $96,113 $4,661,423
29 $148,000 $64,598 $3,822,948 $214,000 $93,405 $4,754,827
30 $569,000 $241,352 $4,064,300 $242,000 $102,649 $4,857,476
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TableB-12. PV Analysisof PRB and P& T Systemsfor Area5 at Dover AFB
Assuming 50-Year Life of PRB

PRB P& T System
PV of Annual Cumulative PV PV of Annual Cumulative PV
Year Annual Cost Cost of Annual Cost | Annual Cost Cost of Annual Cost
0 $947,000 $947,000 $947,000 $502,000 $502,000 $502,000
1 $148,000 $143,829 $1,090,829 $214,000 $207,969 $709,969
2 $148,000 $139,775 $1,230,604 $214,000 $202,108 $912,077
3 $148,000 $135,836 $1,366,441 $214,000 $196,412 $1,108,489
4 $148,000 $132,008 $1,498,449 $214,000 $190,876 $1,299,365
5 $148,000 $128,283 $1,626,736 $235,000 $203,700 $1,503,065
6 $148,000 $124,672 $1,751,408 $214,000 $180,269 $1,683,334
7 $148,000 $121,159 $1,872,567 $214,000 $175,189 $1,858,523
8 $148,000 $117,744 $1,990,311 $214,000 $170,251 $2,028,774
9 $148,000 $114,426 $2,104,737 $214,000 $165,453 $2,194,228
10 $148,000 $111,201 $2,215,937 $242,000 $181,828 $2,376,056
11 $148,000 $108,067 $2,324,004 $214,000 $156,259 $2,532,315
12 $148,000 $105,021 $2,429,026 $214,000 $151,855 $2,684,170
13 $148,000 $102,061 $2,531,087 $214,000 $147,575 $2,831,745
14 $148,000 $99,185 $2,630,272 $214,000 $143,416 $2,975,162
15 $148,000 $96,390 $2,726,662 $235,000 $153,051 $3,128,213
16 $148,000 $93,673 $2,820,335 $214,000 $135,446 $3,263,659
17 $148,000 $91,033 $2,911,369 $214,000 $131,629 $3,395,289
18 $148,000 $88,468 $2,999,836 $214,000 $127,920 $3,523,208
19 $148,000 $85,974 $3,085,811 $214,000 $124,314 $3,647,523
20 $148,000 $83,551 $3,169,362 $242,000 $136,618 $3,784,141
21 $148,000 $81,197 $3,250,559 $242,000 $132,768 $3,916,908
2 $148,000 $78,908 $3,329,468 $214,000 $114,007 $4,031,006
23 $148,000 $76,685 $3,406,152 $214,000 $110,882 $4,141,887
24 $148,000 $74,523 $3,480,676 $214,000 $107,757 $4,249,644
25 $148,000 $72,423 $3,553,099 $235,000 $114,996 $4,364,641
26 $148,000 $70,382 $3,623,481 $214,000 $101,769 $4,466,409
27 $148,000 $68,399 $3,691,879 $214,000 $98,901 $4,565,310
28 $148,000 $66,471 $3,758,350 $214,000 $96,113 $4,661,423
29 $148,000 $64,598 $3,822,948 $214,000 $93,405 $4,754,827
30 $569,000 $241,352 $4,064,300 $242,000 $102,649 $4,857,476
31 $148,000 $61,008 $4,125,307 $214,000 $88,214 $4,945,690
32 $148,000 $59,283 $4,184,596 $214,000 $85,728 $5,031,418
33 $148,000 $57,617 $4,242,213 $214,000 $83,312 $5,114,730
34 $148,000 $55,994 $4,298,207 $214,000 $80,964 $5,195,694
35 $148,000 $54,416 $4,352,623 $235,000 $86,403 $5,282,097
36 $148,000 $52,882 $4,405,505 $214,000 $76,465 $5,358,561
37 $148,000 $51,392 $4,456,896 $214,000 $74,310 $5,432,871
38 $148,000 $49,943 $4,506,840 $214,000 $72,215 $5,505,086
39 $148,000 $48,536 $4,555,375 $214,000 $70,180 $5,575,267
40 $148,000 $47,168 $4,602,543 $242,000 $77,126 $5,652,392
41 $148,000 $45,839 $4,648,382 $242,000 $74,952 $5,727,345
42 $148,000 $44,547 $4,692,929 $214,000 $64,412 $5,791,757
43 $148,000 $43,291 $4,736,220 $214,000 $62,597 $5,854,354
44 $148,000 $42,071 $4,778,291 $214,000 $60,833 $5,915,187
45 $148,000 $40,886 $4,819,177 $235,000 $64,920 $5,980,106
46 $148,000 $39,733 $4,858,910 $214,000 $57,452 $6,037,558
47 $148,000 $38,613 $4,897,524 $214,000 $55,833 $6,093,391
48 $148,000 $37,525 $4,935,049 $214,000 $54,259 $6,147,651
49 $148,000 $36,468 $4,971,517 $214,000 $52,730 $6,200,381
50 $148,000 $35,440 $5,006,956 $242,000 $57,949 $6,258,330
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Figure B-1a. PRE vs P&T costs assuming raacﬂw' Figure B-1b. PRE vs P&T costs assuming reactive
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Figure B-3. Illustration of How Break-Even Point or Payback Period Varieswith Expected Life of the Reactive Medium
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Appendix C
Groundwater Flow Model Review

This agppendix presents the generd concepts of groundwater flow modeling and describes severd
modeling codes that may be used in designing and evauating permesble reactive barrier (PRB)
gystems.

C.1 Groundwater Flow Modeling Concepts

To ad inthe design of aPRB system and the interpretation of the resulting flow fidd, it is
recommended that a groundwater flow mode be constructed using the site- specific geologic and
hydrogeologic data collected as part of the site characterization effort. The model can be used to
assess the area of influence, optimize the design, and design the performance monitoring

network for the PRB system. A complete description of groundwater flow modeling and the
mathematics involved is provided in Wang and Anderson (1982) and Anderson and Woessner
(1992). The stepsinvolved in mode congtruction and execution are discussed in the following
subsections.

C.1.1 Conceptual Model Development

The firgt step in any modeling effort is the development of the conceptud modd. The concep-
tua model is athree-dimensond (3-D) representation of the groundwater flow and transport
system based on dl available geologic, hydrogeologic, and geochemicd datafor the ste. A
complete conceptual modd will include geologic and topographic maps of the Site, cross sections
depicting the site geology/hydrogeology, a description of the physica and chemical parameters
associated with the aguifer(s), and contaminant concentration and digtribution maps. The pur-
pose of the conceptua modd isthe integration of the available data into a coherent representa-
tion of the flow system to be modeled. The conceptua modd is used to aid in model selection,
model congtruction, and interpretation of modd results.

C.1.2 Mode Selection

To be used to smulate the flow at PRBs, the groundwater flow model requires severd specid
features/capabilities. The most important requirements derive from the need to smulate sharp
hydraulic conductivity (K) contradts a the intersection of the aquifer and the funnd walls. The
specific requirements and recommendations for the PRB smulation models include the
following:

o Two-dimensond (2-D) or 3-D groundwater flow modes may be used to smulate the
flow system of aSite under consideration. A 3-D modeling approach is recommended
0 that the possibility of underflow or overflow and of interactions between the
adjacent aquifer can be examined at the PRB and itsvicinity. Vertica-flow velocities
and travd timeswill be of criticd ggnificance in the design of sysems at Steswith
sgnificant vertica-flow gradients or in cases where the barriers are not keyed into the
underlying corfining layer.

o Thegroundwater flow codes should be able to smulate large contragts in K at the
funnd walls. Mog of the PRB designsinclude areactive cdl with K higher than that
of the agquifer and flanking funnd walls with extremely low permesbility. The

C-1



funnels may consst of the durry wall, which can be severd feet wide, or the sheet
piles, which are usudly less than aninch in width. Therefore, a the intersection of
the aguifer and the reactive cells, large K contrasts are devel oped, and many models
are unable to solve these problems due to numericd indabilities. In most cases, the
funnd wadls are smulated by assgning a very low conductivity to the model cells
representing the funne locations. For accurate Smulations, the size of the durry
wadlls should be the same Sze as the funnd walls, which will result in avery smal

cdl 9ze and alarge number of cdlsinthemodd. However, the Sze of the funne
walls can reduce further if the Szes of the sheet piles (which are even thinner than the
durry wals) are taken into account. A practica compromise srategy isto smulate
large areas with sufficient resolution at locations near the funnds, but to increase the
cell dimensions at |locations further away from the funnels. Mode s capable of incor-
porating grid blocks of variable Sze are recommended. Some dternative approaches
have been devised to smulate the low-K funnd walls. These are discussed with the
appropriate model descriptionsin Section C.2, “PRB Simulation Modds”

o Many stes have sgnificant heterogeneities, which result in the development of
preferentid pathways through which most of the groundwater movement occurs. The
PRB desgn itsdf imparts heterogeneity to the subsurface sysem. The smulation of
these effects requires models that can handle heterogeneity. Most general-purpose
andyticad modds are based on the assumption of homogeneity, but most numerica
models can incorporate heterogeneities.

o Many Stes have fegtures such as streams, drains, tunnels, or welsin the vicinity of the
PRB dtes. For example, at some sites, pump-and-treat (P& T) remediation systems
may be active in the vicinity of the PRBs. These Stuations require the use of models
that can amulate the effects of these internad snks or sources on the PRB systems.

o Thereaults of the modd should be amenable to use with the particle-tracking
programs so that the capture zones of the PRBs can be evduated. It dso should be
possible to caculate volumetric flow budgets for the reactive cells.

Many groundwater flow modeling codes currently on the market meet the above requirements.

A comprehens ve description of nonproprietary and proprietary flow and transport modeling
codes can be found in the United States Environmenta Protection Agency (U.S. EPA) document
titted Compilation of Ground-Water Models (van der Heijde and Elnawawy, 1993). Depending
on the project’s needs, the designer of a PRB systern may want to apply a contaminant transport
code that can use the cd culated hydraulic-head digtribution and flow fied from the flow-

modeling effort. If flow and transport in the vadose zone are of concern, a coupled or uncoupled,
unsaturated/saturated flow and trangport model should be considered. The codes that meet most
of the requirements for smulation of PRB systems are discussed in Section C.2, “PRB

Smulatiion Modds”

C.1.3 Modd Congtruction and Calibration

Model congtruction conggts primarily of converting the conceptua modd into the input files for
the numerica modd. The hydrogtratigraphic units defined in the conceptual model can be used
to define the physica framework or grid mesh of the numerical modd. In both finite-difference
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models (such as MODFLOW) and finite-element models (such as FRAC3DVS), amodd grid is
congtructed to discretize the lateral and vertical space that the modd isto represent. The
different hydrogtratigraphic units are represented by mode layers, each of which is defined by an
aray of grid cdls. Each grid cdl is defined by hydraulic parameters (e.g., K, Sorativity, cdll
thickness, cdll top, and cdl bottom) that control the flow of water through the cells.

Mode boundaries are sSmulated by specifying boundary conditions that define the head or flux

of water that occurs at the modd grid boundaries or edges. These boundary conditions describe
the interaction between the system being modeled and its surroundings. Three types of boundary
conditions generdly are used to describe groundwater flow: specified-head (Dirichlet), specified-
flux (Neumann), and head-dependent flux (Cauchy) (Anderson and Woessner, 1992). Internd
boundaries or hydrologic stresses, such aswells, rivers, drains, and recharge, also may be smu-
lated using these conditions. Boundary conditions are used to include the effects of the hydro-
geologic system outside the area being modeled and dso to make possible isolation of the
desired model domain from the larger hydrogeologic system.

Cdlibration of a groundwater flow modd refers to the demondtration that the mode is capable of
producing fidd-measured heads and flows, which are used as the calibration vaues or targets.
Calibration is accomplished by finding a set of hydraulic parameters, boundary conditions, and
stresses that can be used in the model to produce smulated heads and fluxes that match fidd-
measured vaues within a preestablished range of error (Anderson and Woessner, 1992). Modéd
cdibration can be evauated through dtatistica comparison of field-measured and smulated
conditions.

Modd cdlibration often is difficult because vaues for agquifer parameters and hydrologic stresses
typicaly are known in rdatively few locations and their estimates are influenced by uncertainty.
The uncertainty in a caibrated model and its input parameters can be evauated by performing a
sengitivity analyssin which the agquifer parameters, stresses, and boundary conditions are varied
within an established range. Theimpact of these changes on the modd output (or hydraulic
heads) provides a measure of the uncertainty associated with the model parameters, stresses, and
boundary conditions used in the model. To ensure areasonable representation of the natura
system, it isimportant to cdibrate with values that are congstent with the field-measured heads
and hydraulic parameters. Cdibration techniques and the uncertainty involved in mode
calibration are described in detail in Anderson and Woessner (1992).

C.1.4 Mode Execution

After amodd has been cdibrated to observed conditions, it can be used for interpretive or
predictive smulaions. In apredictive smulation, the parameters determined during cdlibration
are used to predict the response of the flow system to future events, such asthe decreasein K
over time or the effect of pumping in the vicinity of the PRB. The predictive regquirements of the
model will determine the need for either a steady- Sate Smulation or atrangent smulation,
which would accommodate changing conditions and stresses through time. Modd output and
hydraulic heads can be interpreted through the use of a contouring package and should be
gpplied to particle-tracking smulations in order to calcuate groundwater pathways, travel times,
and fluxes through the cdll. Establishing trave times through the cdll is akey modeling result
that can be used to determine the thickness of the permeable cdll.
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C.2 PRB Simulation Moddls

This section describes the various computer Smulation codes that meet the minimum require-

ments for amulations of groundweter flow and particle movement at PRB sites. Some of the

codes dready have been used at PRB stes. Nearly dl are readily available from the authors or
their sponsoring agencies or through resdlers. Proprietary codes are included only if they have
been applied at a PRB dte. Not discussed are advanced programs, such as HST3D (Kipp, 1987),
that can smulate the groundwater flow in the vicinity of PRBs, but which in fact are designed for
smulation of more complex processes.

C.21 MODFLOW and Associated Programs

The perhaps most versatile, widdy used, and widdy accepted groundwater modeling code isthe
United States Geologica Survey’s (USGS's) modular, 3-D, finite-difference groundwater flow
model, commonly referred to as MODFLOW (McDonad and Harbaugh, 1988). MODFLOW
amulates 2-D and quas- or fully 3-D, transent groundwater flow in anisotropic, heterogeneous,
layered aquifer systems. MODFLOW calculates piezometric head distributions, flowrates, and
water balances, and it includes modules for flow toward wells, through riverbeds, and into drains
(other modules handle evapotranspiration and recharge). Various textua and graphica pre- and
postprocessors are available on the market that make it easy to use the code and andyze the
gmulation results. These include GMS (Groundwater Modding System) (Brigham Y oung
University, 1996), Model Cad®®® (Rumbaugh, 1993), Visua MODFLOW (Waterloo
Hydrogeologic, Inc., 1999b), and Groundwater Vigtas (Environmenta Simulations, Inc., 1994).

Additionad smulation modules are available through the authors and third parties. One of these
isthe Horizontd FHow Barrier (HFB) package (Hseh and Freckleton, 1993). Thismoduleis
espedidly useful in amulaing the funnd-and-gate design. In normal cases, durry wals must be
smulated by very smdl cdls of low K, which increases sgnificantly the number of cdlsin the
moded. The HFB package permits the user to assign the sides of certain cdlls as planes of low K,
while gill usng alarger cel 9ze at the funnd walls. The low-conductivity HFB planes restrict

the flow of water into the cdlls across the faces representing durry walls or sheet piles. Another
useful addition isthe ZONEBUDGET (Harbaugh, 1990) package, which alows the user to
determine the flow budget for any section of the modd. This package may be used to evaluate
the volumetric flow through the cdll for various desgn scenarios.

The results from MODFLOW can be used in particle-tracking codes, such as MODPATH
(Pollock, 1989) and PATH3D (Zheng, 1989), to ca culate groundwater paths and travel times.
MODPATH is a postprocessing package used to compute 3-D groundwater path lines based on
the output from steady- state smulations obtained with the MODFLOW modeling code.
MODPATH uses asemiandytica particle-tracking scheme, based on the assumption that each
directiona velocity component varies linearly within agrid cell in its own coordinate direction.
PATH3D isagenerd particle-tracking program for caculating groundwater paths and travel
timesin trangent 3-D flow fields. The program includes two mgor segments. avelocity inter-
polator, which converts hydraulic heads generated by MODFLOW into avelocity fied; and a
fourth-order Runge- Kutta numerica solver with automatic time-step Size adjustment, which
tracks the movement of fluid particles (van der Heljde and Elnawawy, 1993). A proprietary
code, RWLK3D®, developed by Baitelle (Naymik and Gantos, 1995), also has been used in
conjunction with MODFLOW to smulate the particle movement for the pilot- scale reactive cdl
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ingdled at former Naval Air Station (NAS) Moffett Field (Battelle, 1996) and for the PRB at
Dover Air Force Base (AFB) (Battdlle, 1997). Thisisa3-D transport and particle-tracking code
based on the Random Walk approach to solute transport smulation.

C.22 FLOWPATH

FLOWPATH Il (Waterloo Hydrogeologic, Inc., 1999a) isa 2-D steady-state groundwater flow
and pathline modd. The code can smulate confined, unconfined, or lesky aquifersin hetero-
geneous and anisotropic media. Complex boundary conditions can be smulated. The program
output includes smulated hydraulic heads, pathlines, travel times, velocities, and water baances.
The funnd wals can be smulated by congtructing amodd grid with very smdl cdl szeinthe
vidnity of the permeable cells. Because of its user-friendly graphicd interface, this program can
be used to quickly smulate the flow fields for anumber of design options. Therefore, this pro-
gram has been used for several PRB dtes. However, this program cannot be used if the ground-
water flow at asteisvery complex dueto vertica fluxes or if trandent flow fidlds are to be
samulated. These Stuations are possible if thereis apotentid for vertical underflow or if the
permesble wall is not keyed into the confining layer.

C.23 FRAC3DVS

FRAC3DVSisa3-D, finite-dement modd for smulating Steedy- state or transient, saturated or
variably saturated, groundwater flow and advective-dispersive solute transport in porous or
discretely fractured porous media. The code was developed at the University of Waterloo
(Therrien, 1992; Therrien and Sudicky, 1995) and is being marketed by Waterloo Hydrogeo-
logic, Inc. The code includes preprocessors for grid mesh and input file generation, and post-
processors for visualization of the smulation results. This program has many advanced features
that generdly are not required for smple PRB designs. However, the program isincluded here
because the code has been used by Shikaze (1996) to smulate a hypothetical funnel-and-gate
design. Further, the solute transport features of this code include the ability to smulate the
multispecies trangport of straight or branching decay chains. This festure may be used to Smu-
late the reaction progress and daughter product generation in the sequential decay of chlorinated
solventsin the permegble cells.

In the work by Shikaze, the impermesble cutoff walls are implemented as 2-D planes within the
3-D computational domain. Thisis done by adding “false nodes’ wherever impermesble nodes
arededred. Asaconsequence, a the impermeable walls, two nodes exist at the same spatia
location. These two nodes are connected to elements on the opposite sides of the wall, essen+
tidly breaking the connection between two adjacent eements. The net result is an impermeegble
wall smulated as a 2-D plane within the 3-D domain. These smulations assume that the funndl
wadls are fully impermegble. This may not be aredidtic assumption for very long-term
amulations, especidly for durry walls.

C.24 GROWFLOW

GROWFLOW isan innovative PRB smulation program being developed by Applied Research
Associates, Inc. (Everhart, 1996) for the United States Air Force (USAF). The program is based
on the Lagrangian smooth particle hydrodynamics (SPH) concepts traditiondly used in the
adrophysica smulations. SPH is a continuum-dynamics solution methodology in which dll
hydrodynamic and history information is carried on particles. In that sense, GROWFLOW is
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amilar to the particle-tracking codes commonly used to display the flowpaths cdculated by the
numerical models. The particlesin GROWFLOW are Lagrangian interpolation points that
interact through the use of asmoothing kernd. The kernd defines aregion of influence for each
particle and permits approximations to spatia derivatives to be obtained without amesh. The
Spatid derivatives are obtained from each particle usng an explicit time-integration method.

GROWFLOW isafully 3-D, saturated-unsaturated code that can handle complex geometry. The
model domain and the PRB are smulated using exterior and interior flow control pands that
contain and direct flow. No modd grid isrequired. Ingteed, the initial particle locations serve as
the integration points for spatid derivatives. The flow control panels form an impermesble
boundary that restricts flow across the externd model boundaries or across the internal panels

that represent funnel walls. The external boundaries are Smulated by assigning constant head or
constant velocity source models. These source models are pandls that control flow into the

modd domain. The flow out of the model domain is provided by avolume for the fluid to flow
into; that is, the modd domain isincreased.

GROWFLOW input consigts of the moddl domain parameters, the materid properties, the
elevation head direction, the panel locations, the saturation vs. head relaionship, time-step
information, the saturation vs. conductivity relaionship, initiad locations of dl particlesin the
system, and particle volume. In addition, information aso is needed for the smoothing length
(region of influence) for the particles. The output includes alisting of the input parameters,
particle locations, and heads a specified time intervals. The output can be plotted to show heads
as contour maps and particle movement as pathlines.

GROWFLOW isan innovative, flexible, and versatile code for smulation and optimization of

PRB systems. However, the code is experimenta and several issues need to be addressed. Most
importantly, the code needs to be vaidated againgt the exigting andytica or numerica codes and
agang field data to verify its numerica accuracy. There gppears to be no clear method for
amulating interna sources or sinks such aswedlsand rivers. At many stes, these features may
form asignificant part of the hydrologic budgets. In addition, there appears to be no provison to
check mass or volume balance in the Smulations.

C.25 Funné-and-Gate Design M odel (FGDM)

FGDM isamulticomponent, steady-state, andytica program for funne-and-gate design and
cost-optimization. It was developed by Applied Research Associates, Inc. (Hatfield, 1996) for
the USAF. Program input includestheinitid concentrations and first-order reaction rates and
the required water quality standards, which then are used to determine the required residence
times for weter in the permesble cell. The critical resdence times are used with input plume-to-
gate-width ratios by the program to develop severd funnd-and-gate designs. Findly, the cost
minimization mode is used to find the minimum cost design scenario basad on the input unit
cogts for funne walls, gate walls, reactive media, and land. The Lagrangian cost minimizetion is
based on a modified Newton-Raphson dgorithm for solution of nonlinear equations. Because
the accuracy of cost minimization is based partly on theinitid estimates for the minimum cost
desgn, it isimportant to have a preliminary estimate of the low-cost configuration. Additional
input parametersinclude the funnel width, hydraulic gradient, aguifer thickness, agquifer conduc-
tivity, gate porosity, ratio of Kaguifer 10 Kceil, and depth of sysemwalls. The funnd width, which
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isthe tota width of funnd walls and the gate, is estimated in advance assuming a capture effi-
ciency of 80%. For example, for a plume width of 80 ft, afunnd width of 100 ft is suggested.
This assumption may need to be vaidated by further modeling or field sudies. FGDM isa
useful tool for aquick evauation of severd design scenariosin asmple setting. However, it
cannot be used for complex settings such as heterogeneous media, or for evauating the flow-
paths through the permeable cell.

C.26 FLONET

FLONET (Guiguer et d., 1992) isa2-D, steady-dtate flow mode distributed by Waterloo
Hydrogeologic, Inc. The program calculates potentids, streamlines, and velocities and can be
used to generate flownets (maps showing flowlines and hydraulic heads) for heterogeneous,
anisotropic aquifers. The funnd walls and the gate can be specified by assgning lower K to
elements representing these features. The program was used by Starr and Cherry (1994) to
evauate severd design scenarios for funnd-and- gate systems.

C.3 Previous Modeling Studiesfor PRB Applications

A review of the information available from PRB stes under investigation showed that
MODFLOW (McDondd and Harbaugh, 1988), in conjunction with particle tracking with codes
such asMODPATH (Pollock, 1989), is the code most commonly used to smulate PRB technol-
ogy. Other programs such as FLONET (Guiguer et d., 1992), FRAC3DV'S (Therrien and
Sudicky, 1995), FLOWPATH (Waterloo Hydrogeologic, Inc., 1996), and RWLK3D° (Naymik
and Gantos, 1995) a so have been used at some sites. Two new codes, GROWFLOW (Everhart,
1996) and FGDM (Hatfield, 1996), have been developed recently for the USAF to smulate and
optimize the funnd-and-gate systems. However, these new codes have not been applied at any
gtesto date. The sitesthat used MODFLOW include Dover AFB; the Sunnyvale, CA site,
former NAS Moffett Field, CA (PRC, 1996; Battelle, 1996); the Sommersworth Sanitary Land-
fill, NH; an indugtrid facility in Kansas, and Generd Electric Co. Appliances, WI. FLOWPATH
has been used to evaluate the design a Belfast, Northern Irdland; Fairchild AFB, WA; and the
United States Department of Energy (DOE) Kansas City, KS ste. Generd modeling evaluations
of PRB technology are those by Gupta and Fox (1999), Starr and Cherry (1994), and Shikaze
(1996). These papers evauate the effects of various parameters on the desgn and performance
of typicd funnd-and-gate configurations, athough some of the conclusons are applicable to
continuous reactive barriers as well.

Starr and Cherry (1994) used FLONET (Guiguer et d., 1992) to illudrate the effects of funne-
and-gate geometry (design) and reective cell hydraulic conductivity (K ca) on the Size and shape
of capture zone, the discharge groundwater flow volume through the gate, and the residence time
inthe reective cdll. Only the configurations with barriers keyed into the underlying confining
layer were smulated. The hanging wall systems were not smulated using FLONET because
3-D smulations describe them best. The smulated system had properties similar to those of the
aurficid aguifer at Canadian Forces Base Borden, Ontario, Canada. The smulated aquifer was
isotropic, with a homogeneous aquifer hydraulic conductivity (K aqiter) Of 28.3 ft/day and a
hydraulic gradient of 0.005. The funnd wals were assumed to be 1-m- (3.28-ft-) thick durry
wadlls, with aK equa to 0.0028 ft/day. TheK of the reactive cdl was 283 ft/day, the maximum
laboratory-measured vaue for 100% iron, in the base case. The range of valuesfor Keg)
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indicates differences in the source of granular iron, aswdl as variability of the K measurement
itself. A porosity of 0.33 was used for dl materids.

The following conclusions were made based on the smulation of severa scenarios.

o For sygsemswith funnd walls at 180 degrees (draight funnel), the discharge through
the gate and the hydraulic capture zone width increases as the funnel width increases.
However, the increase in dischargeis not directly proportiona to funne width. In fact,
the relative discharge (ratio of discharge through the aquifer with PRB versus discharge
with no PRB) through the gate decreases dramaticdly as the funnel width increases.

o For acongant funnel width, the absolute and relative discharge through the gate (and
the capture zone width) increase with an increase in gate width. Therefore, it is
desirable to have a gate aswide asis practical.

o For agiven funnd-and-gate design, the discharge through the gate increases with
increase in Keg relative to the Kagiter. However, there is rddively little increase in
discharge when the K¢ is more than 10 times higher than the Kagiter. This result
implies that, although areactive cdll conductivity higher than the Kquiter i desirable,

K cail does not have to be much higher than Kqiter. Thisisauseful result, because the
large grain Szes required for very high-K ¢ values would result in alow total surface
areafor reactions and lower residence times.

o For dl orientations to the regiond flow gradient, the maximum absolute discharge
occurs a gpex angles (the angles between the two funnel walls) of 180 degrees
(straight barrier). However, for gpex angles between 127 and 233 degrees, thereis
little effect on discharge. Outside this range, the discharge drops rapidly. This result
impliesthat there is no significant advantage of adightly angled funnd-and-gate
system over astraight barrier (and vice versa).

o For dl goex angles, the maximum discharge occurs when the funnel is perpendicular
to theregiona flow gradient.

o Thegroundwater flow modds can be used effectively to design the funne-and-gate
systems at steswith specid design requirements due to complex flow fields, seasond
fluctuations, or access redtrictions. These may include systems with angled funnels,
multiple gates, asymmetrica funndls, or U-shaped funnd-and- gates.

o A baance between maximizing the capture zone of the gate and maximizing the
residence times of contaminated water in the gate should be achieved. The discharge
and residence times are inversaly proportiona. The residence time generdly can be
increased without affecting the capture zone by increasing the width of the gate.

Shikaze (1996) used the FRAC3DV S code to examine 3-D groundwater flow in the vicinity of a
partidly penetrating (hanging wall) funnd-and-gate system for 16 different combinations of
parameters. All smulations were for steady-state, fully saturated groundweter flow. The

16 smulations congsted of variationsin four dimensonless parameters: the ratio of Kgg to
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K aquiter; the ratio of width of asingle funnel wall to the depth of the funnd-and-gate; the retio of
total funnd wal width to the gate width; and the hydraulic gradient. The following conclusons
were drawn from these smulations:

o Absolute discharge through the gate increases as the hydraulic gradient increases.
However, there is dmost no effect of hydraulic gradient on the relative discharge or
on the sze of the relative capture zone (hydraulic capture zone width/total width of
funnd-and-gate).

0 For higher values of Keai VS. Kagiter, thereis an increase in aosolute and reldive
discharge through the gate aswell asin the rdative sze of the capture zone. Thus, a
higher Kcq tends to draw more flow toward the gate.

o Higher vduesfor the ratio of width of the sngle funnd wall (one wing) to the depth
of the funnd-and-gate system result in lower absolute and rlative discharge, and in
smdler capture zones. Thisis because, for cases of wide but shdlow funnd walls,
thereis an increase in the flow component that is diverted under the barrier rather
than through the gate.

o Higher vduesfor theratio of tota funnd wal width to the width of the gate result in
higher absolute discharge but lower rdlative discharge and smdler hydraulic capture
zones. Thisresult impliesthat, for wider funne wals, theincrease in the discharge
through the gate is not proportiond to the increase in the funnel wall area.

C.4 Hydraulic Evlaution of Funnd-and-Gate Systems

The section includes a detailed hydraulic evauation of atypica funnd-and-gate configuration in
ahomogeneous setting. It dso illustrates a modeding gpproach that may be used to design the
location, configuration, and dimensions of such a PRB and determine the appropriate monitoring
configuration. MODFLOW can be used to devel op a steady-state numerica gpproximation of the
groundwater flow fidld and to caculate flow budgets through the gate. Particle tracking techniques
under advective flow conditions only can be used to delineste capture zones and trave timesin the
vidnity of the funng-and-gate. RWLK3D® (Prickett et d., 1981) or any similar particle-tracking
code could be used to smulate particle pathways. The modd smulations can be performed to ad
in both the design phase and the evauation phase of PRB systems for the containment and reme-
diation of contaminated groundwater. These smulations can build upon previous modding efforts
conducted by Starr and Cherry (1994). Specific objectives can include determining how changes
in gate conductivity over time affected capture zone width, retention times for groundwater

moving through the reective cdl, and flow volumes through the gate.

The modd domain and grid sze typicdly is determined based on the Site-gpecific conditions.
The primary criteria are that the domain should be large enough so that the boundary conditions
do not affect flow in the vicinity of the PRB. Further, the modd cdl szein the vicinity of the
PRB should be smdl enough to provide sufficient resolution for retention time calculations. The
funnd- and- gate configuration modeled in thisilludration is the pilot-scale PRB at former NAS
Moffett Field (see Figure C-1). Thefunnd congsts of two 20-ft lengths of sheet piling oriented
perpendicular to flow on either side of a 10-ft by 10-ft reactive cell representing the gate. The
reactive cdl is bounded on its Sdes by 10-ft lengths of sheet piling. The gate itself congdts of
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2 ft of ¥+inch pea gravel located on both the upgradient and downgradient ends of the reactive
cdl, which has a 6-ft flowthrough thickness of iron.

For thismodd of a funnd-and-gate system, the domain conssted of asingle layer that is 500 ft
long and 300 ft wide. The grid had 98 rows and 106 columns, resulting in atotal of 10,388
nodes. Grid nodes were 10 ft by 10 ft at their maximum (in the genera domain area) and 0.5 ft
by 0.5 ft in the region of the gateitself. Specified head nodes were set dong the firgt and last
rows of the model to establish agradient of 0.006. No flow conditions were set dong the first
and last columns of the modd.

Thefunnd (sheet piling) was Smulaed as a horizonta flow barrier having aK of 20°

10" © ft/day. For the continuous reactive barrier configuration, the funne may be excluded from
themodd. The peagravel wasassgned aK of 2,830 ft/d. The reactive cdl condsting of granu-
lar iron was assgned a K of 283 ft/d, the maximum laboratory-measured value for 100% iron. It
should be noted that in some modeling studies (e.g., Thomas et d., 1995), areactive cell with K
of 142 ft/d has been used for 100% iron. In generd, the K vaue for the reactive medium should
be determined from laboratory permeability testing. Porosity was held congtant at 0.30 for al
meateriasin each of the smulations.

For thisillustration, smulated K ouifer Was varied among 0.5, 1, 2, 5, 10, 20, 50, and 100 ft/d to
represent low- and high- permesbility aguifers. Once this base scenario was established, smu-
lations were conducted to evauate reductions in K over time that could potentialy be caused
by buildup of precipitates. To determine the effects of decreased permeability of the gate over a
period of operation, K¢y Was reduced in 10% increments from the initid 283 ft/d to 28.3 ft/d for
each value of Kqqiter. An additional set of smulations was performed with Kce reduced by 95%
to 14.15 ft/d, resulting in atota of 11 smulaions for each vaue of Kgiter. For each individud
amulaion, asingle vaue for Kyuifer Was used. The effects of geologic heterogeneities were not
considered in these smulations. The results from the 88 smulations were used to evaluate the
impact of variations in Kee and Kaguiter ON Cpture zone width, flow volumes, and travel times
through (retention times in) the reective cdll.

Table C-1 lisisthe modd run number, reactive cdl conductivity, aguifer conductivity, ratio of
reactive cdll to aquifer conductivity, capture zone width, resdence time within the reective cell,
and groundwater discharge through the reective cdll. Capture zone width in each of the smula-
tions was determined by tracking particles forward through the reactive cdl. Two hundred
particles (1 particle every 0.5 ft) were initiated aong a 100-ft-long line source upgradient from
the PRB. Thelocation of the flow divides between particles passing through the reactive cdll
and those passing around the ends of the funndl were used to determine capture zone width.
Residence time within the reactive cdll for each smulation was determined from the length of
time required for the particlesto passthrough it. Figure C-2 illugtrates the determination of flow
divides and travel times for smulation number 57, which had an aquifer conductivity of 20 ft/d
and areactive cdl conductivity of 283 ft/d. Particle pathlines have been overlain onto the
caculated water-table surface. Particle pathlines and intermediate time steps within the reactive
cdl are dso shown. In some cases, there may be sgnificant variation in resdence times a the
edges of the reective cell and at its center. For example, Vogan et d. (1994) showed that
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Table C-1. Summary of Funnd-and-Gate Model Runs

Ratioof | Capture Residence
K il K aquifer K e Width | Discharge| Time Relative
Run # (ft/day) (ft/day) K aquiter (ft) (ft°/day) (days) | Discharge

1 283 0.1 2,830.00 NA NA NA NA

2 283 0.5 566.00 A 2.356 219.0 1.000

3 255 0.5 509.40 NA 2.356 220.0 1.000

4 226 0.5 452.80 NA 2.355 218.0 1.000

5 198 0.5 396.20 NA 2.355 219.0 1.000

6 170 05 339.60 NA 2.354 220.0 0.999

7 142 0.5 283.00 NA 2.34 219.0 0.999

8 113 0.5 226.40 NA 2.353 218.0 0.999

9 85 0.5 169.80 NA 2.352 220.0 0.998
10 57 0.5 113.20 NA 2.350 220.0 0.998
11 28 0.5 56.60 NA 2.344 220.0 0.995
12 14 0.5 28.30 NA 2.334 NA 0.991
13 283 1 283.00 32.75 4732 107.0 1.000
14 255 1 254.70 NA 4732 107.5 1.000
15 226 1 226.40 NA 4730 107.5 1.000
16 198 1 198.10 NA 4729 107.5 0.999
17 170 1 169.80 NA 4727 107.5 0.999
18 142 1 141.50 NA 4.725 107.5 0.998
19 113 1 11320 NA 4721 107.5 0.998
20 85 1 84.90 NA 4716 107.5 0.997
21 57 1 56.60 NA 4.705 108.0 0.994
2 28 1 28.30 NA 4672 108.5 0.987
23 14 1 14.15 NA 4.603 110.0 0.973
24 283 2 141.50 NA 9.475 52.5 1.000
25 255 2 127.35 NA 9.472 52.5 1.000
26 226 2 113.20 NA 9.468 52.5 0.999
27 198 2 99.05 NA 9.462 52.5 0.999
28 170 2 84.90 NA 9.455 52.5 0.998
29 142 2 70.75 NA 9.446 52.5 0.997
30 113 2 56.60 NA 9432 53.0 0.995
31 85 2 42.45 NA 9.408 53.0 0.993
32 57 2 28.30 NA 9.362 53.5 0.988
33 28 2 14.15 NA 9.223 54.5 0.973
A 14 2 7.08 NA 8.9%4 56.0 0.945
35 283 5 56.60 32.17 23613 21.0 1.000
36 255 5 50.94 NA 23.593 20.9 0.999
37 226 5 45.28 NA 23.568 21.0 0.998
33 198 5 39.62 NA 23.535 21.1 0.997
39 170 5 33.96 NA 23493 21.1 0.995
40 142 5 28.30 NA 23432 211 0.992
41 113 5 22.64 NA 23.344 21.3 0.989
42 85 5 16.98 NA 23.197 214 0.982
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Table C-1. Summary of Funnd-and-Gate Model Runs (Continued)

Ratioof | Capture Residence
K il K aquifer K e Width | Discharge| Time Relative
Run # (ft/day) (ft/day) K aquiter (ft) (ft°/day) (days) | Discharge
43 57 5 11.32 NA 22.909 21.6 0.970
44 28 5 5.66 NA 22.082 22.6 0.935
45 14 5 2.83 NA 20.597 24.0 0.872
46 283 10 28.30 32.17 46.407 10.6 1.000
a7 255 10 2547 32.17 46.328 10.6 0.998
48 226 10 22.64 32.17 46.169 10.8 0.995
49 198 10 19.81 32.33 46.040 10.7 0.992
50 170 10 16.98 32.33 45.870 10.9 0.988
51 142 10 14.15 325 45.628 10.9 0.983
52 113 10 11.32 315 45.274 11.0 0.976
53 85 10 8.49 31.67 44.763 11.0 0.965
54 57 10 5.66 3183 43.566 114 0.939
55 28 10 2.83 32.17 40.562 12.3 0.874
56 14 10 142 NA 35.630 13.9 0.768
57 283 20 14.15 3181 91.493 54 1.000
538 255 20 12.74 NA 91.239 5.4 0.997
59 226 20 11.32 NA 91.331 55 0.998
60 198 20 9.91 NA 89.890 5.6 0.982
61 170 20 8.49 NA 89.262 5.6 0.976
62 142 20 7.08 NA 88.379 5.6 0.966
63 113 20 5.66 NA 86.708 5.7 0.948
64 85 20 4.25 NA 84.126 5.8 0.919
65 57 20 2.83 NA 78.681 6.3 0.860
66 28 20 142 NA 73.403 6.7 0.802
67 14 20 0.71 NA 59.502 8.3 0.650
63 283 50 5.66 315 221.445 2.3 1.000
69 255 50 5.09 NA 219.770 2.3 0.992
70 226 50 453 NA 217.730 2.3 0.983
71 198 50 3.96 NA 215.185 2.4 0.972
72 170 50 3.40 NA 211.925 2.4 0.957
73 142 50 2.83 NA 207.005 2.4 0.935
74 113 50 2.26 NA 200.755 2.5 0.907
75 85 50 1.70 NA 190.560 2.6 0.861
76 57 50 113 NA 173.695 2.9 0.784
77 28 50 0.57 NA 136.155 3.7 0.615
78 14 50 0.28 NA 94.409 5.8 0.426
79 283 100 2.83 30.38 410.105 13 1.000
80 255 100 2.55 NA 404.240 1.2 0.986
81 226 100 2.26 NA 397.135 1.2 0.968
82 198 100 1.98 NA 388.355 1.3 0.947
83 170 100 1.70 NA 377.240 13 0.920
84 142 100 142 NA 362.735 14 0.884
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Table C-1. Summary of Funnd-and-Gate M odel Runs (Continued)

Ratioof | Capture Residence
K il K aquifer K e Width | Discharge| Time Relative
Run # (ft/day) (ft/day) K aquiter (ft) (ft°/day) (days) | Discharge

85 113 100 113 NA 343.060 15 0.837
86 85 100 0.85 NA 314.455 1.6 0.767
87 57 100 0.57 NA 268.935 1.8 0.656
83 28 100 0.28 NA 188.075 2.7 0.459
89 14 100 0.14 NA 116.935 4.2 0.285
0 283 200 142 NA NA NA NA

NA = Not applicable.

smulated resdence times in a funne- and- gate system (with caisson gates) varied from 29 hours
at the edges to 82 hoursin the center of the reective cdll.

Discharge through the reactive cell was determined from the MODFLOW-cdculated, cell-by-
cdl flow file usng the MODUTILITY code zone budget (Harbaugh, 1990). Corrdation
between K quiter and K, retention time, discharge, and capture zone width were determined by
plotting the results of the 88 smulations againgt one another. Some basic relaionships are
readily apparent.

Figure C-3 illudirates the correlation between Kifer, retention time, and discharge through the
gate. Thereisan inverse relationship between Kqguiter and retention time. As aquifer conductiv-
ity increases, the retention time within the reactive cdll decreases. As aquifer conductivity
increases, the total discharge through the gate increases. Findly, Figure C-3 shows a very strong
inverse correation between the total discharge through the gate and the retention time within the
reective cdl. Therefore, aquifers having high hydraulic conductivities may require a grester
resctive cdl flowthrough thickness to meet residence time requirements so that contaminant
levels can be reduced to regulatory limits.

The conductivities of both the aguifer and the reective cell were plotted against capture zone
width. A generd correlation exists between an increasein K (and discharge through the gate)
and capture-zone width. AsK increased, the capture-zone width generdly increased. However,
the capture zone width gppeared to be more senstive to the length of the funnel walls and was
generaly observed to occur at just over haf of the funnd wal length on either Sde of the gate.
Capture zone widths ranged from roughly 0.2 to 2 ft beyond the midpoint of the funne wall.
Figure C-4 isaplot showing the reduction in discharge (due to potentid buildup of precipitate)
through the gate that results from decreasing Kcq & aguifer conductivities of 0.5, 10, and

100 ft/d. In each of the plots shown in Figure C-4, K ¢ decreases from 283 ft/d to 14.15 ft/d.
Reductionsin K¢ Were smulated to represent the potentid clogging of the reactive cdll by
precipitation. The percent decline in discharge through the gate was determined for each decline
in Kea1. When aquifer conductivity is 0.5 ft/d, the reactive cdll conductivity is much greeter than
the aquifer conductivity for each of the 11 smulations performed, and the percent declinein
discharge through the gate is very smdl. Decreasing reective cell conductivity from 283 ft/d to
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Figure C-3. Correlation Between K aquiter, Discharge, and Travel Time Through the Gate
for a Homogeneous, One-Layer Scenario

14.15 ft/d resulted in only a 1% decline in the discharge through the gate. As aquifer conduc-
tivity wasincreased, alarger reduction in discharge through the gate occurred as the reactive cell
conductivity decreased. For aquifer conductivities of 10 and 100 ft/d, discharge through the gate
decreased by roughly 27 and 71%, respectively, over the same decline in gate conductivity. In

C-16



1.20

1,00 — B e N - — @ m
++ & ———— =
e ,,-I——“_."_ i > e
3 -~
2 a e
[an] =
5% /
g |
£ o0s0— /
A E
2 5
S B "
==
28
T2 060 —
25 9 i
o g /
% E / Legend
ch- - /
g 2 / —— g =05fday
5] , aquifer
g / —-.— K =10 f/day
& 0.40 — { aquifer
/ —.— = 100 ft/day
ﬁ." aquifer )
/
= !
@
0.20 | I I | |
0 100 200

g (ft/day)
dte

oy
&=l

300

Figure C-4. Correlation Between Kcej and Discharge at K aquifer Of 0.5, 10, and 100 ft per

day Ko Varied Between

283 and 14.15 ft per day

both cases, the ratio of Keai to Kuiter 8pproaches or becomes lessthan 1 as Ky decreases.
Therefore, the effects of precipitate buildup in the reective cdll are likely to befelt earlier in
high- permeability aquifers. However, as discussed below, there is considerable leeway before

such effects are noticed.

Figure C-5isaplot of the ratio of Kce to Kaguiter VErsus discharge through the gate for the
88 amulations. The plot indicates that declinesin reective cell conductivity due to clogging
have vay little influence on the volume of groundwater passing through the gate as long asthe
reactive cdll conductivity is roughly 5 times the conductivity of the aquifer. In these instances,

discharge through the gate remained at roughly 95%

of the smulated discharge when the gate
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conductivity was 283 ft/d. Because discharge isrdatively unaffected, resdence times and
capture zone width will remain relatively unchanged for agiven aquifer conductivity. Asthe

ratio between Kce and Kaquiter declines below 5, the relative decrease in discharge becomes
greater and resultsin decreased capture zone widths and increased retertion times. Thus, aslong
asthe hydraulic conductivity of afreshly ingtalled reective cell is designed to be one or two
orders of magnitude greater than the hydraulic conductivity of the aguifer, there is considerable
flexibility for precipitates to build up without Sgnificantly affecting the hydraulic capture zone.
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Appendix D
Geochemical Modeling

D.1 Equilibrium Modeling

Equilibrium modeling can be conducted using only Ste characterization deta; influent and

effluent andyss of groundwater from a column test is not required.  Equilibrium geochemicd
modeling has been used in afew cases to make predictions about minerd precipitation in PRBs

at former Naval Air Station (NAS) Moffett Field, CA; Dover Air Force Base (AFB), DE; and
former Lowry AFB, CO (Battdle, 1998; Battelle, 1999; Sass and Gavaskar, 1999). The primary
disadvantage of equilibrium modding isthat reaction kinetics and nonequilibrium behavior are

not taken into account. Therefore, athough equilibrium modeding may serve as a qudlitative tool

to indicate the type of precipitates that may form in a given system, the results should not be

taken as a quantitative assessment of dl the processes that would be occurring insgde a PRB.

Reaction path modding is one form of equilibrium modeling that can serve a useful predictive
purpose when one of the components is not in equilibrium with the system. (It is assumed that

the other components reach equilibrium at each step of the reaction.) The geochemical modeling
code PHREEQC (Parkhurst 1995) was used to conduct these smulations. Thermodynamic data
were obtained from the MINTEQ database (Allison et d., 1991). Selected equilibrium congtants
that are relevant to this study are shown in Table D-1. To illugtrate this gpproach, asmulation
was run using native groundwater near the former NAS Moffett Field PRB. The groundwater
was alowed to react incrementaly with pure iron until equilibrium was reached. This approach
was used becauseiron is unlikely to react completely with the groundwater and the extent of
reaction cannot be determined a priori (i.e., without experimenta data for a particular type of
iron under site-specific conditions). Results of the reaction path modd are shown in Figures D-1
to D-4.

Figure D-1 shows that pH increases until a plateau isreached at about pH 11.2. This platesu
begins after approximately 1 gram of iron has dissolved per liter of pore water (g Fe/L). The
plateau continues to about 2.7 g Fe/L have dissolved, at which point the pH increases somewhat
further. Equilibrium is reached with respect to the iron after gpproximately 3.4 g Fe/L have
dissolved. Also shown in Figure D-1 isthe trend in redox potentia (Eh), which is symmetrical

to the pH behavior. At the plateau region, Eh is gpproximatdy —520 millivalts (mV). At
equilibrium, the Eh decreases to dmost —700 mV. It should be emphasized that true equilibrium
with respect to theiron may not actualy be reached in ared sysem. Thekinetics of theiron
reaction may be affected by the groundwater congtituents, some of which may cause theiron
surface to become passivated.

Figure D-2 shows that a number of iron-rich solids may precipitate, and in some cases dissolve,
asthe iron continues to react with the groundwater. The first phasesto form are ferrous Sderite
(FeCO3) and marcasite (FeS;). Asthe reaction progresses, marcasite becomes unstable and is
replaced by mackinawite (FeS), which contains a more reduced form of sulfur. Also, Sderite
later dissolves and the ferric compounds Fe(OH)3 and “green rust” form. In thisexample, green
rust appears to account for asmal loss of Cl ions. Note that Fe(OH), does not form during any
of the quasi-equilibrium steps, which is aresult that contrasts with the expected appearance of
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Table D-1. Mineral Equilibrium Reactions Used in Geochemical M odeling Calculations

deltaH
Mineral Reaction Log K (kcal/mol)

Anhydrite CaS0,° Ca™” + 90,2 -4.637 -3.769
Aragonite CaCO,; © Ca™ + CO; 2 -8.36 - 2615
Brucite Mg(OH), + 2H" © Mg*? + 2H,0 16.792 - 2584
Cdcite CaCO,; © Ca™ + CO; 2 - 8475 - 2585
Dolomite CaMg(COs), © Ca” + Mg™ + 2CO; 2 -17.0 -8.29
Fe metal Fe© Fe? +2¢ 15114 -21.3
Ferrihydrite Fe(OH); + 3H+ © Fe™ + 3H,0 4.891 0.0
Goethite FeOOH + 3H" © Fe™ + 2H,0 05 -14.48
Green Rust Fe(OH),;Clos + 27H* © Fe*® + 2.7H,0 + 0.3CI -3.04 0.0
Gypsum CaS0,:2H,0 © Ca* + S0, 2 + 2H,0 - 4.848 0.261
M ackinawite FeS+ H' © Fe™? + HS -4.648 0.0
Magnesite MgCOs; © Mg* + CO; 2 -8.029 - 6.169
Marcasite FeS, +2H"+2e ©Fe? + 2 HS -18.177 111
Melanterite FeS0,:7H,0 © Fe* + S0, 2 + 7TH,0 - 247 2.86
Portlandite Ca(OH), + 2H* © ca”? +2H,0 22.675 - 30.69
Siderite FeCO; © Fe* + CO5 2 -10.55 -5.328

Source: Allison et a. (1991).

Fe(OH), during column testing (Mackenzie et d., 1999). Research conducted at the University
of Waterloo and at EnviroMetal Technologies, Inc. (ETI) also suggests that noncarbonate iron
precipitatesin granular iron are composed mostly of Fe(OH), which is converted over timeto
magnetite (Odziemkowski et d., 1998). However, the presence of sulfate in former NAS
Moffett Field groundwater, which becomes converted to sulfide, is probably the reason that
Fe(OH), has no gahility region in this weter.

Figure D-3 shows the precipitation trends for non-ferrous phases. Note that the predicted order
of precipitation is aragonite (or cacite), followed by magnesite, then brucite. The CaCOs phase
remains stable until about 3.0 g Fe/L. have dissolved. Magnesite is stable for only a portion of
the reaction, and then dissolves and dlows brucite to predominate. Figure D-4 shows the con-
centrations of various species that form at different pH vaues. In thisfigure, pH is dependent on
the reaction stepsillugtrated in Figure D-1.

Ancther form of equilibrium modeing known as inverse modeling also can be used to evaluate
the types and degree of precipitation, and is described in Section D.3. Inverse modeling can be
conducted with column test data as well, but may be more suitable for eva uating monitoring
datafrom afield PRB system.

D.2 Forward Equilibrium Modding

In generd, forward equilibrium modding involves caculaing speciation of dissolved congtitu-
ents and saturation relative to minerds that can exigt in the chemica system defined by the input
parameters (fied parameters and elementa concentrations). The speciation routine Smply
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caculates concentrations of al agueous complexes for which the model has thermodynamic
data. Minerd saturation is defined by a saturation index (S1) given by Sl = log (IAP/K), where
IAPision activity product and K is the thermodynamic equilibrium congtant for aminerdogica
reaction. When S =0, the minerd and groundwater are considered to be in equilibrium; nega-
tive values imply undersaturation of the minera phase and postive vauesimply oversaturation.
In practice, minera equilibrium may be assumed when Sl = £0.20.

An example of forward equilibrium modeling is described here using monitoring data from

former NAS Moffett Field collected in April 1997 (see Table D-2 for apartid list of input data).
Cdculations of minerd saturation indices were made using the geochemicad modeling code
PHREEQC (Parkhurst, 1995), and are presented in Table D-3. Vaues greater than —0.20in
Table D-2 are bolded, indicating probable saturation or oversaturation with respect to the minera
phase.

The datain Table D-3 indicate that saturation indices vary spatialy for most mineras within the
former NAS Moffett Fidd PRB. For example, cacite (CaCOs) is doseto equilibrium in the
upgradient aquifer and upgradient peagravel. Cdcite becomes dightly oversaturated in the
upgradient portion of the reective cdl, then rapidly fals below saturation in the downgradient
portion of the reactive cdll, as shown in Figure D-5. The horizontd linesinthefigurea Sl =
+0.20 indicate atypicd saturation range. Aragonite, which hasasmilar trend of Sl values, is
metastable with respect to cacite in groundwater environments, but has been observed to pre-
cipitate in column tests during prior research. These trangtions probably arise due to the abrupt
change in pH after the groundwater enters the reective cell. The Sl caculations suggest that
water becomes oversaturated with respect to cacite (or aragonite) in the first one or two feet of
the reactive cdl. The trangition to undersaturation indicates that dkalinity or calcium content of
the water (or both) decreases to such an extent that CaCO3 becomes unstable. In other words,
when the Sl <0.2, insufficient Ca and COs™ isavailable to precipitate asolid. Thisinstability
could arise because CaCO3 and other carbonate or calcic minerds have precipitated insde the
trangdtion zone.

It may be significant that the trangition zone appears to exist afoot or two downgradient of the
pea gravel-iron interface, rather than a the interface itsdf. Because water is flowing through the
cell, the apparent lag time suggests that reaction kinetics for precipitation are dow rative to
resdence time insde the reective cdll (i.e, time-scdeisin days). Thus, filling of pore space by
precipitates may be distributed over some range in the cell, rather than concentrated aong the
upgradient face of the reective cell. Didributing the precipitate buildup over alonger distance
may delay the eventud decline in permegbility caused by clogging of the pore space.

Magnesite (MgCOs) and brucite [Mg(OH),] show similar trends as cdcite: both are under-
saturated in the aquifer and upgradient pea grave, then become oversaturated in the upgradient
portion of the reective cdll and undersaturated further downgradient (see Figures D-6 and D-7).
Fgure D-6 shows that there are no data points in the magnesite sability field, suggesting that
magnesite elther is oversaturated or undersaturated, but may never actudly precipitate. Brucite,
on the other hand, does seem to be stable in the upgradient portion of the PRB, like cdcite (SI
between - 0.2 and 0.2), and for this reason may precipitate (see Figure D-7).
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Table D-2. Selected Results of Field Parameter M easurements at the
Former NAS M offett Field PRB (April 1997)

Shallow
Temp ORP Eh Deep DO DO
Well ID  pH (°C) MmvV)@  mv)®  (mglL)® (mg/L)?
Upgradient A1 Aquifer Zone Wells

WIC-1 6.8 19.9 177.2 374.2 <01 <01
5 7.1 20.2 144.3 341.3 <01 8.8
6 8.8 20.2 92.2 289.2 <01 4.3
7 7.0 20.1 155.5 352.5 <01 0.5
8 7.1 20.1 157.8 354.8 <0.1 0.7

Upgradient Pea Gravel Wells
WW-7A 7.1 20.6 101.6 298.6 0.3 2.2
7B 7.1 20.7 1225 3195 <01 0.7
7C 7.1 20.5 1171 314.1 <01 18
D 7.4 20.3 1104 3074 <01 11

Reactive Cell Wells
WW-8A 10.2 20.8 -3434 -146.4 <01 0.3
8B 10.2 209 -3275 -130.5 <01 0.3
8C 9.9 20.4 -309.0 -112.0 <01 0.8
8D 11.2 20.4 -359.3 -162.3 <01 0.7
WW-9A 104 20.9 -626.2 -429.2 <01 0.2
9B 104 21.1 -634.8 -437.8 <01 0.3
oC 10.3 21.1 -507.6 -310.6 <01 0.2
9D 11.3 20.8 -665.6 -468.6 <01 0.3
Downgradient Pea Gravel Wells
WW-10A 9.9 20.9 -554.6 -357.6 <01 <01
10B 9.0 20.8 -433.8 -236.8 <01 0.3
10C 9.0 20.6 -351.9 -154.9 <01 0.3
10D 10.5 20.7 -364.5 -167.5 <01 1.0
Downgradient A1 Aquifer Zone Wells
WIC-3 6.9 20.1 62.1 259.1 <01 1.8
9 7.1 20.4 -16.4 180.6 0.2 8.6
10 8.4 20.4 -149.7 47.3 <01 0.1
11 12.0 20.3 -245.0 -48.0 <01 4.5
12 7.0 20.2 9.6 206.6 <01 1.0
Downgradient A2 Aquifer Zone Well

WIC-4 7.1 19.9 85.1 282.1 <0.1 4.6

(@ Insitu oxidation-reduction potential (ORP) measured against Ag/AgCI reference
electrode.

(b) Eh calculated by adding 197 mV to the ORP measurement.

(c) Dissolved oxygen (DO) measurement at mid-screen or 15 ft below ground surface (bgs).

(d) DO measurement just below water level (~6 ft bgs).
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Table D-3. Results of PHREEQC Calculation of Groundwater Saturation I ndices®

Well ID | Anhydrite | Aragonite | Brucite | Calcite | Dolomite | Fe(OH); | Goethite | Gypsum | Melanterite | Portlandite | Siderite
Upgradient A1 Aquifer Zone Wells
WIC-1 1117 1114 17.85 11.00 1213 1583 0.01 1093 16.86 11367 1222
WIC-5 11.13 13.06 111.33 1291 16.00 110.07 1421 1090 1722 117.08 1450
WIC-6 1129 1.88 0.02 2.03 4.06 0.92 6.78 11.06 116.65 1587 1882
WIC-8 1121 1239 11024 1225 1462 1872 1286 1097 1743 11604 1398
Upgradient A2 Aquifer Zone Well
WIC-2 1124 1061 [1654 1046 | 1112 [ 1327 | 258 1101 1661 11229 1135
Upgradient Pea Gravel Wells
WW-2 1116 1021 1598 10.06 10.24 1549 0.36 1092 1744 111.80 1185
WW-7A 11.19 10.03 1557 0.12 0.14 1264 3.21 1095 17.02 11142 1123
WW-7B 1117 10.32 16.17 10.17 1044 1452 1.33 1094 1741 111.98 1101
WW-7C 11.19 1031 1593 10.16 1041 1.23 7.10 10.96 17.37 111.74 1183
WW-7D 1270 1155 1500 1141 11.66 1376 2.10 1247 1782 112,06 1203
WW-11 11.20 1021 1592 10.06 1022 1330 2.56 10.96 16.65 11173 1101
WW-16A 1131 1058 16.28 1043 1088 1339 2.46 1107 16.79 11220 1143
WW-16B 1123 1040 16.29 1025 1059 1327 2.58 1099 16.66 11214 1120
WW-16C 11.20 10.08 1569 0.07 0.02 1235 3.51 10.96 1642 11151 10.67
WW-16D 11.18 0.39 14.68 0.54 0.98 1210 3.76 10.95 16.79 11050 1057
Reactive Cell Wells
WW-1B 1162 1045 1057 1031 10.65 1299 2.85 11.38 1756 16.49 1177
WW-1C 1249 1094 10.72 10.80 10.63 1214 3.71 1225 1754 17.62 11.36
WW-3 1268 10.17 11.00 10.02 1.23 10.85 5.01 1244 16.74 1829 0.41
WW-4A 1212 1094 1326 10.79 1093 1454 1.31 11.88 1715 1987 1135
WW-4B 1246 1053 1237 1038 0.16 1277 3.08 1222 17.45 1922 10.89
WW-4C 1294 1115 1347 1101 10.69 1525 0.61 1270 17.46 110.71 1104
WW-4D 11.18 1.17 13.08 1.31 2.53 1523 0.63 104 17.72 1890 10.73
WW-5 1257 11.05 1311 1090 1102 14.49 1.37 1233 1781 1981 1165
WW-8A 1212 1031 1254 10.16 0.49 1285 3.00 1189 16.81 1928 10.36
WW-8B 1248 0.05 1124 0.20 151 11.28 4.57 1224 17.10 1828 0.06
WW-8C 1275 1037 1194 1022 0.86 10.66 5.21 1252 17.03 1914 0.01
WW-8D 1228 0.29 0.61 043 141 1038 5.48 1204 1828 1585 1108
WW-9A 1191 1084 1264 10.69 1093 1456 1.29 1168 17.02 19.02 1132
WW-9B 1278 104 1214 10.79 1100 14.09 1.76 1254 16.38 18.69 1043
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Table D-3. Reaults of PHREEQC Calculation of Groundwater Saturation Indices (Continued)

Well ID | Anhydrite | Aragonite | Brucite | Calcite | Dolomite | Fe(OH); | Goethite | Gypsum | Meanterite | Portlandite | Siderite
Reactive Cell Wells (continued)
WW-9C 1271 1102 1137 10.87 10.73 1271 3.14 1247 17.48 1833 1116
WW-9D 1131 1.02 1288 1.17 1.26 1527 0.59 11.07 17.95 1772 1098
WW-12 1215 1171 16.06 1157 1230 1214 3.71 1192 1581 11283 10.75
WW-13A 1211 1256 1612 1242 1414 1329 2.56 11.87 16.86 11276 1269
WW-13B 1225 10.60 1183 1045 10.09 1471 1.13 1201 1752 1860 1125
WW-13C 1295 1097 1137 10.82 1048 1353 2.32 1272 1759 1845 10.96
WW-14 1205 1049 1112 1034 1021 1198 3.87 1181 16.62 1752 1042
WW-17A 1221 1019 1160 10.05 0.76 1375 2.10 11.98 17.83 1839 1118
WW-17B 1242 1228 16.18 1213 1340 1336 2.48 1218 17.03 11299 1227
WW-17C 1284 1056 10.78 1041 0.20 1262 3.24 12.60 17.74 1772 10.82
WW-17D 1194 1196 1655 1181 1361 1354 231 1170 1719 11250 1259
Downgradient Pea Gravel Zone Wells
WW-10A 1157 10.39 1237 10.25 1047 1.50 7.34 1133 1797 1834 1218
WW-10B 1171 1145 1522 11.30 1303 16.39 1054 1147 1754 110.74 1266
WW-10C 1164 11.96 16.23 11.82 1404 1279 3.05 1141 17.00 11177 1270
WW-10D 1163 11.83 1586 11.69 1371 17.23 1137 11.40 1761 11144 1316
WW-15 1198 1241 16.66 1227 1468 1821 1235 1174 1777 11242 1356
WW-18A 1166 10.77 1331 10.62 1129 1453 1.32 1143 16.67 1021 1115
WW-18B 1155 10.07 1211 0.08 1045 1297 2.88 1131 16.99 1743 10.87
WW-18C 1195 1.49 0.29 1.64 1.68 10.65 5.21 1172 11205 1403 13.96
WW-18D 1143 0.92 1140 1.06 1115 1113 4.73 1119 1904 14,05 1205
Downgradient A1 Aquifer Zone Wells
WIC-3 1117 1031 16.12 10.16 1047 1281 3.04 104 16.83 11191 1133
WIC-9 1162 10.87 16.42 10.72 1164 13.99 1.86 1138 1784 11216 1246
WIC-10 1163 1102 1480 10.88 1239 0.68 6.53 1140 1803 11011 1280
WIC-12 11.26 1040 1590 1025 10.68 1358 2.28 1102 1748 11164 1198
Downgradient A2 Aquifer Zone Well
wic4 | 112z | 1032 1592 | 1017 [ tos4 | 1239 | 345 | 1103 | 1676 11167 | 1119

(a) Bold values are nonnegative, indicating saturation or oversaturation with respect to the referenced mineral phase.
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Figure D-7. Brucite Saturation Indicesin Former NAS Moffett Field PRB

Siderite (FeCOs), aferrous carbonate minerd, is below saturation throughout most of the PRB
(see Table D-3). However, datafor iron are rather scant due to difficulty in detecting low
concentrations (see Table D-2). Another ferrous minera, melanterite (FeSO4¥H-0), also was
evaluated and determined to be undersaturated at dl locationsin the PRB. The stabilities of

three ferric mineras were evaduated in afew cases where sufficient data for soluble iron are
avalable. Goethite (a-FeOOH) and “green rust” (not shown in Table D-3) tend to be oversatu-
rated throughout the PRB, and amorphous ferric hydroxide [Fe(OH)3] tends to be undersaturated.
Intermediate Sl val ues between amorphous and crystalline phases may indicate that Fe(OH)3 is
transforming to goethite over time,

Both gypsum (CaSO,2H,0) and melanterite are undersaturated at dl locations, which suggests
that the decline in sulfate levelsin the reactive cdll are not due to precipitation of sulfate miner-
as. A morelikdy explanation isthat sulfate is reduced to sulfide dueto low Eh. Additiond
caculations show thet weter in the reactive cell could be in equilibrium with marcasite (FeS;) or
mackinawite (FeS). S cdculations for sulfides could not be performed because sulfide was
below detection in nearly al water samples.

D.3 Inverse Modeling

Equilibrium modeling indicates the type of precipitates that may form in the reactive medium.
What is not known from field investigations is (1) how much of these precipitates are formed
given the resdence time (kinetics) of the groundweter in the reactive medium, and (2) how much
of the precipitates formed stay in the reactive cell, as opposed to being transported away by the
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flow. Inverse modeling attempts to answer the first question on how much of each type of pre-
cipitateis likely to be formed at the geochemical and flow (kinetic) conditions a a given PRB
dgte. Inverse modeling conducted at the design stage requires both site characterization and
column test deta (i.e., inorganic parameter levelsin column influent and effluent). Inverse
modeling dso may be conducted to interpret groundwater monitoring data for inorganic param-
eters (influent and effluent to the PRB) after the PRB is congtructed.

PHREEQC (Parkhurst, 1995) was selected for inverse modeling because it contains alarge set of
mass- balance equations, alows redox processes to be modeled, and accounts for uncertaintiesin
the andyticd data. One mode of operation finds the minimum number of inverse models needed
to satisfy al of the condraints. Another mode of operation finds dl sets of mineralsthat can
saisfy the condraints, even if they are not minimal. Optiondly, for each inverse modd, mini-
mum and maximum mole tranders that are cons stent with the uncertainties are computed
individudly for each minerd in the inverse modd.

In generd usage, aflowpath is assumed to exist between two wells where concentration
measurements would be taken (Plummer and Back, 1980). The water at the upgradient end of
the flowpath is assumed to react with minerals, or in this case metdlic iron, to produce the
observed composition in the downgradient water. Using the difference in dementa concentra:
tions between the two agueous solutions, the modd ca culates the amounts of minerds, and in
some cases gases, that elther dissolved or precipitated adong the flowpath.

Based on results of water-level measurements, downhole groundwater velocity measurements,
and tracer tests at former NAS Moffett Field, water flows continuoudy from south to north (see
Figure D-8). Although there may be localized flow petternsin individud wells, which may vary
over time, it is assumed that on atime average water flows through the reactive cdll in a south to
north direction. Therefore, inverse modds were run for two wellsthat are digned dong the flow
direction. The wells sdlected for inverse modding were located along the center line of the PRB.
The upgradient pea gravel was represented by WW-7C and the reactive cell was represented by
WW-8C, which is located approximately 0.5 ft into the iron zone (see Figure D-8). The deva-
tions of both wells were the same (3.5 ft above mean sealevd) for consstency.

The input parameters for wells WW-7C and WW-8C are givenin Table D-2. Allowed phase
transfers arelisted in Table D-4. Note that zero-vaent iron isonly alowed to dissolve while dl
other phases are only alowed to precipitate. Methane isincluded as a sink for reduced-carbonate
carbon. Chemica reduction of carbonate species to methane may not occur to asignificant

extent under the conditions that exist ingde a PRB (i.e., without methanogenic bacteria present)
(Drever, 1997). However, methane was considered as a possible sink because it was detected in
some of the groundwater samples. In addition, other phases could have been included in the
mode runs, but were excluded to smplify the outpt.

Modeling results presented in Table D-5 indicate that four independent scenarios (i.e., models)
could explain the data equdly wel. All four modds are minimum sets which contain the fewest
number of compounds needed to perform the calculations. Modd 1 cdlsfor dissolving 368 mg
Fe/L of groundwater (mean vaue; see Table D-5 for minimum and maximum caculations).
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Figure D-8. Locations of Monitoring Wells Within and Near the
Former NAS M offett Field PRB
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Table D-4. Phase Transfers Allowed in Inverse Modeling Run

Phase Allowed Transfer
Fe Metal disolve
Fe(OH); precipitate
Sderite precipitate
Marcasite precipitate
Brucite precipitate
Aragonite precipitate
Magnesite precipitate

CH, precipitate

Table D-5. Resultsof Inverse Modeling Along a Flowpath Between the Pretreatment Zone
and the Interface with the Reactive Cédll at the Former NAS M offett Field PRB

Ferric
Mineral |Fe Metal |Hydroxide| Siderite [Marcasite| Brucite |Aragonite|Magnesite| Methane
Formula Fe Fe(OH); | FeCO; FeS Mg(OH), | CaCO; | MgCOs CH,
Model 1
Mean 368 - 299 - 306 -137 - 62 - 367 NA NA
Minimum 348 - 336 - 325 -137 -67 -371 NA NA
Maximum 371 - 267 - 247 -131 -62 - 366 NA NA
Model 2
Mean 348 -375 -183 -137 NA - 367 -89 NA
Minimum 328 -412 - 202 -137 NA -371 -98 NA
Maximum 351 -343 -124 -131 NA - 366 -89 NA
Model 3
Mean 554 - 939 NA -137 NA - 367 -90 -25
Minimum 478 - 986 NA -137 NA -371 -98 -28
Maximum 579 -793 NA -131 NA - 367 -89 -17
Model 4
Mean 713 -1,242 NA -137 -62 - 367 NA -42
Minimum 636 -1,289 NA - 137 -68 -371 NA -45
Maximum 737 -1,095 NA -131 - 62 - 367 NA -3A

NA = not applicable, because the species was not considered in the mode!.
Concentrations are in mg/L.

Positive numbers imply dissolution; negative numbers imply precipitation.

Concomitant to dissolution and oxidation of the iron, different amounts of ferric hydroxide,

Sderite, marcasite, brucite, and aragonite precipitate. The relationship between the amount of
iron dissolved and the total amount of iron present can be caculated if vaues for porosity and

dengty of iron are known. Using an estimated porosity of 0.65 and dendty of 8 g/mL, the frac-

tion of dissolved ironin Modd 1 (368 mg FelL) is equivaent to 85 mg Fe dissolved per kilo-

gram iron metd (i.e., 85 ppm).
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The other three modd s differ by subgtitutions with one or two compounds. Modd 2 requires
magnesite to precipitate instead of brucite and consumes dightly lessiron than Model 1. Modd
3 does not require either Siderite or brucite to precipitate, but cdls for formation of methane.
Similarly, Model 4 dso forms methane, but differs from Modd 3 by precipitating brucite instead
of magnesite. Siderite is absent in both Modd 3 and Modd 4. Normally, the model chosen as
the “most correct” would be based on actua observations of precipitatesin core samples. In
reducing environments, andys's of methane in water samples aso would be an indicator. Dueto
the low abundance of precipitates in the core samples, the andyses do not definitively confirm or
refute severd predictions invoked by inverse modeling. Firdt, corroson of theiron is not obvi-
ous from microscopic ingpection of the iron grains. Also, iron oxides (or oxyhydroxides) are
ubiquitous in the core samples aswel asin the virgin iron and thereforeit is difficult to confirm
whether precipitation of ferric hydroxide has occurred. In afew samples, Fe(OH); and FeOOH
were suspected. Sulfur compounds thought to be present in reduced form such as FeS, were sus-
pected in the upgradient iron. Aragonite was confirmed by x-ray diffraction. However, Sderite,
brucite, and magnesite were not confirmed by any andyss methods. Magnesum was believed
to be associated with calcium, which could imply precipitation of high-Mg cacite dong with
pure cacium-aragonite. Methane was detected in the reactive cell, but concentrations did not
tend to exceed 2 mg/L, which is substantidly below the values predicted in Models 3 and 4

(25 mg/L and 42 mg/L, respectively; see Table D-5). It should be noted that the solubility limit
of methanein water is25 mg/L (at 1 atm partid pressure). Therefore, Modd 4 can be rejected
on the grounds that the methane generated would exceed saturation and such high levels are not
borne out by field measurements. Results from the forward modeling (Section D.2) tend to sup-
port the possibility of aragonite (or cacite), brucite, magnesite, and methane. Due to the paucity
of iron data, forward modeling was not able to calculate saturation indices for any of theiron
compounds. Because none of the predicted species shown in Table D-5 can be ruled out, it must
be assumed that Models 1, 2, and 3 provide plausble explanations for the evolution of ground-
water indde the reective cell.

In addition to the kinds of minerdsthat potentialy precipitate within the reactive cdl, it is useful

to predict the impact that precipitation would have on the porosity of the granular iron.

Table D-6 shows the results of volume calculations based on the mass baance cdculationsin
Table D-5. The net porosity changeisaloss of gpproximately 0.028% based on Models 1 and 2,
and aporosity loss of approximately 0.035%, based on Moded 3. These porosity changes are
based on one pore volume of water. To estimate the total accumulation of particlate indgde the
PRB over time, the recharge rate within the precipitation zone must be caculated. (It is assumed
that the precipitation takes place within the first 0.5 ft of the reactive cdll.) Groundwater flow-
rate in the PRB was estimated to be between 0.2 and 0.5 ft/d (Battelle, 1998). Therefore, this
zone takes between 1 day and 2.5 daysto recharge. If the precipitation rate is 0.030% of the
initial pore volume per recharge period, then the loss of pore space is between 4 and 11% per
year. In contrast, core sampling a former NAS Moffett Field after 16 months of operation did
not reved very sgnificant levels of precipitation. The amount of aragonite precipitated was
caculated to be 0.2% during the operational period (Battelle, 1998). Because minerd matter did
not seem to be accumulating in theiron, it is possble that colloidal- s ze precipitates are either
migrating downgradient with the flow, or gravity-settling within the PRB. If the leve of precipi-
tate accumulation were to be as high as predicted by inverse modeling, the effect on hydraulic
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Table D-6. Resultsof Inverse Modeling Along a Flowpath Between the Pretreatment Zone
and the Interface with the Reactive Cdll at the Former NAS Moffett Field PRB

Net
Ferric Changein
Mineral |FeMetal |Hydroxide| Siderite |Marcasite| Brucite |Aragonite|Magnesite| Porosity
Densty | g ~4 396 | 489 239 | 295 3.0 NA
(g/mlL)
Model 1
Mean 46 -75 -77 -28 -26 -125 NA  |-0.028%
Minimum 43 -4 -82 -28 -28 -126 NA - 0.030%
Maximum 46 -67 -62 -27 -26 -124 NA |- 0.026%
Model 2
Mean a4 -A - 46 -28 NA -125 -30 - 0.028%
Minimum 41 -103 -51 -28 NA -126 -33 - 0.030%
Maximum 44 - 86 -31 -27 NA -124 -30 - 0.025%
Model 3
Mean 69 -235 NA -28 NA -125 -30 - 0.035%
Minimum 60 - 246 NA -28 NA -126 -33 - 0.037%
Maximum 72 -198 NA -27 NA -124 -30 - 0.031%

NA = not applicable, because the species was not considered in the mode.

Concentrations are in . per liter of pore space, or parts per million by volume (ppmv).

Positive numbers imply dissolution (increased pore space); negative numbers imply precipitation (loss of
pore space).

conductivity could be measurable. Hydrologic modding has shown that hydraulic conductivity
of the reective cdl has to reduce by more than haf before any significant hydrologic change
occurs (Battelle, 1998).

The rate of iron corroson calculated by the inverse modd aso can be compared directly to exper-
imenta work by Reardon (1995). In Reardon’s study, corrosion rates were measured by monitor-
ing hydrogen pressure increases indde sedled vessals containing granular iron (Master Builders),
water, and severa sdts. After aninitid risein hydrogen pressure, steady State rates began to
develop, which were found to depend on the solution composition. Average long-term corrosion
rates were close to 0.5 mmol/kg/d, or 30 mg/kg/d. For comparison, Modd 1 in this study predicts
that 85 mg/kg are corroded along a flowpath in the former NAS Moffett Fied reactive cel. If itis
again assumed that the groundwater flowrate is between 0.2 and 0.5 ft/d in the reactive cdll, then
the corrosion rate predicted by inverse modding is between 34 and 85 mg/kg/d. Thus, the
modding results in this section and Reardon’ s experimenta data agree at the lower flowrate
esimate. However, there are anumber of differences between the conditionsin the former NAS
Moffett Fidld PRB and the Reardon experiment that may make this agreement coincidental. Most
notable is that the PRB at former NAS Moffett Field contains Peerlessiron, whereas Master
Buildersiron was used in Reardon’s (1995) study. In addition, particle szes of the iron were
somewhat different and solution temperature and composition were different. Nevertheless, the
fact that corrosion rates determined by modeling field data and the experimentd study are close
could suggest that the fundamental corrosion processes affecting each study are related.
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Inverse modding thusis able to provide a method for quantification of how much precipitate is
likely to be formed in the reactive medium over time. The question that sill remains unan
swered is how much of this precipitate stays in the reactive cell and how much is carried away
with the groundwater flow. Additiona research isrequired in this area to be able to make
accurate longevity predictions for a PRB system.
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