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Overview

Abstract

A new analytical solution has been developed fowsiting the transient effects
of groundwater source and plume remediation. @aiselopment was
performed as part of a Strategic Environmental Reteand Development
Program (SERDP) research project, which was a @ifott between the US
EPA, Clemson University, Purdue University, the \nmsity of Florida, and the
Air Force Institute of Technology, focused on dafgqthe benefits of partial
DNAPL source remediation.

The analytical model is calldREM Chlor (for RemediatiorEvaluationM odel

for Chlorinated Solvents). In the new analytical method,abntaminant
source model is based on a power function relatiprisetween source mass
and source discharge, and it can consider padiate remediation at any time
after the initial release. The source model seages time-dependent mass flux
boundary condition to the analytical plume moddieve flow is assumed to be
one-dimensional. The plume model simulates firdeosequential decay and
production of several species, and the decay eatéparent/daughter yield
coefficients are variable functions of time andati€e. This approach allows
for flexible simulation of enhanced plume degragiatihat may be temporary in
time, limited in space, and which may have diffeéreffects on different
contaminant species in the decay chain. Candes pissed by carcinogenic
species in the plume are calculated assuminghbatdntaminated water is used
in a house for drinking, bathing, and other housthses.

The Center for Subsurface Modeling Support (CSMaEPA has developed a
Graphical User Interface (GUI), f®@EM Chlor that will allow the user to
quickly and easily evaluate the balance of DNAPurse remediation, plume
remediation, and natural attenuation. The GUI czissif a user-friendly,
visually intuitive model parameter data entry soresnd a variety of quick and
powerful ways of displaying the resulting modelpmutt

The primary objective of thREM Chlor GUI is to simplify model data input,
and viewing/interpreting model data output. Thel@Uwritten in Visual Basic.
It will compile the model input file, run the inpfite through the FORTRAN
model code, and provide a seamless way of workiitig thee resulting output
data files.
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DISCLAIMER OF LIABILITY

This version oREM Chlor provides a suite of powerful tools for buildingdan
interpreting models. The manual will be periodigalpdated to include new
functions and related theoretical background.

With respect tcREM Chlor software and documentation, neither the United
States Government, Clemson University, nor anyeir temployees, assumes
any legal liability or responsibility for the acaay, completeness, or usefulness
of any information, apparatus, product, or proaksslosed. Furthermore,
software and documentation are supplied "as-idiout guarantee or warranty,
expressed or implied, including without limitatiamy warranty of
merchantability or fitness for a specific purpose.

DISCLAIMER OF ENDORSEMENT

Reference herein to any specific commercial prajymiocess, or service by
trade name, trademark, manufacturer, or otherwizes not necessarily
constitute or imply its endorsement, recommendatioffiavoring by the United
Sates Government. The views and opinions of aueapeessed herein do not
necessarily state or reflect those of the UnitedeStGovernment, and shall not
be used for advertising or product endorsementqaa®

Manual for REMChlor

Overview ¢ 6



REMChlor Software Installation
and Computer Requirements

1. Toinstall the software, run the file ‘REMCHLORsptexe’. The software will guide the user through th
installation process. Upon first running this vensof REMChlor from the desktop icon, the user Wwé asked
to run it again. This serves to initialize the qation after which REMChlor will run properly iklicrosoft
Windows’.

2. REMChlor v 1.0 requires a standard PC running Microsoft Wind®8sdt greater and Microsoft.NET.
The Microsoft.Net framework that is required cométh the setup.exe and will be loaded with the aayion.
Minimum requirements for the .Net framework areemtftum 90 MHz or faster processor and 32 MB of RAM
or higher (96 MB or higher recommended).

Manual for REMChlor REMChlor Software Installation and Computer Requirements e
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Analytical Mathematical M odel

Background

Groundwater has been contaminated with chlorinateldents (chlorinated volatile organic
compounds, CVOCSs) at thousands of sites in induizieid nations. Many of these sites contain dense
nonaqueous phase liquids (DNAPLS) that serve amaentrated source of groundwater contamination,
and most dissolved plumes of CVOCs can be tracell ttaconcentrated source zones. The CVOCs
typically are believed to be carcinogens, and thaye low maximum contaminant levels (MCLSs) in
drinking water. Considering that source conceiungt can be four or five orders of magnitude greate
than MCLs, restoration of source zones to pristoaditions seems unlikely; however, reduction of
CVOC plumes is a realistic goal, that can be addawrough various combinations of source and plume
remediation.

Much recent research has focused on technologylatewent for both source and plume
remediation. Several in-situ methods (soil vapeiragtion, air sparging, steam flooding, six-phase
electrical heating, thermal conduction heatingnaisal oxidation, and surfactant and cosolvent flogil
are currently available for removing or destroyaidorinated solvent mass contained in the source zo
(Reddi, 1996; Brusseau et al., 1999; Kaluaract#f1; USEPA, 2004; Mayer and Hassanizadeh, 2005).
Controlled experiments have demonstrated DNAPL rexhim the range of 60 to >90% (USEPA, 2004).
Source containment methods (slurry walls, sealginté sheet-pile walls, clay caps), can also beduse
remove or reduce the contaminant loading to thenplu

Destruction of CVOCs in dissolved plumes can oaowter natural conditions by biodegradation
processes including reductive dechlorination, aeralxidation, anaerobic oxidation, and aerobic co-
metabolism (Weidemeier et al, 1999; NRC 2000; Adzaand lllman, 2006). It is now fairly common to
engineer in-situ biodegradation systems for enimanone or more of these processes in order to allow
the plume to attenuate in a shorter distance, aretluce plume concentrations in locations that are
detached from the source. These enhancementdyuswalve addition of an electron donor (hydrogen,
lactate, molasses or a hydrogen releasing compdon@nhancing anaerobic processes, or an electron
acceptor (oxygen, air, &,, or an oxygen releasing compound) for enhancingbée processes
(Chapelle et al., 2003; Alvarez and lliman, 2006 other cases, reactive barriers or basic hyiraul
control through pump-and-treat are used to marfagedissolved plume.

These source and plume remediation efforts are nswpem  Source remediation can cost
anywhere from several hundred thousand dollarerts tf millions of dollars (McDade et al., 2009)da
it is rarely (if ever) possible to remove all oketbontaminant. The benefit of these source rertiedia
efforts is that by removing source mass, they teneéduce the mass discharge to the plume (Ral, et a
2001; Rao and Jawitz, 2003; Falta et al., 2005ee Eual., 2005; Jawitz et al. 2005). The redydache
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loading following source remediation may or may betsufficient to allow natural attenuation proesss
to keep the plume within acceptable limits (Fattale 2005a,b).

Costs for plume remediation are usually considet@dbe smaller than those for source
remediation because of the lower capital costssit&s where the source is nearly depleted by ldissn
or other processes, plume remediation would tenddothe most cost effective strategy for site
management. However, if substantial source mapsesent, in the absence of source remediation, the
plume remediation systems must be operated fon@ period of time. In this case, the operatingsos
(in terms of present worth) can be comparable ¢octhsts of source remediation. A reasonable girate
for many sites would be some combination of soame plume remediation. Selection of the optimal
remedy for a site, in terms of the degree of reatemh must consider the inherent coupling of therce
remediation to the plume remediation.

Experience with natural attenuation as a remedy fgimme management has shown that
mathematical models can play an important rold@remedy selection process (Weidemeier et al9;199
NRC, 2000; Alvarez and lllman, 2006). In many casgcreening level simulations performed with
analytical models such as BIOCHLOR (Aziz et al.p@Dor BIOSCREEN (Newell et al., 1996) are
effective for demonstrating the applicability oftmal attenuation. A recent study of 45 CVOC sites
found that mathematical models were used at 6Cepexf the sites, and that BIOCHLOR was the most
frequently used model (McGuire et al., 2004). Ehgpes of analytical models are also commonly used
to estimate exposures for risk assessment.

In this section, the analytical screening level eldtat couples source and plume remediation is
presented. The contaminant source can be depiatedally by processes of dissolution and firsteord
decay, and the effects of a delayed removal orwaggin of part or all of the source is consider&the
contaminant source is analytically coupled to anm@umodel that considers 1-D advection, retardation,
and 3-D dispersion with first order decay of pamrhpounds into daughter products. The plume model
considers all of the contaminant reaction rates giettl coefficients to be independent functions of
distance from the source and time since the contamhirelease. This approach allows for flexible
simulation of enhanced plume degradation that meayelmporary in time, limited in space, and which
may have different effects on different contamirsgpecies in the decay chain.

Since many contaminants of concern are carcinogearcer risks are calculated for each species
in the plume, assuming that contaminated well wigtpiped into a house, and used for drinking, ingth
and other household uses. The cancer risk modslatiows for an assessment of the relative recisti
in risk that various remediation activities woulavie.

DNAPL Source Model with Remediation

Because direct measurement of source mass is maltyupossible at field sites, quantitative data
relating source mass to source discharge are tmitevo recent field source remediation experiments
that used controlled DNAPL releases provide soraiglitis into this relationship. Both of these
experiments were conducted at the Dover Nationsi FFacility at Dover Air Force Base. The first
experiment, described by Brooks et al. (2002; 2Q344d an ethanol flood to remediate a 51.2 kg
controlled release of tetrachloroethylene (PCB)e &xperiment was performed in a 5m by 3m test cell
that was created by driving sealable joint shdetyalls through the ground into a confining claydr
located at a depth of about 12m. The DNAPL wasassed at different random locations in the cely at
depth of about 10m, below the water table. Tweanpn wells, and six extraction wells were arrahoe
a double five-spot pattern to deliver the alcohbhe 40 day experiment resulted in the removaboia
64% of the PCE mass. Partitioning interwell tratests were used before and after the alcohol flood
measure the amount of DNAPL present in differerggwones. Dissolved PCE concentrations in these
swept zones were also measured before and aftatabieol flood.
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These field data points are plotted in Figure thasblue squares, where the y-axis represents the
groundwater concentration scaled to its pre-rentiediaalue, and the x-axis is the PCE mass, sdaled
its pre-remediation value. In a natural or pumpgstem, the discharge from the source zone would be
proportional to this groundwater concentrationthaAligh there is some variation in the response fram
different swept zones, a general trend of decrgatissolved concentration is seen as the PCE mass
decreases. Several of these swept zone datastuayd:1 relationship between source mass reductio
and source discharge reduction. Other swept zehmsged a weaker discharge response to the source
mass reduction.

1 A Dover AFB PCE
release (U. of Florida)

%/

© Dover AFB PCE
A release (Clemson U.)

=8—3-D simulation,

negative correlation
with k

=== 3-D simulation,
positive correlation
with k

8828% =—&— Transient simulation

C/Co

of DNAPL pool
scenario

—+— Equation (2) with an
exponent of 0.5

—>¢ Equation (2) with an
0O 01 02 03 04 05 06 07 08 09 1 exponent of 2.0

M/Mo

Figure 1. Source zone dissolved concentrations as a function of source zone DNAPL mass (from
Falta et al., 2005a).

The second field experiment at the Dover site estiwtith a controlled release of 92.3 kg of PCE,
followed by a n-propanol alcohol flood (Falta et 2003; Wood and Falta, 2003). They also used a
double five spot flooding pattern, and removed al88%o of the PCE mass from the test cell during the
experiment. They conducted groundwater samplioigp fextraction wells before and after the
remediation experiment using a line-drive grounawébw pattern. These results indicated an
approximately 80% reduction in the flowing groundevaconcentration (Figure 1, yellow circle),
suggesting a 1:1 relationship between source nmaksaurce discharge.

A similar source mass/source discharge relationsagobeen observed in laboratory experiments.
Fure et al. (2006) performed a series of four DNAIsolution experiments in two-dimensional flow
cells with heterogeneous packing, using trichldrgleine (TCE) and 1,2-dichloroethane (DCA). These
tests featured a segmented extraction well at ndegthe tank to allow spatial resolution of the
downstream source discharge (concentration). Eggariment consisted of the release of 10 ml of
DNAPL into the upper part of the test cell, follaviey water flushing until almost all of the DNAPLag/
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removed. Although the individual extraction patow somewhat variable responses over time, the
integrated average of these produces a sourcesoas=¢ discharge relationship that is fairly clusé:1
(Fure et al., 2006).

Multiphase flow numerical simulations have beerduseexplore the source mass/source
discharge relationship. Falta (2003) showed astegm simulation of a hypothetical 2-D system
composed of homogeneous media, and several diEtM&PL pools. As water flows through this
system, the DNAPL dissolves and is removed, leattirsggradual decline in concentration (dischaege)
the outlet until most of the DNAPL is gone. Thisult is plotted in Figure 1 as the green line, thied
curve is consistently above the 1:1 line. This msethat a given reduction in source mass for théec
produces a smaller reduction in source discharge.

Three-dimensional multiphase flow simulations udiighly heterogeneous flow fields presented
by Falta et al. (2005a) suggest that the source/s@sece discharge relationship depends largeth®n
correlation between the DNAPL distribution and gleemeability. A simulation in which DNAPL was
preferentially placed in high permeability matesiptoduced a result where the scaled source
contaminant discharge plotted above the 1:1 linthergraph (Figure 1, blue line). This means ¢éhat
given fractional reduction in source mass woulddpe a smaller fractional reduction in the discharg
This behavior seems physically intuitive, becafisedst of the contaminant mass is located in a high
permeability pathway, then most of it must be reetbliefore the average discharge drops. An
important feature of this type of source behawsahat it leads to relatively rapid depletion af gource
by dissolution, with little tailing.

A simulation in which the DNAPL distribution wasrcelated with low permeability produced
the reverse result (Figure 1, red line); in thisecthe source contaminant discharge drops rapiitty w
mass removal, and the results plot below the h&l liThe physical interpretation of this case & thhen
most of the contaminant is trapped in low permdégbilemoving the small amount from the high
permeability zones will have a large effect on¢bataminant discharge. However, this type of seur
behavior also tends to lead to extensive tailinip wine, because the source is never completelletish
by dissolution (Falta et al., 2005a). Transientdations of DNAPL flow and dissolution in fractare
clays produce a similar result (Falta, 2005). ¢wihg a release, the DNAPL is initially locatectie
fracture, but it can quickly dissolve and diffus#oithe clay matrix (Parker et al., 1994;1997; Ross
Lu, 1999; Slough et al., 1999; Esposito and Thomp$899; O’Hara et al., 200; Reynolds and Kueper,
2001; 2002; 2004; Parker et al., 2004). Once rifgignt contaminant mass is found in the mattix, i
may act as a very long term source to the fraaari¢is flushed with clean water (Parker et @97,
Esposito and Thompson, 1999; Reynolds and Kuepé2)2 When plotted in terms of a scaled discharge
and a scaled mass, the numerical simulations peaticrves that fell below the 1:1 line, indicatang
rapid initial drop in discharge with source magtuaion, followed by extensive tailing.

The contaminant discharge from a source zone ipribduct of the flowrate of water passing
through the source zone, and the average condentadtcontaminant in that water (Figure 2). Seurc
discharge thus has units of mass per time, asdliti surface integral of the mass flux, which is a
discharge divided by an area. If contaminant-iager flows through the source region at a rat®(oy,
and if the mass in the source zone is also sutgestime form of chemical or biological first oradkrcay,
then a mass balance on the source gives:

M - Q.- AM

dt (1)

whereM is the mass remaining in the source zone with,@g@) is the time-dependent source dissolved
concentration (flow averaged), ard is the source decay rate by processes other tesolution. Water

flow through the source may be due to infiltrat{@above the water table) or groundwater flow (betber
water table.
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DNAPL source Dissolved plume
Groundwater flow, V4 Z0ne

C,=0

Figure 2. Conceptual model of source zone with time-dependent contaminant mass and discharge.

The source mass/source discharge relationshipsilged@arlier, and shown in Figure 1 can be
empirically approximated by a simple power funct{®ao et al., 2001; Rao and Jawitz, 2003; Parker an
Park, 2004; Zhu and Sykes, 2004; Falta et al., 005

C,(t) :[ M_(t)j

G M, @

The exponent[ , determines the shape of the source dischargensspo changing source mass. If

" =1, there is a 1:1 relationship (Figure 3). Vala&§ less than one produce C vs M curves that fall in
the upper half of the graph (above the 1:1 lindjijewalues ofl greater than one produce C vs M
curves that fall in the lower half of the graphs ghown previously, field and laboratory data ssgtat

a [ value of one is reasonable in some cases, butetieal analyses indicate that a rangd ofialues

are possible, depending mainly on the correlatfadh® contamination distribution to the permeapilit
field.

Rao and Jawitz (2003) used a streamtube modelimgapgh to study the variation of source
discharge with source mass. They assumed a heteroge collection of streamtube velocities thatewer
log-normally distributed, with a uniform NAPL digiution. They found that as the standard deviation
the velocity field became small, that the sourceltiirge and source mass tended to be linearlgdelat
(I ~1). Parker and Park (2004) modeled a hypothdlidBAPL spill and dissolution in a three-
dimensional, heterogeneous setting. They founidthieabest fit value of was about 1.1 for the upper
part of their simulation domain, and 0.4 in the éo\part of the simulation domain. Figure 1 shows
Equation (2) plotted with = 0.5 and 2 for comparison.
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0
M/M, :

Figure 3. Power function representation of source mass/sour ce dischargerelationship (Equation 2).

If the water flow rate through the source zone gu#&tion (1) is assumed to be constant, the
power function (Equation 2) can be substituteddb g

QG

oM =AM
dt Mg

®3)

This equation is nonlinear fdr values other than zero and one, but it can bedined using Bernoulli's
transformation, and solved to get (Falta et al052():

1
M (t) = {—_QC" + ( Mg + QG J gl }H
AM

r r
s 0 ASMO (4)
Using Equation (2), this leads to the time-depehdearce concentration function:
r
C,() :&{‘QCO {mol'r + QCo je“-mst}l_r
S r r r
M 0 ASM 0 /]SM 0 (5)

Similar expressions can be derived for the casé oD (Parker and Park, 2004; Zhu and Sykes, 2004).

Manual for REMChlor Analytical Mathematical Model « 13



A very important special case of Equation (3) osauhenl” =1 andA,=0. In that case, the

differential equation is linear and may be integdatio get a simple exponential decay solution (Nleste
al., 1996; Parker and Park, 2004; Zhu and Syke3})20

G,
M(t) =Mgse ' ®)
and
G,
C.(t)=Ce M @

Therefore, wher” =1, both the source mass and the source dischaltgiealine exponentially with
time. If A,=0, then the apparent source decay rate due toldties isQC,/M,, giving a source half-life

of .693M,/(QC,) (Newell and Adamson, 2005). This type of expoiadigtdecaying source behavior has
been observed in the field at many chlorinatedesulgites (Newell and Adamson, 2005; McGuire et al.
2006; Newell et al., 2006), as well as at sitedamimated by petroleum hydrocarbons (Newell et al.,
2002). The widely used EPA BIOCHLOR (Aziz et @002) and BIOSCREEN (Newell et al., 1996)
analytic models for natural attenuation includeamgntially decaying source terms.

An important characteristic of source zones Wittgreater than or equal to one, is that the source
is never completely depleted, and the source digeha always greater than zero, even at largestine
simple terms, this happens because the rate dfatige from the source drops as fast or fasterttiean
rate of mass depletion of the source. Whesll, the source has a finite life, and the soursehdirge
eventually is equal to zero.

Another useful special case occurs wtien0.5. This leads to a source concentration that
declines as a linear function of time (Falta et2005a; Newell and Adamson, 2005):

2
C.(t)=C,- QG t
and the source completely disappears at a time of
t=2MO
QG 9)

The simplest model of source behavior is one irctvifii =0, which leads to a constant source discharge
(concentration) until the source is fully depletéhis is also known as a “step function” model] &me
source mass declines at a constant rate with respgme.

The source model (Equations 4 and 5) representsesdepletion by the natural process of
dissolution and perhaps some other form of chenoichlological decay. This model can easily be
modified to account for aggressive source rememhaictivities that remove a substantial fractiothef
source mass over a short period of time (Falth ,e2@05a). If a source remediation effort (sush a
alcohol or surfactant flooding, chemical oxidatitmermal treatment, or air sparging) begins ame tbf
t;, and ends at a time tf during which a fractionX of the source mass is removed, the functions ean b
simply rescaled. Then the source mass and comatientfollowing remediationt$t,) are given by:
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1

M (t) = { -QC, +(|\/| ;—r + QC, je(r—ms (t—tz)}l_r

r r
ASMZ ASM 2 (10)
C.()= CZ(M (”j
M. (11)
M, =(1-X)M, (12)
CZ :C()((]-_X)Mlj
Mo (13)

whereM; is the source masstatandM, is the source masstat The change in source discharge
following remediation varies as the fraction of masmaining (IX) raised to the powér. Therefore if

' =1, a linear reduction of source discharge is etquedf [ =2, the discharge will drop as the square of
the mass fraction remaining, whilelif=0.5, the discharge will drop as the square roth@fmass

fraction remaining. Examples of this type of seubehavior with and without remediation are shown i

Figures 4 and 5, for a case where the initial soanass is 1620 kg, with an initial source concéiotmaof
100 mg/l, and a water flow rate of 606/ym.

100000
= no remediation,

- gamma=0.5
> =il—-remove 90%
=] after 20 years,
g‘ 10000 1 gamma=0.5
b= =remove 90% at
E time zero,
() gamma=0.5
&)
c
o)
@)
) 1000
o
S
o
0

100 ‘
0 20 40 60 80 100
Time since DNAPL release, years

Figure 4. Source zone dissolved concentrations with and without sour ceremediation for ' =0.5
(from Falta et al., 2005a)
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100000

=& no remediation,
gamma=2.0

=& remove 90%
10000 after 20 3_/ears,
gamma=2.0

=/ remove 90% at
time zero,
gamma=2.0

1000 zm%
WW

0 20 40 60 80 100

Source Concentration, ug/I

100

Time since DNAPL release, years

Figure5. Source zone dissolved concentrations with and without sour ceremediation for I =2.0
(from Falta et al., 2005a)

Coupled Plume Model with Enhanced Biodegradation

Falta et al. (2005b) used Equations (5) and (119rtm a mass flux boundary condition used in
an advection-dispersion equation with first orderemt-daughter decay reactions. A significant
limitation of that solution was that it requiredetbolute decay rates in the plume to be constardtim
space and time. There are many cases in whictietbesy rates of the compounds are spatially variable
or where they are manipulated in space and tinaugtr the addition of electron donors, electron
acceptors, oxygen or nutrients.

The current analytical approach assumes a corgtambdwater pore velocity ofin thex-
direction, with longitudinal, transverse, and veatidispersion. The solute can be retarded byrptiso,
but the different solutes involved in coupled reatd must have the same retardation factor. These
assumptions are similar to those used in previatigral attenuation plume models such as BIOCHLOR
(Aziz et al., 2000; 2002), BIOSCREEN (Newell et 4B96), LNAST (Huntley and Beckett, 2002), and
the model by Falta et al. (2005b).

The BIOCHLOR model allows for two spatial zonedb&odefined in which the solute decay rates
are different, but this is only valid if the soludencentrations in the upstream zone are at Stetadiy;
which implies a constant source concentrationmetiThe solute decay rates in BIOCHLOR are constant
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in time. The other analytical models assume tiatréaction rates are constant in both space mned ti
The key difference in the present plume model &edé previous models, is that the chemical reaction
parameters (rates, yield coefficients) can nowrbérary functions of both time and distance frdme t
source.

The governing equation for the dissolved conceptmaif each contaminant species in the plume,
C,is:

oC _ adC 0°C 9°C 97C
R—=-Vv—+ayv——+aVv——+av——+rn(xt)
ot 0x ox oy 0z (14)

wherea,, a,, anda, are the longitudinal, transverse, and verticgbelisivities, respectivelR is the

retardation coefficient, antkn(x,t) represents the rate of generation (+) or destmt) of the species
due to chemical or biological reactions that amgigfly and temporally variable. This plume moisel
coupled with the source zone mass balance givdighgtion (1), using the power function relationship
for theCs vs M relationship (Equation (2)). A specified flux mmlary condition ax=0 ensures that the
rate of discharge from the source zone is exadtlyakto the rate at which contaminants enter thenpl
(see van Genuchten and Alves (1982)). The mag®fitering the plume is specified as:

QC,M) _
A

{wca)—wxvm}
X |- (15)

whereA is the area over which the contaminant flux entieesgroundwater flow system, affliis the
porosity. Outside of this area, the mass fluxei®z For sources that are located below the walbe, A
would be the cross-sectional area of the source perpendicular to the groundwater flow. For sesirc
located above the water tablewould be the cross-sectional area at the topeofviditer table
perpendicular to flow that was required to accomatedhe infiltration rate from the source. Faltale
(2005b) solved Equations (9) and (10) analytictdlythe case of first order decay reactions withstant
and uniform decay rates, using a Laplace transfoatihod, combined with Domenico’s (1987)
approximation for transverse and vertical dispersi@nalytical solution of Equation (14) with vabia
plume reaction rates by this method would be muotendifficult. Instead, a different approach kel
where the solute advection and reactions are déstbffom the longitudinal dispersion using a simple
streamtube technique. Scale-dependent longitudispérsion is accounted for by considering a
collection of streamtubes with a normally distridippore velocity. Transverse and vertical dispersi
are then simulated using Domenico’s (1987) apprakion.

The reactive plume model is based on a simple @anessional streamtube that is characterized
by a constant pore velocity and solute retarddactor. Since there is only advection taking pliacthe
streamtube, the flux boundary condition at the eafghe source zone simplifies to

_ QM)C,(t)

C(t)],.

If the source is located below the water table, @agwA, then the flux boundary condition is just the
time-dependent source concentration,

C(O)],o =Cs() an
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whereCy(t) could be calculated, for example, by Equationsa(®) (11).

One-dimensional advective transport of a solutebmarepresented graphically on a distance-time
plot (Figure 6). Here, the time axis correspormdhe time since the contaminant was first releasdde
groundwater system, while the distance axis iglttiance downstream from the source.

A
location x,t
_ . Advective front
time Located at
t=Rx/v

timi when t .ot C=0 ahead of
contaminan the advective
was released front
from source ron
for location 0 >
Xt 0

Distance from source, m

Figure 6. Distance-time plot for advective transport with a single set of plumereaction rates.

The advective front moves at a constant velocityRf so that at any locatior, the front passes
by at a time of=Rx/v. At any time, the front is located ¥t vt/R, and the solute concentration is always
zero below this line (ahead of the front). In #éfisence of any plume degradation process, the
concentration at any location behind the advedtimet can be determined from the time of soluteasé
from the source,qee. FOr a distance from the sourgethe travel time i, .o=Rx/v. Therefore, if the
total time ist, the parcel of water found at that locat{@st) was released from the source at a time of

tgene =t~ RX/V (18)
and the concentration at thait) point would be
C(X!t) = C(trelease)L(:O (19)

Plume reactions can easily be included in this etilve streamtube model. As a parcel of solute is
translated downstream, it is not subject to anyimgiyrocesses, so it is conceptually equivaleit batch

reaction that starts at tinee=0 with an intitial condition o’(l(tre,ease)| «o and reacts for a period of time

equal to the travel time to positian7 =Rx/v. As an example, if the solute reaction was firster decay
in the aqueous phase with a decay rate coeffioiEktthen the equivalent batch reaction is
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Rd_c =-k C with C|r:0 = C(trelease)|x:0

dr (20)

Then at location (x,t) behind the front, the solebdacentration would be

C(xt)=C(t-Rx/v)| exp(ﬂJ
v (21)

This result is exactly the same as the Laplacestoam solution to Equations (14) and (15) with zero
dispersion (Falta et al., 2005a). More complicatedpled reactions can be considered using thig sam
method, but a fundamental limitation is that altlod reacting solutes must move at the same vglicit
the groundwater, so they must be assumed to hawgle retardation factoR.

The analysis can be extended to the case of timheligtance dependent reaction rates by
dividing the time-distance domain into distinct eer{Figure 7). Here, nine zones have been chosen t
approximately represent conditions downgradiennfeocontaminant source over the life of a plume.
The first time zone after the spitkt;, could represent a period following the contaminatease where
no manipulation of the plume has yet been attemptgeriod of natural attenuation. The second time
zone after the spilty<t<t, could represent a temporary period of active ploemeediation (enhanced
attenuation). The final time zornte,t,, could be used to represent to long term conditiorthe plume
after manipulation of the plume ended (anothergokeof natural attenuation).

A
location x,t
) 1 Advective front
time ¢ Located at
2 T t=Rx/v
tl ““ L /
time wh_en ot C=0 ahead of
contaminant I IV | the advective | VII
was released f
from source |;ont
>
00 X1 X2

Distance from source, m

Figure7. Distance-time plot for advective transport with multiple sets of plumereaction rates.

Distance from the source is similarly divided iatines so that near the source, for xoxe set
of natural or engineered biogeochemical conditfgreslominate, while downstream,xg& x<x,, another
set of conditions are present. Beyogdconditions might again revert back to naturalkgacund
conditions. These reaction zones are assumeddodrver the entire model domain in the lateyal (
and vertical Z) directions.
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An example of how these different plume reactionezomight be used is shown in Figure 8.
Here it is assumed that there was a release attdaroethylene (PCE) in 1975, but plume remedmatio
did not begin until 2005, with a planned duratidr20 years. In the absence of any significantteec
donor supply, or other enhancements, natural donditvould prevail from 1975 to 2005. The plume
remediation scheme could consist of the additioal@ftron donor in the first 400 m of the plume to
increase the rate of reductive dechlorination oER@d its daughter product, trichloroethylene (T.CE)
Because the daughter products cis-1,2-dicloroetiey{®CE) and vinyl chloride (VC) do not degrade as
readily by reductive dechlorination, but they caghde aerobically, a different reaction zone cbeld
created from 400 to 700 m, where aerobic degragatas stimulated (Chapelle et al., 2003; Alvared an
lllman, 2006). Downgradient of this zone, condiBanight revert back to their natural state.

A Each of these space-
time zones can have

a different decay rate
e for each chemical species

time 2025
Reductive Aerobic
dechlorination | degradation|
2005
197 >
9755 200 700

Distance from source, m

Figure 8. Possible design of an enhanced plume remediation scheme with an enhanced reductive
chlorination zonefor destruction of PCE and TCE, and an enhanced aer obic degradation zone for
destruction of DCE and VC. All other zonesrevert to natural background (attenuation) conditions
in thisexample.

The analytical solution for multiple reaction zomesleveloped using the residence time in each
zone to develop the batch reaction solution for thae. The initial conditions for the batch réactare
the final conditions from the previously encountereaction zone. The residence times in eachiogact
zone are calculated using straightforward logior the example shown in Figure 7, the solutesaleat
present at locatio(x,t) left the source at a timgges that was beforg, so they initially encounter
reaction zone (). The residence time in zonés(thent;=t;-t;qease.  The solutes next enter zone (l1),
where they remain until they crosg at a time of, 4.t RXi/V. Therefore, the residence time in zone (ll)
IS tg)=traeaset RX1/V-t1. The solutes next enter zone (V), where they nemnatil t,, so the residence time
in zone (V) isty=trtaease-RXa/V. In this way, the residence times for each reactone are tabulated.

In general, solutes can pass through any of the n@iaction zones, so a total of nine reaction zone
residence times are computed. For any given &l@et), the advective path leading to that location
will cross at most five zones, so several of theez@sidence times are zero. The analytical soiusi
constructed by sequentially performing the batettiens in each zone that is encountered, stantitig
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a concentration OC(trdease)|x:O . With the zone numbering scheme used in Figuteernumerical value

of the reaction zone always increases with incrggsavel distance.
Going back to the example of a single solute urmaggfirst order decay in the aqueous phase, a
set of nine reaction rates are defirfled-kix). The solute concentration @t) is then:

C(x,t)=C(t- Rx/v)|x:O eXp{_i t(n)lF\()(n) }
" (22)

A problem of significant practical interest invotveimultaneous first order parent-daughter
decay/production reactions. Considering a fourmmment system, the relevant batch reaction equgation
for species A,B,C,D in zones (n) are:

RMz—k C I.C. - C,.(0)=C
dt A(n) ~A(n) e A(Nn) A(n-1) (23)

dCB(n) — —

R dt - yBA(n) kA(n)CA(n) - kB(n)CB(n) 1.C. - CB(n) (O) - CB(n—l) (24)
dCC(n) — —

RT - yCB(n) kB(n)CB(n) - kC(n)CC(n) 1.C. - CC(n) (0) - CC(n—l) (25)
dc,.

Rd—l?[() = yDC(n)kC(n)CC(n) - kD(n)CD(n) I.C. - CD(n) 0)= CD(n—l) (26)

where Y, are the yield coefficients for each parent-daugtgaction. Theoretically, these can also
depend on distance and time if the nature of digachanges so that it no longer produces the same
proportion of daughter product from decay of theepa(for example during aerobic degradation of DCE
little VC is produced). Note, however, that in therent REMChlor coding, the yield coefficientg ar
assumed to be constant in space and time. Eqadf8r26) are written for reaction zone (n), arel th
reactions proceed for a period equal to the reseléme t,, with initial conditions that are the
concentrations from end of the previous reactiamezor he starting conditions for the first reactamme

areC, g, = C, (t = RX/V) | -
Following methods used in chemical reactor dessge (for example, Chen (1983)), the coupled
reaction equations can be solved by Laplace tramsfoethods to yield:

Cawr = Cany FrlAny tin) 27
Cot = Cany T2 (A As ) Yoam ot ) + Coo-y F1 s o) L) (28)

CC(n) = CA(n—1) f3(AA(n)’AB(n)’/1C (n)? yBA(n) ’yCB (n) ’t(n) )
+ CB(n—l) fZ(AB(n)’ AC(n)! yBC(n) ’t(n) ) + CC (n-1) fl(/‘c (n)’t(n )) (29)

Manual for REMChlor Analytical Mathematical Model « 21



Com = Cam-ty FalAagys Ay Ac )1 Ab ()1 Yeam) » Yoy 1 Yoc ) Ly )
+Cy gy Fa(Asnys Ac )1 Ao () Yes oy Yoc ) Ly )

+ CC(n—l) fZ(AC (n)? AD(n)! yDC n) ’t(n))+ CD (n-1) f1(/1D (n)’t(n )) (30)
where the/]i(n) =k»/R, and
f,(A,t) =e™ (31)

_Alt A

At
f,( A As Yout) = Yo {%]
,=A (32)
_ (As _Az)e_/1lt + (Al_/‘g)e_/ht + (/‘Z_A])e_/bt j
(A =A)(A3=A,)(A,-4) (33)

f3( A A0 A5 Yo, Yarl )= Y ad Y A {

e _ gk gt g
f, (A5 A5 A0 Y 01 Y 52 Y 4sl )= YarAsYsA Y 241 {

(/12_/11)(/14_/]3) (/13_/11) ) (/14_/11)

At Mgt At -

_et-e¥ e e“}
(/13 _/12) (/14 _/12) (34)

These batch solutions are widely known as the Baedguations (Bateman, 1910), originally
developed to describe the decay and productioadbactive species. Here, the equations have been
modified to account for variable daughter yieldfiogents. These batch solutions are also equitéle
those developed by Sun et al. [1999] in their ai@dltransformations. Equations (32) — (34) beeom
singular if identical decay rates are used for piaaad daughter compounds. This can be avoided in
practice by adjusting the rates slightly so thaytare not exactly equal, and this is the apprdaahis
used in the REMChlor code.

The new solution method is compared with the twoezBIOCHLOR model in Figure 9.

This case assumes a constant source concentrafPEoof 1 mg/l, with a pore velocity of 100 m/gr,
retardation factor of 2, and no dispersion. Rafgrback to Figure 7, this test case only usesz@e
and (IV), with steady-state conditions in zone (This is a special case for the new solution, titian
handle fully transient conditions using all ninenee in space and time.

Over the first 500 m, PCE and TCE are allowed graege with first order rate constants of
0.693/yr (an aqueous half life of one year), buttDghd VC do not degrade at all in this zone. Bedyon
500 m, the DCE and VC degrade with a rate consta®693/yr, but the PCE and TCE do not degrade at
all. The simulation time of 20 years is sufficigribng for steady-state conditions to be presernhe
first zone, a requirement of the BIOCHLOR modeheTwo solutions produce an identical result. his t
first zone, PCE degrades, producing TCE, whichates into DCE. The process stalls at DCE in this
zone, and the concentration of VC is zero. Beyab@m, the concentrations of PCE and DCE are
constant, while the DCE degrades to form VC, whildo degrades.

Longitudinal dispersion is included by consideringundle of streamtubes that have a normally

distributed velocity field, with a mean velocity ©f, and a velocity standard deviation@f. This

approach is similar to that used by Small (2003)ignstreamtube transport model, except that he
assumed a lognormal distribution of velocity.

For a given locationy, and timef, a velocity ofv” is needed for the advective front to exactly
reach that location. Assuming a normally distrdzlivelocity field, the probability that a streangih
velocity is less tham is (Abramowitz and Stegun, 1972)
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(35)
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Figure9. Comparison of REM Chlor analytical solution with BIOCHL OR for a two-zone case with
steady-state concentrationsin the upstream zone. The solid lines are computed using REM Chlor,
whilethe symbols were calculated using BIOCHL OR.

This expression can be written in terms of traveiashces at some timidoy multiplying the relevant
quantities in Equation (35) liyand by using=v't. If the inlet concentration is fixed at a valueQf

then the concentration @tt) would be one minus the probability that the striedn®’s advective front
had not passed that location yet:

C . 1 vt-vt 1 X -\t
—=1-PM<vt)=1-=-| I+tef| ——= | |==efc| ——=
C, ( ) 2{ ( avtﬁ H 2 (avt\/éj

(36)
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Equation (36) has the same form as the analytidatisn to the one-dimensional advection dispersion
equation in an infinite system where the initiahcentration i<C, for x<0, andC=0 for x>0
(Charbeneau, 2000):

E:lerfc X-w
C 2 2|a Wt (37)

These two expressions are equivalent if the dispsren Equation (37) is

o’ o’
a,=-Lt=—"xX=ax
N N (38)

where X is average front locatioy t. Therefore, the normally distributed velocityestmtube model
produces a scale dependent dispersion solutionsewtigpersivity is a linear function of the meamfr
location. One small drawback of this solutionhattit does not exactly guarantee that the conatorr
atx=0 is Cy, due to the infinite domain. This is generalljneor effect except at very large dispersivity
values (Charbeneau, 2000). The same problem amisles streamtube model, because with a normally
distributed velocity distribution, some of the v&tees would theoretically be negative. This effeould
be more pronounced as the ratio of the standariatitav of velocity to the mean velocity becomegéar
The computational procedure for the streamtubesdsspn model requires the specification of the
number of streamtubes,,s, mean and standard deviation of velocity, and th@&qmim and maximum

velocities, vminandvoe. The advective system is then divided in{gs with a velocity range for each
tube calculated by

AV - Vmax ~ Vmin

Mubes (39)

The probability that a streamtuljehas a velocity within the range &f-Av /2)<v<(vj+ Av/2) is
calculated from the probability function:

P(v, <(v; +4v/2))-P(v, < (v, ~Av/2)) (40)

Beginning aty- Av /2=vy,, each streamtube is assigned a weigfgqual to this probability
The longitudinal dispersion solution is construdimdeach value ofx,t) by calculating the individual
streamtube analytical solutions using the distédutelocities. All of the streamtubes are fed fittven
same source function that was described earliéer All of the individual streamtube solutions bav
been calculated, they are weighted by the funaifimed by Equation (40), and summed to get the
solution for advection with longitudinal dispersion

The streamtube model is compared to Equation (8F)gure 10 for a highly dispersive case,
with a=1/10, and for an advection dominated case \&#l1/200. The streamtube solution perfectly
matches the analytical solution when a large nurtdoé&w hundred) of streamtubes are used, and it
provides a reasonable approximation of the solutith as few as ten streamtubes. This method
produces concentration profiles that are exacthgragtrical around the mean advective front. The
profiles do not change with distance scales ifxtais is normalized to the mean front location, thue
the linear scale dependency of dispersivity.
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As mentioned earlier, these solutions can produedative concentration at0 that is slightly
less than one. For the highly dispersive case shw#e, the relative concentratiorxaD was 0.987, so
the magnitude of this effect is small for practiealues of dispersivity. An attractive featuretiod
approach is that for small values of x, the disperfiux approaches zero, so the flux boundary @@
Equation (10), can be satisfied by just using theeative flux term.

1'0 {f' 2
0.9 1
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3 08- & a=1/10, 500 tubes
~~
@) 0.7 - —=—3=1/10,10 tubes
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c | ——a=1/200, 10 tubes
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(&)
[
O 0.4 -
@)
L o3
<
o 0.2
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0.1

0.0 ‘ ‘ R

0 05 1 15 2 2.5

Normalized Distance, Rx/vt

Figure 10. Comparison of REM Chlor streamtube dispersion model to error function analytical
solution using a scale dependent dispersivity equal to a, = ax.

The total mass discharge of the dissolved specissing a downgradient control plane can be
computed directly from the streamtube solutionibypdy summing the individual streamtube discharges,
using the weighting function, Equation (40).

The effects of transverse and vertical dispersrerirecluded using Domenico’s (1987)
approximation. With this method, the solution witihee-dimensional dispersion is constructed frioen t
one-dimensional solution:

C(x,y,z,t)=C(x,t)f, (y)f,(2) (41)

where the transverse and vertical functions are
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fy(y)zl erf y+Y/2 —orf y-Y /2
2 2‘/ayx a, X

f(z):l afl ZY L | )] 222
272 2/ax 2/a,x @)

This formulation assumes a rectangular source wathedimensions ol by Z, with dispersion
occurring in the positive and negative y directidng only in the positive z direction. Equati@?2) can
be altered to allow vertical dispersion in botredtrons (Domenico and Schwartz, 1990).

The accuracy of the Domenico transverse dispegipmoximation has recently been called into
guestion. West et al. [2007] and Srinivasan ef28l07] show that use of the Domenico approxinmatio
in problems with very large longitudinal disper§i®$ can lead to substantial errors in the predicte
concentrations compared to the exact solution okle¥g1992] or Cleary and Ungs [1978].  Although
West et al. [2007] recommend using only the exatidverse dispersion solutions, these models suffer
from two important limitations. First, the exacisgersion solutions only apply to specific limited
boundary conditions at x=0, and they cannot bdyeadapted to other more general boundary condition
Second, they are not closed form solutions, ang tbguire numerical evaluation of integrals [Sragan
et al., 2007]. As Srinivasan et al. [2007] haventeml out, the Domenico approximation offers a semp
method for extending 1-D solutions to 3-D, and ¢n®r involved in this approximation is small asdo
as dispersivity values are small.

The REMChlor model was compared to an exact amalysolution for reactive transport with
advection and 2-D dispersion (Figure 11). Thidwital solution applies to the case of a contirsiou
point source located at the origin that injectpecefied mass rate (kg/yr) into the plume over tinfethe
solute undergoes decay in the plume, the plumesteiblilize at a finite distance, and can be modeled
using a steady-state assumption. From Charbe2€80], the analytical solution for a continuousrpoi
source at steady state is:

mexp(Xj
2a
C(xy,t)=—=22K

r
— 43
271p2V, /axay 0( Bj (*+3)

and

with
2 2
2= 4 Y (44)
aVv/iR ayVv/R
and
1
BZ:W (45)
—+
R 4a.R

wherem is the rate of mass injection into the plume, thisvertical thickness over which the mass is
injected, v is the pore velocity is the porosityK is the first order decay rate in the plume, andand

a, are the longitudinal and transverse dispersivitiespectively. The tertd(r/B) is a Modified Bessel
Function of order zero.
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Figure11. Comparison of REMChlor (solid lines) with exact analytical solution (shaded)
for a,=x/100 (a), x/50 (b), x/20 (c), and x/10 (d) with a, =a, /10. Concentration unitsare

ug/l.
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The comparison in Figure 11 is for a case whererthgs injection rate is 2 kg/yr, the pore
velocity is 10 m/yr, the solute half-life in theuphe is 5 years, and the retardation factor is dre
longitudinal dispersivity is varied from 1/100 ttlQ of the travel distance, and the transverse=dssygty

(a,)is 1/10 of the longitudinal value. The REMChfoodel assumes a finite, rectangular source region

at x=0, and for this reason, it cannot exactly espnt the infinitely small point source used ingkact
analytical solution. As long as the source redaimgREMChlor is “small”, this error is only evide
over the first few m of transport.

The cases witha, =x/100 and x/50 (Figure 11a, b) show almost peréggeement between the
two solutions. As the dispersivities are increadbd difference in the two solutions becomes etide
For the very large dispersivity casa,(=x/10, Figure 11d), the outer contour of the stestdye plume

calculated using the Domenico approximation ocatrabout 90% of the distance calculated using the
exact model. This outer concentration contoutss about 10-15% wider than the exact model result.

For sites with large dispersivities, one could aaté the potential magnitude of the dispersion
error from the Domenico approximation using the rBMSCREEN-AT program [Karanovic et al.,
2007]. BIOSCREEN-AT is a modified version of BIOBEEN that includes the exact solution to the 3-
D dispersion problem for constant or exponentidégaying source terms at x=0. The REMChlor model
uses streamtubes to simulate longitudinal dispeysigth the Domenico approximation employed only
for lateral and vertical dispersion. Although tREMChlor longitudinal model uses a scale-dependent
dispersivity, a comparison of BIOSCREEN with BIOSEERN-AT for a similar set of parameter values
would likely show whether the error in the Domenagproximation was significant for that case.

Calculation of Cancer Risk

Many of the regulated groundwater contaminantstheil degradation products are considered to
be known or probable carcinogens by the US EPAnc&arisk from exposure to carcinogens is
guantified using the chronic daily intaké[jl) of the carcinogen (mg/kg-day) and a cancer figes
factor &) that has units of risk per mg/kg-day. Tl is a dose rate averaged over a human lifespan,
regardless of the exposure period (US EPA, 1988 maximum exposure peridd, is usually limited
to 30 years. The risk is calculated as

which for small risks is equivalent to (US EPA, 298

Risk =CDI x S 47)

The total carcinogenic risRisky, from exposure to multiple carcinogens (for exaerCE, TCE, and
VC) is calculated as the sum of the individual sigkS EPA, 1989)

Risk; = > Risk (48)

A major exposure route for contaminated groundwiaterater from wells in the dissolved plume
area. The contaminants contained in the waterbmapgested directly, in drinking water, and ifyttaze
volatile, they may be inhaled as the contaminartitims from the water into the air in the house
(McKone, 1987). The cancer risk from inhalatiomfen as large or larger than the risk from ingest
alone (McKone, 1987; Williams et al., 2004).
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TheCDI for both ingestion@DIs) and inhalation@DIy) is computed using the well water
concentration in mg/L averaged over the maximunosype period,

C,1) -1 .t[ C,(r)dr

ex max(0f—te, ) (49)

The lower limit in the integral restricts the expos period to a maximum &f. The upper limit,
L is the time since the contaminant release ocgur@nce the average tap water concentration iwRno
the ingestion and inhalation cancer risks can brutzded using standard methods (see, for example,
Maxwell et al. (1998); McKone (1987); Williams dt €004)).

The cancer risk from water ingestion assumes g daiter intake ofy, L/d, and a body mass of
M kg. Then using the standard life expectangy,theCDI¢ is

(50)
Typical values fogy,, m, andt;, are 2 L/d, 70 kg, and 70 years, respectively. ifgestion risk is then

Risk; =1-expCDlIg x SF; ) (51)

whereSF is the oral slope factor for the carcinogen.

Calculation of the inhalation exposure requiregvesion of indoor air concentrations of the
carcinogen that result from water use in the hoUd®e standard approach is to separately condider t
shower stall, the bathroom, and the remainderehtiuse (McKone, 1987). An empirical water to gas
transfer efficiencyTE) is used to relate the contaminant mass flowrateater passing through parts of
the house (shower, bathroom, house) to the ratgaeé loading in the indoor air. Based on extensive
data sets collected for radon gas exposurelEfer a volatile chemical is computed from the radaia
with a correction for the different Henry’s condtand aqueous and gaseous diffusion rates. Oé thes
parameters, th€E is most sensitive to the aqueous diffusion rateabse that tends to limit the rate of
mass transfer into indoor air (McKone, 1987). Tgbivalues foiTE are in the range of 0.3 to 0.9,
depending mainly on the nature of the water useeffample a shower versus a dishwasher).

TheCDIly is computed separately for the three main compartsn(shower, bathroom, house)

using the average indoor air concentration of ttreinogen,C_Za in units of mg/mM. For compartmerk,

this concentration is calculated from the averag&wconcentraton using the tap water use\late
(L/hr), theTE,, and the air exchange rat®, (m*hr):

c.-a 1)

a,

(52)

TheCDIy for each compartmen€Dly ) depends on the daily exposure time in the conmmpent,ET,
(hr/d), and the inhalation ratélR (m*/hr):

~ [ ET, xHRxt,
cpl,,, =C,, (kmx—t]

life

(53)
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The risk from inhalation sums over the compartments

Risk, =1- ex;{—ZCDl i X SFH}
k

whereS is the inhalation slope factor.

The lifetime excess cancer risk slope factors vadely among different chemicals, they are
often revised or withdrawn. Conflicting valuesSbf can be found in different sources in many instance
Table 1 lists current (as of February, 2006) recemed inhalation and oral slope factors for PCE;,TC
and VC from the California Office of Environmentdalth Hazard Assessment (OEHHA, 2006).
Values of other risk-related parameters used in RENIr are shown in Table 2.

(54)

Table 1. Californiacancer risk slopefactorsfor PCE and its degradation products
(OEHHA, 2006).

Chemical Inhalation Slope Factor| Oral Slope Factor

(mg/kg-day) (mg/kg-day)*
Tetrachloroethylene (PCE) 0.021 0.540
Trichloroethylene (TCE) 0.007 0.013
Cis-1,2-Dichloroethylene (DCE) -not a carcinogen ot-a carcinogen
Vinyl chloride (VC) 270 0.270

Table 2 Exposure parametersused in cancer risk calculations.

Exposur e Parameter Value
Human life span, yrs 70
Body mass, kg 70
Exposure duration, yrs 30
Daily water intake, L/d 2
Inhalation rate, riid 13.25
Water use rate, shower, L/hr 480
Water use rate, bathroom, L/hr 40
Water use rate, house, L/hr 40
Transfer efficiency, shower d.5
Transfer efficiency, bathroom 0.43
Transfer efficiency, house 0.43
Air exchange rate, shower >fr 12"

Air exchange rate, bathroom finr 55

Air exchange rate, housefnr 750
Exposure time, shower, hr/d 017
Exposure time, bathroom, hr/d 0'32
Exposure time, house, hr/d 15.9

'Mean value from Maxwell et al. (1998)
2USEPA (1997)
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Model Limitations

Model assumes homogeneous and constant groundveddeity field with flow in one direction.

The contaminant source mass balance assumeséhairnttaminant discharge is a power function of
the remaining contaminant mass using an expohenthis is a simplistic model of a complicated
heterogeneous multiphase transport system, artibitevalue o for a given site will be subject to
a range of uncertainty. For this reason, it idphdy a good idea to run the model with a rang€ of
values.

3. The model assumes that biodegradation reactiotieiplume can be described by first order decay
reactions. The biogeochemical conditions thatrabtitese reactions may not be well represented by
first order reactions, and there is considerabtzeainty in values of field scale decay rates.

4. All of the dissolved solutes (parent and daughtenmounds) are assumed to have the same
retardation coefficientR), so they move at the same velocity.

5. First order decay rates are a function of time disthnce from the source)( but they do not depend
on they or z coordinates. This means that a specified reazboe will extend over the entire model
domain in they andz directions.

6. The model uses a conventional advection-dispefsionulation, and is not able to account for
transient diffusion into low permeability zonedfie plume. Diffusion of contaminants into low
permeability zones may result in plume rebound dlffte source is depleted to back diffusion.

7. Transverse and vertical dispersion are approximagety the Domenico [1987] method. This can
lead to errors in the concentration distributigresticularly when large dispersion coefficients are
used (see Figure 11).
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Graphical User Interface

Projects Tab

When REMChlor is started (by double clicking on &épplication icon), the
default project, “Sample”, is seen in the title danv. Here is where the user
may define the project name and file location.

Once the project name is double-clicked, the talobes “REMChlor Project”
and the parameter entry screen is shown.

Parameter Entry

This section allows parameter entry for settinghgentire model run. The
various model input variables are described imia section

Options for Viewing Model Output

View File Output

The text files created by the model may be vieweeither Notepad (the .inp
and .out files) or Excel (the .csv files).

View Graphical Output

Concentration, Mass Discharge or Risk Factor vedsstance for any value of
time, t can be viewed graphically by clicking onutput vs Distance” under
“View Graphical Output”. This puts the user in amdow where model output
is seen graphically. The user also has accespaavarful and comprehensive
suite of graphical tools.

If the model was set up with more than one Y-Irdéand/or Y- and Z-
Intervals, a 2-D x-y contour map can be displaygdlltking on “2D Contour”
under “View Graphical Output”. This puts the usea window that is similar
to the one for “Output vs Distance”, where moddboitiis seen as a
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concentration, risk factor, or mass discharge aamtaap in the x-y plane. The
user here has access to the same powerful and ebermive suite of graphical
tools.

Basic Operation

The following simple tutorial exercise illustratd® most basic functions and capabilities of tteppical user
interface for REMChlor. It uses the “Sample” prajle that comes with the model.

1. Double-click the REMChlor icon on your desktop tarsthe application. You will see the following

screen:

5 REMChlor
File Model Help
Pm]eda‘

= REMChlor Projects

Sample
Tutorial 1

- Tutarial 2
Tutorial 3

- Tutorial 4
Tutarial 5
Tutorial B

- Tutorial 7
Tutarial 8

REMChlor

Remediation Evaluation Model for Chlorinated
Solvents

Beta Version 1.0

Compliance
Plane

Control Plane

Selected Project: |Sample &

Project Folder: |C\Program Files\REMChlar\Projects\Samplet, \
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2. Double-click on “Sample” under REMChlor Projectsigrou will see the Model Parameters screen.
As you move the mouse over the input boxes, a sirpplanation of the input is provided in pop-up

boxes.

% REMChlor - [REMChlor Model Parameters]

VFHE Model  Help

= Project Sample
Model Parameters

ource Parameters

= Wiew Model Results ligimiias

Concentration {g/L) | 01
Mass (K} 1620
Gamma 1

View File Output
=-Wiew Graphical Output
Output vs, Distance
2D Contaur

‘rield & Fram “ield 3 ‘ield 4 From
1 From 2 3
[0.73 [0.74 32

Component 1 ICUmpDnean | Companent 3| Companent4|

Camponent Name ‘PCE

Zone 1 | |

o Zone 2 ‘ ‘ Zone 3 ‘
Source Dimensions i
I =] Decay Rate Decay Rate Decay Rate
Source Width (m)| 10 » o .5 e 23 33
Source Depth (m) 3 g ‘ o 04 ‘ 0.4 I 04
Time —> || —roA
Darcy Yelocity (mAsr) 10 > Paribe? o~
o i - Decay Rate Decay Rate Decay Rate
Forasity 03333 E 2 [1.2) 2.2) 22
- = [ M€ 140 K] | 04
Source Remediation = o
Time —> || —roF
Fraction Remowved 0.9 e —
Remediatan Tims -g Dec(?)q )Rate Dec(azy;;?ate Dec(aay;)ﬂate
a0 [vears) a E 04 il | 04
Start Time (T1) End Time (T2)
Source Decay (14r) | 0 T "
Transport Parameters X1 400 #2700
2z &
Referdation Factar | Distance From Source, Meters
“elocity -
[ o | 0s | 15 |Cancer Risk
Sigmas wbdin whdax Lifetime Oral Cancer Risk ‘ Lifetime Inhalation Cancer R\sk}
Number of Stream Tubes | L] Component 1 Compaonent 2 Component 3 Component 4
— s [ o1 |0.054 [T o 027
alphiy (m) alphaz {m)

Simulation Parameters

| Intervals

Iin Valug | Max Walue Units ‘

X-Di.reclw.un [101 01 30001 (e, DNAPL

Y-Dfrectfon |11 [0 [40 Meter Source

Z-Direction |1 o ‘I] Meter Zone

Time |50 o [100 Sl
< > I
3. The parameters are set to run the Sample problezke lvhe following changes in the ‘Simulation
Parameters’ box at the bottom of the window: X-bBiien Max Value = 2000.1; Y-Direction Min
Value = -100 and Max Value = 100. From the Modédl-gawn menu, click “Run”. The following
screen will appear.
\WINDOWS\system32\cmd. exe
REMChlor Is Runnihg
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4. After completion of the run, you may “View File Quit” or “View Graphical Output” simply by
clicking on one of these options under “View Mo&e&lsults”. The following screen will appear if
“View File Output” is selected (this is the “Samjitg” file, which is the formatted text file used the
input to the FORTRAN code that computes the aredygolution).

v REMChlor - [Dutput Files]

@ File Model Help -
HEMEHumEd] W**source ZONE parameters »
= — czero {g/1), tzeromass (kg), gamma, xremove, tl, t2
= Praject: Sample 0.1, 1620., 1., 0.9, 30.,
- Model Parameters HEHZQUrCe ZOone parameters
= Wiew Model Results rates (l/yrl, ysource (m), zsource (m), wvd (msyr)
-_kagbﬁrmrg SLLt%gnsp§F% %gd streamtube velocity parameters
= View Graphical Output porosity, retard, sigmav, wmin, wmax, ntubes, alphay (m), alphaz (m)
- Dutput vs. Distance 0.3333, 2., 0.1, 0.5, 1.5, 100, 0.5,
- 2D Cantaur wiwgiztance to end of zone 1 and zaone 2 for plume remecdiation
*1l, x2 (m)
400., 700,
wWdlangth of period 1 and period 2 for plume remediation
t81um§%, tplumez Cyr)
wiek]ifatime cancer risk oral slope factors, per (moskg) per day
slopefll, s10pef(2), s10pef(3), slopef4)
0.054, 0,013, 0.,
wew]ifetime cancer r1sk inhalation slope factors, per (moskg) per day
s'IDpe'F(l), slopef(2), slopef(3), slopefi4)
021, 0,007, 0., 0.27
“**¥1E1d coefficients for chain reactions
vield2l, yield3z, yieldd3
0.79, 0.74, 0.32
wH]1COMPOMENT 1 plume decay rate constants in zone 1 for 3 time periods wwlllww
ratep(l,1,1, ratep(l,1,2), ratep(l,1,3) (1 yr)
.4, 1.4, 0.4
wEHCOMPONENT 1 plume decay rate constants in zone 2 for 3 time periods
5 7 ratepfl,2,1), ratep(l,2, 25/ ratepfl,2,3) (1 1)
Select File to Yiew 0.4, 0.4, 0.4
Right Click For File Options HIHCOMPOMENT 1 plume decay rate constants in zone 3 for 3 time periods
discharge. cav 5359pgl43 jdjé,l ratep(l,3,2), ratep(l,3,3) (1/r)
disch. t 4, 0.4, 0.
ﬁ?ﬁgﬁ;ﬁ;v HH2ZCOMPONENT 2 plume decay rate constants in zone 1 for 3 time periods #*222%%
Fiisk. cav ratep(2,1,1), ratep(2,1,23, ratep(2,1,33 (1/yr)
Rick aut Q. 4 il oo B . . .
ey WERCOMPONENT 2 plume decay rate constants in zone 2 for 3 time periods
5.ample.out ratepg2,2,13, rateya(2,2,2§, ratep(2,2,37 (157D
’ 0.15, 0.15, 0.13
HUECOMPONENT 2 plume decay rate constants in zone 3 for 3 time periods
ratep(2,3,17, ratep(z 3, 2§ ratep(2,3,3) (1/r)
.15 .15 0.15
WHIZCOMPOMENT 3 plume decay rate constants in zone 1 for 3 fime periods ®%333ww
ratep(3,1,1), ratep(3,1,2), ratep(3,1,3) (1 yr)
oy W b
wHHCOMPONENT 3 plume decay rate constants in zone 2 for 3 time periods
ratep(s,2,1), ratep(3,2,2§, ratep3,2,3) (1 1)
M (i o B
WHHCOMPOMENT 3 plume decay rate constants in zone 3 for 3 time periods
ratep(s,s,1], ratep(3,3,2§, ratep(s, 3,30 (1) &
[alin | Lo Jooix | o] -
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5. Clicking on “Output vs Distance” under “View Graphl Output”, and selecting Time Interval 50 will
bring up the following screen. Within this windotlie user has access to a fully functioning suite of
user-friendly and powerful graphics tools for viagj and saving output images.

"+ REMChlor - [REMChlor Graphical Output]

VFMe Model  Help = |5 ]
REMChIDrPrDjECIl Time IY |Z ] Graph | Qutput Data,

= Project Sample | Se\ectTlElhterva\s
= View Model Results 4000 1 File  Gopy To Cliphoard  View  Tools

iew File Output 6.000
2~ Bl o[F) e E | &
12.000
16.000 EE=—— = -
18.000 | T
20.000 L — ==
22.000 i - — =
26000 i ==
28,000 =R — |

+Madel Parameters 2000 ~
a.000 & e -
2D Contour 14000 Concentration vs. Distance at Time =50.000 Years
1E+I05 : .
24.000
30.000

32.000
34.000
36.000
38.000 1E+003
40.000 H
42.000
44.000
46.000
48.000
52.000
54.000
B6.000

Select Fila to View 56.000

60.000
Right Click For File Options 2 000

discharge.csy 64.000 |
discharge.out 56,000 TE+000
REMChlor.cav E6.000 i
Risk.cov 70.000
risk.out 72.000
Sampleinp 74.000
Sample.out 76.000 Ll

78.000 i
60.000

——— HrcE
— [ | —— Wit
S B [ ~ Moce
B ve

E Total Concentration

1E+002

TE+007

Concentration (ug/L)

| <

Chart Data Option 1E-002

¥ FCE 20 5701 13201 :
% ToE 17701 22201

ﬁSSE Distance X (Meters)

¥ Total J

26701

Select Data Set: * Concentrations " Cancer Risk Factor " Mass Discharge
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6. Clicking on the “Output Data” tab above the graph eisplay the raw data used to create the graph:

EMChlor. - [REMChlor Graphical Output]

Y File Model Help
REMChlor Project | T ]Y =
= Praject: Sample | Select Time Intervals DulpulDda
- Model Parameters 2l e Time ; v 2 PCE TCE | DCE Ve
& Viow Model Besults 4.000 L2 : : et S e =
" view File Dutput £.000 » |50 01 ] 0 4017.01 14.9575 00282914 2.0807F
L ; 8.000 50 201 ] 0 1025.29 735.033 75,34 £.34348
=-iew Graphical Dutput 10,000 1
L Dby Distance 17000 a0 01 0 D 264.11 362,36 515,535 19.690¢
2D Cortour 14.000 s B0 0 0 73399 154,855 479.878 307358
16.000 |50 80.1 ] 0 252831 64.0133 399,453 eI
;gggg |50 100.1 0 0 8.60858 26.2204 320,337 40.971¢
22000 50 1201 0 i 3.04524 10,7293 264.485 41,859
24.000 |50 140.1 ] 0 1.10975 4.40084 202,606 411564
T, L 1601 0 0 0414073 191226 162397 39431
30,000 |50 180.1 ] 0 0157857 0749818 131.274 37.304
22,000 = 2001 0 0 0.0B09613 0311844 107.399 36,0608
2 - |so 2201 0 0 0023968 0130581  91.3763 34.163:
32000 |50 2401 ] 0 000965826 0.0557885  90.3783 39.258:
40.000 |50 260.1 ] 0 000428721 00263637  119.766 59.2731
ﬁggg 50 280.1 0 0 000265247  0.0168218  187.147 99.0001
45 000 50 300.1 0 0 DO0216105  D.0743244 269438 146 64f
48.000 _|=o 3201 0 0 000200627 0.0141571  327.759 181.48;
|50 3401 ] 0 000172373 0.0123325 346232 194.70¢
Blect e to View |50 360.1 ] 0 000136597 00099129 338724 133,505
Right Click For Fil Options |50 380.1 ] 0 000104171 0.00768737 32262 187.207
A 50 400.1 ] 0 0000783316 0.00594463 302445 179.16¢
discharge. out |50 4201 0 0 000113514 00102764 31.9759 39.400:
REMChlor. csv |50 4401 0 i 000163798 0.0179278 254658 £.4195;
E:ztﬁa’ |50 4601 0 0 00023718 00316788 041129 0.95841
|50 480.1 0 0 000344534 00563221 00511741 01385
5 ample. out 50 500.1 ] 0 000502264 0104442 000957513 002111
|50 520.1 ] 0 000734332 0196533 000727405  0.0049
|50 540.1 0 0 00107631 0379624 00126462 0.0044¢
50 560.1 ] 0 00157981 0750617 00248313 0.0081C
|50 5a0.1 0 0 0023223 1.52211 00503575 O.0163:
50 £00.1 0 i 00339765 307606 010180 0.03301
|50 £20.1 ] 0 0049223  B.1105 0202301  0.06561
|50 640.1 0 0 00711282 122817 0406705 01319
| 50 B60.1 ] 0 0099311 227186 1n.?52431 024418 7|
4 3
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7. Clicking on “2D Contour” under “View Graphical Outy will bring up the 2D contour map screen.
If you put a check in the “VC” box and look at timel00, the screen will show the vinyl chloride
plume at 100 years. The graphical results can bedsia the project file for later viewing or pring.

%' REMChlor - [2D Contour]

YFiIe Model Help
REMChiar Project ]

= Project: Sample
- Model Parameters
=-Wiew Model Results
- Wiew File Dutput
= Wiew Graphical Output
- Output vz, Distance
2D Contour

_ Select File to View
Right Click For File Options

discharge.cav
dizcharge. out
REMChlar.cav
Risk.csv
Rizk.out

S ample.out

Time [Years] ] Z Maters) |
Select Time Intervals
44.000 -
4E.000 =
48.000
50.000
52.000
54.000
5E.000
58.000
£0.000
£2.000
£4.000
EE.000
£8.000
70.000
72.000
74.000
76.000
78.000
80.000
82.000
g4.000
86.000
88.000
90.000
92.000
94.000
96.000
98.000

Il

Select Contour Colors

— T

™ Chart Grid Lines [l

™ Freeze Scale

Chart Diata Options
¢ FTE

L
" DCE
@ e

 Total

Graph ] Output Diata |

ﬂl—iﬂ

SelectDataSet: % Concentrations " Cancer Risk Factor

File: Copy To Cliphoard Wiewe  Tools
=R R o R DER| &
VC Concentration
Time = 100.000 Years, Z = 0.000 Meters

104,000

80.000
60,000 Units = pg/L.
3.90-4.33
40.000 3.46-3.90
T W303-246
20000 ¢ [M260-303
2 P216-260
0000 2 473216
= | 130-173
20000 & os7-130
L p43-087
-40.000 o

-60.000

-80.000

= = @ = =] =} = = = =] = ~100.000

= =) i=3 (=] 2 (=] (=] 2 =3 L=
EEe e e
X Direction (Meters)
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Model Input Variables

DNAPL Source Parameters and Dimensions

Source Parameters — Initial Source (t=0)

| Source Zone Parameters

Source Parameters

Initial Source

Concentration {g/L) | 0.1

Mass (K 1620
Gamma 1

Source Dimensions

Source Width (m)[ 10
Source Depth (m)|73
Darcy Welocity (mfyr)liw
Forosity lw

Concentration = initial source zone concentratiddy flow averaged
concentration of DNAPL chemical leaving the souroee, g/l

Mass = initial source zone contaminant malglg, kg

Gamma = power function exponert in source concentration versus mass
function, equation (2). A value of zero result@inonstant source
concentration with time until the source is depleté value of one
results in an exponentially decaying source comaéoh. In most
casesl should probably be between 0.5 and 2, with thestovalue
more likely to occur at younger sites, and the éiglalue at older sites.
When [ is set equal to 1, REMChlor automatically resete a value
of 1.01 in order to avoid the singularity in Eqoati(5). Due to the
uncertainty in this parameter, it is a good ideautothe code with a
range of values to assess the range of possiblectsip

Source Width = source zone width, m
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Source Depth = vertical thickness of source zorg,m

Darcy Velocity = Darcy flux (velocity),V, in the flow system. The unretarded
chemical velocity, (pore velocity) is the Darcy velocity divided by
the porosity. The total flow rate through the s@urone,

Q=VYZ= @vYZ. Darcy velocity units are m/yr

Porosity = effective porosity,@

Source Remediation

Source Remediation

Fraction Remowed 04

Remediation Time

an (Years) a1

Start Time (T1) End Time (T2)

Source Decay [ 147) 1

Percent Removed = Fraction X of source mass at tintethat is removed by
source remediation activited < X <1

Sart Time = Time when source remediation beginsyears
End Time = Time when source remediation engsyears

Source Decay = First order source decay rate by processes tithardissolution
and flushing,/ls. This might include biological or chemical reacis

in the source zone that destroy source mass, 1/yr

Transport Parameters

Source Remediation

Fraction Remowed 04

Remediation Time

an (Years) a1

Start Time (T1) End Time (T2)

Source Decay (14yr) a

Retardation Factor = Retardation factor for all dissolved speciesghhe equal
to each other)R. Typically estimated from organic carbon partitio
coefficient and soil fraction of organic carbon.
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Sgmav = Coefficient of variation for velocity field, equtd the ratio of the pore
velocity standard deviation, divided by the mearepeelocity, T, Iv.

This results in a scale-dependent dispersivity éfiqu 38) that is
equal to ¥4igmav)®X , whereX is the average front location at a
given time. See also Figure 10, and tutorial gdergd. Asigmav
value of 0.1 results in a longitudinal dispersivétyual to 1/200 of the
travel distance; aigmav value of 0.44721 results in a longitudinal
dispersivity equal to 1/10 of the travel distandée table below gives
Sigmav values corresponding to different longitadlcispersivities:

a, Sgmav
/200 0.1
x/100 0.14142
/50 0.2
/20 0.31623
x/10 0.44721

vMin = minimum normalized streamtube velocity (see Equea89). Typically
set equal to 0, except when very snsgjmav is used. In that casey,
can be somewhat larger (e.g. 0.5), and still effebt capture the full
velocity range. ldeally,, andv,.would be symmetrical around 1,
but this is limited by the restriction thaj, must be positive. This
parameter truncates the lower range of the veldlidyibution.

vMax = maximum normalized streamtube velocity (see Equadb).
Magnitude depends agmav, andvMax=1+4* Sigmav is suggested
for most cases. This parameter truncates the highge of the
velocity distribution.

Number of Stream Tubes = number of streamtubes used to simulate longialdi
dispersion. The more tubes used, the smoothesaiinéion will look,
but the longer it will take to compute; problem ex#on time is
directly proportional to the number of streamtubssd. A solution
calculated with only 10 streamtubes may still repre the dispersion
reasonably well (see Figure 10), but it will not“seooth”. A solution
calculated with 500 streamtubes will be smoothet jtwill take 50
times longer to computen general, the problem run time in seconds
isroughly equal to the number of stream tubes times the number of x
locations where the solution is evaluated, times the number of times
when the solution is evaluated, divided by ~200,000.

alphay = Transverse dispersivitwy, constant value in m. This is generally

1/10 or less of the effective longitudinal valuéa negative humber is
entered, the dispersivity is calculated as the labsealue ofalphay
times distance from the souroe,

Manual for REMChlor Model Input Variables « 41



alphaz = Vertical dispersivity,&, , constant value in m. This is generally 1/100

or less (perhaps much less) of the effective lanijital value. If a
negative number is entered, the dispersivity isudated as the absolute
value ofalphaz times distance from the source,

Plume Decay Rates and Yield Coefficients

The plume reaction parameters are entered usiaigle that mimics the
distance-time reaction graph, Figures 7 and 8.eNlwt in the model, time
starts at zero, when the DNAPL spill occurs, aatam x=0. The 9 different
reaction rates must be entered separately for @fatie 4 chemical species
using the “component #” tabs. As each tab is sete¢he component name can
be entered, along with the table of 9 first ordecal/ rates (that vary in distance
and time).

Component 1 is always the ultimate parent compoandi,it is the component
that is released from the DNAPL source zone. Carapb?2 is produced from
the decay of component 1, and it decays to prodaogonent 3,. Component
3 decays to produce component 4. Component 4isvaed to decay into a
harmless species.

location x,t
. R % Advective front
time t, st Located at

I v VIl t=Rgv
t s

time when o / C=0 ahead of
;gnstf:gégzgz I IV | the advective | VIL
from source ﬂ;ont
0
0 X1 X2

Distance from source, m

Each of these space-
time zones can have

a different decay rate
~ for each chemical species

time 2025

Reductive Aerobic
dechlorination | degradation

2005

1975

0 400 700
Distance from source, m
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Yield Coefficients

“ield 2 From “ield 3 “ield 4 From

1 From & 3
0,79 0,74 0.32
Companent 1 lCDmpDnentE] CDmpDnent3| Component 4
Companent Name |PCE
= Zone 1 | | Zone 2 | | Zone 3 |
'8 Decay Rate Decay Rate Decay Rate
" 5 (1.3) (2.3) (3.3)
o °0 Q| 04 | 0.4 | 0.4
O Time—
> _ o
o Period 2 - Decay Rate Decay Rate Decay Rate
= 2 1.2) (2.2) (3.2)
= o £| 14 0.4 0.4
Time —>
Period 1 ; Decay Rate Decay Rate Decay Rate
,g .13 (213 (3.13
o
n.l 044 0.4 0.4

¥ [0 % [poo

Distance From Source, Meters

Yield 2 From 1 = Mass of component 2 created by first order dedagne unit
of mass of component §,;. Typically, for reductive dechlorination,
this would be the molecular weight of component2ded by the
molecular weight of component 1. If component &ades without
producing any important daughter products, thifyieefficient would
be zero.

Yield 3 From 2 = Mass of component 3 created by first order deday
component 2ys,. Typically, for reductive dechlorination, this uld
be the molecular weight of component 3 dividedhsy molecular
weight of component 2. If component 2 decays withpyoducing any
important daughter products, this yield coefficimnuld be zero.

Yield 4 From 3= Mass of component 4 created by first order deday
component 3y,s. Typically, for reductive dechlorination, this uld
be the molecular weight of component 4 dividedHhsy nolecular
weight of component 3. If component 3 decays with@roducing any
important daughter products, this yield coefficiuld be zero.

Plume Reaction Zones

The nine possible plume reaction zones are defigezhtering two times, and
two distances
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“ield 2 From Yield 3 “ield 4 From
1 From & 3

0.79 |0.74 032

Component 1 ‘CDmpDnentZl CDmpDant3l Component 4

Companent Mame |PCE
= Zone 1 | | Zone 2 | | Zone 3 |
'S Decay Rate Decay Rate Decay Rate
(7)) = (1.3) (2.3 3.3
a 0 a | 0.4 04| 0.4
@  Time—>
m Period 2 - Decay Rate Decay Rate Decay Rate
= = (1.2 (2.2) (3.2
= o gl 14 04| 0.4
Time —>
Period 1 ; Decay Rate Decay Rate Decay Rate
E (.13 (2.1} (3.1}
)
g 0.4 04/ 0.4

i "
1 I
1 I

%1 [0 e [0

Distance From Source, Meters

Time Period 1 = Defines the timet; when plume reaction rates change from
their initial value (which started &t0). Note that this time is unrelated
to the time of source remediation. Units are years

Time Period 2 = Defines the timet; when plume reaction rates change from
their previous value (which startedtat;). Note that this time is also
unrelated to the time of source remediation. Usitsyears. The third
time period occurs aftey.

X1 = Defines the first distance zone for reactioesam.

X2 = Defines the second distance zone for reactitasran. The third zone
occurs beyonX2.

Plume Species First Order Decay Rates

A total of 36 first order reaction rates are enderethe tables: 9 for each
species. A separate table for each species iscoup) by clicking the
appropriate “Component #” tab. Then the 9 différeaction rates can be
entered for that component. All rates have urfitk'yr. The first component is
the “parent” compound, while the remaining compdseme the successive
“daughter” compounds. For the PCE reductive dejealation decay chain, the
components 1-4 would be listed in the order PCE-DZEE-VC.

The model is highly sensitive to the plume decagsa Some useful references
for data on “typical” values for differing conditis include Suarez and Rifai
(1999), Chapelle et al. (1996), and Aziz et al.020
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Cancer Risk Parameters

Cancer Risk

Lifetime Oral Cancer Risk ‘ Lifetime Inhalation Cancer Risk]

Cormponent 1 Component 2 Component 3 Component 4

0.054 0.013 0 0.27

Two sets of excess cancer risk slope factors gerezhfor each component:

one for ingestion (drinking the water), and oneifdralation (breathing vapors
in the shower, bathroom, and house). Note thattirapor transport through
the vadose zone is not included here. The unitthfoslope factors are risk per
mg contaminant per kg body weight per day. Equati43-51 outline the cancer
risk calculations used in the program.

Simulation Output Parameters

Simulation Parameters

[ ntervals | Minvalue | Maxvalue | Units |
- Direction [101 0.1 130001 Meter
- Direction |11 40 40 Meter
Z - Directian |1 |D |U heter
Time |50 [ oo Year

X - Direction = Enter the number of x values desired (intervalgyl the

minimum and maximum values of x used for plottifiche minimum
x value should be greater than zero (the solution issingular at x=0).
The problem run time is a linear function of themier ofx intervals
specified, but this has no effect on solution aacyr The maximum
number of x values is 20Qn general, the problem run timein seconds
isroughly equal to the number of stream tubes times the number of x
locations where the solution is evaluated, times the number of times
when the solution is evaluated, divided by ~200,000.

Y - Direction = Enter the number of y values desired (interyas}l the

minimum and maximum values wfused for plotting. This is mainly
used for producing-y contour plots. The maximum numberyof
values is 50. If only center-line plots are needkd number oy
intervals can be set to 1, with the min and maxea&qual to 0. The
model run time depends somewhat on the numberdifegtion values
calculated.
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Z - Direction = Enter the number afvalues desired (intervals), and the

minimum and maximum values pfised for plotting. This is mainly
used for producing-y-z or x-z contour plots. If only center-line plots
are needed, the number of z intervals can be detwith the min and
max value equal to 0. Note that0 corresponds to the plane of the
vertical no flow boundary for dispersion; this Itioa gives the
maximum concentration at a given x-y location. dilthe well water
concentration used in the cancer risk exposurgjiatéEquation 46)
averages the values betwegy andz .

Time = Enter the number aifme values desired (intervals), and the minimum

and maximum values ¢ifme used for plotting. The problem run time
is a linear function of the number tfne intervals specified, but this
has no effect on the concentration solution acgur&towever if
cancer risk calculations are being performed, ¥p@sure integral in
Equation 46 is computed numerically using the trap#al rule. In this
case sufficient time intervals are needed to atelyraompute the
integral. Considering a typical exposure perio@@fyears, a time
spacing of 2 or 3 years gives reasonable accurdoye also that the
minimum time should be either 0, or at least 30 ygaior to the time
of the first risk calculation. Time starts whee tANAPL spill occurs,
and the maximum number of time values is 100.
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Tutorials

Getting Started

REMCHhlor has a total of eight tutorials. It willtamatically load the files

required to run the tutorials. Users need to selegttutorial from the GUI, and
run the model from the drop-down menu “Model | Ru@nce the model has
run, the various output files are created. The RIEEMr graphics are accessed

by clicking “View Graphical Output”, which allow$¢ user to view
concentration, mass discharge, or cancer risk.plots

The graphics package in REMChlor is very flexitalad the plot formatting can

easily be changed by right clicking on the X-axisreaxes and selecting

Properties.

Properties E]|E| @

Scale

Step:

Minirnuirm:

FEormat;

Labelz
Angle:

B ainnan:

Decimals:

|.-'1'-.ut-:|

|.-’-'-.ut-:|

|.-’-'-.ut-:|

£ =

|Numl:ner ﬂ
[ Laogarithmic
Yertical j
[ Staggered

Gridines / Tickmarks
[v Show Gridlines

Tickrmark: | Outzide

Colaor: |

Style: |

Wweight: |

[ Interlaced

L] Lo e Lo

Colaor: |

K0

OE.

Cancel

apply
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Once a nice format for a particular plot has baeated, it can be saved using
the “file” command in the graph window. This fdlemmand can also be used
to open a previously saved graph format. The gfégdhhave extensions of
.cfx, and the old data in the graphs can be updatesimply clicking on a time
interval in the pane located to the left of thepdra The time selected in this
pane can be toggled to quickly see the behavitteosystem through time
(almost like an animation of the plots).
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Tutorial 1: One-Dimensional Reactive Transport of
PCE, TCE, DCE, and VC with 2 Reaction Zones, and
No Dispersion or Remediation (BIOCHLOR

Comparison)

This problem was described earlier in the REMCHlpalytical Mathematical
Model section. It involves a constant releaseisdalved PCE from the source
zone, at a concentration of 1 mg/I (0.001 g/l).e Bburce is made constant by
selecting Gamma=0. Dispersion is neglected by ngpil of the relevant
variables (Sigmav, alphay, and alphaz) very small.

Since this problem does not involve any changdékdglume decay rates with
time, the time values used to define Period 1 aatibR 2 in the plume decay
section are arbitrary.

The Distance From Source locations, however ar@itapt here, because this
example uses two reaction (redox) zones in spabés was specified by setting
X1 equal to 500 m. In this example, the valueoghlion X2 does not matter,
because the same decay rates are used in locaties 2 and 3. Note, however,
that the decay rates in Zone 1 and Zone 2 arerdiftdor each of the four
species.

After running this model, select “View Graphical put”. Then click “file-
Open Chart” in the plot window, and select the filgoriall.cfx”. Click on the
time 20 years to see a plot similar to Figure thanmathematical model section:

Concentration (ug/L)

1.00E+003

1.00E+002

1.00E+001

Concentration vs. Distance at Time = 20.000 Years

== PCE
TCE

== DCE
vC

110.1 230.1 350.1 470.1 590.1 710.1 830.1 950.1
Distance X (Meters)
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When you are done with a problem, you may choaose-¢fose project” to close
the project, and move to a different problem.

Tutorial 2: One-Dimensional Advection-Dispersion o f
a Non-Reactive Species

This problem was also described earlier in the RBMCANalytical
Mathematical Model section (Figure 10). It alsedives a constant release of
dissolved PCE from the source zone, at a concénirat 1 mg/l (0.001 g/l).

The source is made constant by selecting Gammardnsverse and vertical
dispersion are neglected by making variables algimalyalphaz very small. The
longitudinal dispersion is controlled by the vat@Bigmav, which is the
coefficient of variation of the velocity field (s&guation 38). This formulation
gives a scale-dependent dispersivity, with a disipity equal to ¥2(Sigma¥t)
times the mean travel distance.

The Sigmav value in this example of 0.44721 givemgitudinal dispersivity of
0.1 times the travel distance. This would be atergid a very high level of
dispersion. Because of the wide range of grounelwatlocities in this case,
vMin and vMax are chosen to be further from onel @Min is set to the
limiting value of 0. A value of 500 was used fbetnhumber of stream tubes in
order to produce a smooth solution. In most pcattases, this is not
necessary, and fewer stream tubes will producdia (kaut less smooth)
solution.

Decay of the plume in this example is ignored kirsg all of the plume decay
rates equal to 0. The time period and distanam Bource variables are
therefore arbitrary.

After running the problem, the formatted plot fitatorial2.cfx” can be opened.
At 20 years, the curve should look like:

(il n

1 00E+003 Concentration vs. Distance at Time = 20.000 Years

9.00E+002

8.00E+002

7.00E+002

6.00E+002

5.00E+002

4.00E+002

Concentration (pg/L)

3.00E+002

2.00E+002

1.00E+002

0.00E+000 nem—
301.508 615579 929.649 1243719 1557.789 1871.86 2185.93 2500
Distance X (Meters)
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Tutorial 3: Natural Attenuation of a TCA DNAPL
Source and Dissolved Plume

This is a more realistic application involving a03¢y release of 1,1,1-
trichloroethane (TCA) into an aquifer with a growader darcy velocity of 20
m/yr, and a porosity of 0.333. The source has dsioss ofY=10 m andZ=3 m
so the total flowrate through the source zone B®dper year. The source is
assumed to behave according to Equation (2), witkx@onent[” , of 2. This
type of source behavior tends to result in faidgid decreases in source
strength at early times, followed by extensivetgilat later times (Falta et al.,
2005a). The release was assumed to have occarfé&¥b, and the initial
source concentratiorlCf) was specified as 2 mg/l, leading to an initiairee
discharge of 1.2 kg of TCA per year.

The TCA is assumed to undergoe reductive dechloomao 1,1-DCA, but at a
slow rate of 0.8/yr. The 1,1-DCA also degrades,dban even slower rate of
0.2/yr. These rates would be representative e$ sithere the rate of natural
attenuation is weak (Aziz et al., 2002). Becabsedxample does not include
any variation of decay rates in space or timeofathe decay rates in the plume
reaction pane are set equal, and the time periddamne distances are arbitrary.
Alternatively, this model could be set up so witheay large Period 1 time, and
a very large Zone 1 distance. In that case, thdemmould only encounter the
lower left (Zone 1, Period 1) set of parent-daughgeaction rates. Note that
only a single daughter product is considered is $imulation, because the
second and third yield parameters (Yield 3 Frorm@ ‘dield 4 From 3) were set
to zero.

The compounds were assigned a retardation fact®dytbe longitudinal
dispersivity is equal to 0.005 times the travetatise (a Sigmav of 0.1), the
transverse dispersivity is 0.5 m, and the vertiigpersivity is 0.1m. Neither
TCA or 1,1-DCA are considered to be carcinogend,tha federal drinking
water standard for TCA is 200 ug/l (there is noefed standard for 1,1-DCA).
Since these are not carcinogens, the cancer risklaidons are not used, and all
of the slope factors are set equal to zero.

In this example, we have transverse and verticgeadsion, and we are going to
use external software (TECPL®%) to make 2-D contour plots using the
REMCHhlor output files. For this reason, we havecsfied 41 intervals in the y-
direction, with a Min Value of -60 m, and a Max Jalof 60 m. If we wanted

to make 3-D plots, we would also specify intenialthe z-direction. By
choosing z=0, we have selected the plane at thee(basop) of the DNAPL
zone, where it is assumed that there is no vedisglersion (dispersion occurs
in the other direction). This plane will alwaysntain higher concentrations that
planes with larger z values.

This model takes 15 seconds or more (dependingenlbck speed of your
computer’s CPU) to run because of the large nurabgyy,t values selected,
and because 100 streamtubes were used. Aftemgrenformatted
concentration plot may be created by opening teedtorial3.cfx in the plot
window. At atime of 30 years (the year 2005¢, ot should look like this:
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1.00E+004

1.00E+003

Concentration (ug/L)

1.00E+002

1.00E+001

250.075 380.062 510.049 640.036 770.023 900.01

== 1,1,1-TCA
1,1-DCA

Total Concentration

Distance X (Meters)

L

The default setting for these plots chooses thmeloenter-line, at y=0 and z=0;
however, any other value of y or z may be chosethi® plot using the Y and Z
tabs at the top of the plot selection pane.

Another useful type of plot is one of plume disg®past different x locations.
This is calculated in REMChlor, using the entirelthiand depth of the plume,
so the discharge (technically it is not a “flux’gshunits of kg of contaminant
mass passing the x location per year. It is ingurto realize that transverse
and vertical dispersion do not affect the flow diren discharge, because these
mass fluxes are perpendicular to the flow diregteord they do not destroy any
of the plume mass. Plume discharge plots aretseldxy choosing the “Mass
Discharge” just below the graph. A formatted filet (tutorial3_discharge.cfx)
is provided, and the discharge at 30 years shoolkl like this:
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e Mass Discharge vs. Distance at Time = 30.000 Years

o.2000

08000 -

0. 7ooo
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0.2000
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Two-dimensional contour plots can be produced ftioengraphical output
created by REMChlor either within the program, kkeraatively using an
outside application such as TECPLYT The file REMChlor.csv gives a
comma delimited output file with time, x,y,z, thedncentrations, and the total
concentration. The project file with the .out edi®n has the same information
in a space delimited TECPLO" format. This file also writes the input data,
and reports on a few other calculations. Thegsslof the file would be deleted
before loading into TECPLOY. The figure on the next page shows the
dissolved plume after 20, 30, and 100 years usBGALOT™. The figure on
the next page after that shows the REMChlor 2D @aniMap of the total
plume after 30 years.

In the absence of any type of remediation, thill ggiuld result in a plume that
stabilizes at about 400 m, and very slowly shriwks time. It is assumed for
the purpose of this example that the outer extetiteoplume is defined by a
combined TCA+1,1-DCA contour of 20 ug/l. This plumeersistent, because
the source is long-lived, and 30 years after thik §8% of the TCA mass
remains in the source. The plume is limited ireekbecause the outer contour
that defines the plume of 20 ug/l is only 100 tirteger than the source
concentration of 2 mg/l. Because this plume hsisible to slowly shrinking
configuration, it could be a candidate for monitbratural attenuation. On the
other hand, regulations or public pressure coujdire some actions to
permanently reduce the size of the plume, for exartgpa maximum extent of
150 m. This could potentially be achieved throeghne combination of source
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and plume remediation. These types of simulatamashown in the next two
tutorial examples.

100

= ) | N 1995

ctot: 20 50 100 200 500 1000

50

_ | | | I | | | I | | | I
19 200 200 600
oo W W

50 f— cto: 20 50 100 200 500 1000 2 O O 5
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_1 = | | | I | | | I | | | I
OOO 200 400 600
wo- W T B
5o ctot: 20 50 100 200 500 1000 2075
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%' REMChlor - [2D Contour]
YFiIe Model Help
REMChiar Project ]

= Praject; remchlor_tutaorial3
- Model Parameters
- Wfiew Model Results
- Wiew File Output
= Wiew Graphical Output
- Dutput vs. Distance
2D Contour

_ Select File to View
Right Click For File Options

discharge.cav
dizcharge. out
REMChlar.cav
remchior_tutorial3.inp
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Risk.csv
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SelectDataSet:

This contour map has been re-worked within REMChdadepict only the 20 to

i Concentrations

" Cancer Risk Factor

50 ug/L isopleths for the TCA/DCA plume at time & Bears.

Manual for REMChlor

Tutorials

55



Tutorial 4: Natural Attenuation of a TCA DNAPL
Source with Enhanced Plume Degradation

This tutorial example is identical to the previoagural attenuation case except
that we will now consider enhanced biodegradatiaih® TCA and DCA in the
dissolved plume. Here, the reductive dechlorimatibTCA and DCA has been
enhanced for the first 200 m over a 5 year peffimay 2005 to 2010 (years 30
to 35), so that the TCA decay rate increases fr@tyOto 3.2/yr, and the DCA
decay rate increases from 0.2/yr to 1.2/yr. Thidlustrated graphically using a
distance-time reaction zone plot (that correspaadse REMChlor plume
reaction matrix):

A

time 2010 Reductive

dechlorination

2005

19750 500 >

Distance from source, m

The enhanced degradation scheme shown above isrmepted in REMChlor

by first specifying the time-distance values fog tkeaction zones. The first time
period (Period 1) ends as soon as the enhancecplagradation begins, a time
of 30 years. The second period (Period 2) ends\whe enhanced degradation
ends, after 35 years. The first zone extends tr@DNAPL source, to a
downgradient distance (X1) of 200 m. An additionahe could be specified,
but it is not needed here.

The different plume decay rates as a function atepmnd time are entered into
REMChlor for each component using the matrix teanalogous to the figure
above.

The enhanced degradation rates would reflect a gatecbf plume attenuation
(Aziz et al., 2002), and this type of enhancemenia possibly be achieved
through the addition of an electron donor (Wiedamet al., 1999; Aziz et al.,
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2000; Alvarez and Illman, 2006). Using the proddaetorial4.cfx file, the
concentration profile at 36 years should look lifkis:

Concentration vs. Distance at Time = 36.000 Years
1.00E+004

_ 1.00E+003 ‘
=
—
()]
=
g == 1,1,1-TCA
-lé 1,1-DCA
‘E Total Concentration
[T]
O
c
o]
(&
1.00E+002
1.00E+001

140.086 290.071 440.056 590.041 740.026 890.011
Distance X (Meters)

%

A formatted mass discharge plot file is also ineldidh this folder
(tutorial4_discharge.cfx).

The plume remediation effort is clearly effectivereducing the plume size as
long as it is active. However, as shown on thd page, once the treatment
ends, the plume rebounds to nearly its origina.sif the plume treatment were
continued indefinitely, the plume would remain sinabwever.

Again, these contour plots can be constructed mwitie REMChlor application.
TECPLOT™was used for the figure here.
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Tutorial 5: TCA Source Remediation with Natural
Attenuation of the Plume

%/

This tutorial example is identical to Tutorial Xcept that a partial DNAPL
source remediation effort is modeled. This rem@mtiacould consist of
excavation, or some type of in-situ remediation ¢parging, steam flooding,
alcohol or surfactant flooding, for example). Asenable source remediation
goal would be the removal of 70% of the source m&¥ih the source model
given by Equation (2) with an exponerit | of two, removal of 70% of the
source mass leads to a reduction in the sourchatige of 91%. For this
example, we will assume that the source remediasikes place between 2005
and 2006 (years 30 and 31). The source mass/soomcentration plot for this
case is shown below:

Mass removed
by remediation
2005-2006

M/M,

—

The plume discharge initially has a valueGgf at the upper right-hand corner of
the graph. Over the first 30 years, the TCA sodissolves into the plume, so
the source mass and discharge are slowly redutled.source remediation in
2005-2006 removes 70% of the DNAPL mass, so theceauass and discharge
jumps to the new location on the curve, wherertams for the rest of the
simulation. During this later time, the source timunes to be depleted by
dissolution.

The source remediation in REMChlor was specifieayosing a value of 0.7
for the “Percent Removed Fraction” variable, a réiagon start time (T1) of 30
years, and a remediation end time (T2) of 31 yeREMChlor assumes a linear
removal of the source during this specified remaligperiod. A centerline
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plot of the plume concentration at 36 years (usiregtutorial5.cfx format)
should look like this:

e ——————y
Concentration vs. Distance at Time = 36.000 Years

1.00E+004
1.00E+003
—
-
~
(=2}
=
S
g == 1,1,1-TCA
% ww 1,1-DCA
..E w= Total Concentration
[}
(%)
=
3
1.00E+002 -
1.00E+001 n

140.086 290.071 440.056 590.041 740.026 890.011
Distance X (Meters)

Once the source is reduced, the plume splits wmbopiarts, because no effort
was made here to treat the plume. As shown icdhéour plots on the next
page, after a few years, the downstream part gblinae decays away, leaving
only a small plume located near the source. Tiglisplume then remains
stable and slowly shrinks over the next 100 yeaso
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This example is representative of a site thatiib/fenanageable. Although the
source is potentially long-lived, the ground watelocity is high, and the rate of
natural attenuation is low, the ratio of sourceaatration (2 mg/l) to the
acceptable regulatory concentration (assumed #0hey/l) is only 100. This
site could be much more difficult to manage if tté§o was a few orders of
magnitude larger, as is the case in the next exampl
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Tutorial 6: Natural Attenuation of a PCE DNAPL
Source and Dissolved Plume

This example involves a hypothetical 1975 reledsk680 kg of PCE DNAPL
into an aquifer with a groundwater darcy velocityl® m/yr, and a porosity of
0.333. The source has dimension¥®10 m andZ=3 m so the total flowrate
through the source zone is 308 per year. The source is assumed to behave
according to Equation (2), with an exponeht, of 1. This type of source
behavior gives an exponential decay of the sourmgsrand concentration with
time (Newell et al., 1996; Parker and Park, 2004y Znd Sykes, 2004; Newell
and Adamson, 2005). The initial source concemmnafCy) was 100 mgl/l,
leading to large initial source discharge of 3k CE per year.

Under natural plume conditions, it is assumed tthatP CE undergoes reductive
dechlorination to TCE and then DCE. It is furthssumed that the 50% of any
DCE that is degraded is converted to VC by redeatiechlorination, but the
remaining 50% is destroyed in other reactions deatot produce VC. This
change in the production of daughter product isutated by reducing the DCE
to VC yield coefficient by 50%. The backgroundariated ethylene
degradation rate coefficients of PCE=0.4/yr; TCES0yr, DCE= 0.1/yr, and
VC=0.2/yr would be representative of site condisiavhere the rate of
degradation is low, and natural attenuation is w¥diedemeier et al., 1999;
Aziz et al., 2002).

The compounds were assigned a retardation fact®ytbe longitudinal
dispersivity is equal to 0.005 times the travetatise, the transverse
dispersivity is 0.5 m, and the vertical dispersivé 0.1m. PCE, TCE, and VC
are considered to be carcinogens, and the carsésrare calculated using the
methods described earlier, with the California esincsk slope factors
(OEHHA, 2006) shown below:

Chemical Inhalation Slope Factor| Oral Slope Factor

(mg/kg-day) (mg/kg-day)*
Tetrachloroethylene (PCE) 0.021 0.540
Trichloroethylene (TCE) 0.007 0.013
Cis-1,2-Dichloroethylene (DCE) -not a carcinogen ot-a& carcinogen
Vinyl chloride (VC) 270 0.270

The federal drinking water standards for PCE, TOEE and VC are 5, 5, 70,
and 2 ug/l, respectively.

The REMChlor input for this problem is similar teet TCA natural attenuation
example (Tutorial 3), except that this problem ires more daughter products,
and the cancer risk calculations are importantnrig the problem, and using
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the formatted concentration plot file (tutorialéfthe concentration profile
along the plume centerline at 30 years should li@kthis:

Concentration vs. Distance at Time = 30.000 Years

100,000
10,000
—
-
—
2 100
S ]
p ’ == PCE
.‘g i == TCE
g ] == DCE
= .
g VC
c 100 -
o :
o .
10 -
.

280.009 600.007 920.005 1240.004 1560.002 1880.001
Distance X (Meters)

In the absence of any type of site remediatioss, ribiease would result in a large
plume that would not stabilize for more than 10@rge This can clearly be seen
by plotting the centerline concentrations at 108rye
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At earlier times, and at locations near the reletgeplume is dominated by
PCE and TCE. At later times, and at distancesatafurther from the source,
DCE and VC predominate. The plume continues tavgnothis example, even
as the source is being depleted by dissolutiorter/A0 years (2005), about 57%
of the PCE DNAPL remains in the source zone, ardithsolved plume is 550
m long. At 60 years (2035), the plume is aboutdldDlong, and 33% of the
source remains, and at 100 years (2075), the pisiaieout 1600 m long and
15% of the source remains.

The theoretical cancer risks that would result fmmtaminated well water are
shown can be plotted by selecting the Cancer Raskdf button below the
graph. A formatted plotting file for the risk gtafs included
(tutorial6_risk.cfx). The cancer risks posed by phume (along the centerline)
at 30 and 100 years should look like these:
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Cancer Risk Factor

Risk Factor vs. Distance at Time = 30.000 Years
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These risks are based on ingestion of contaminsdéelr, and inhalation of
vapors coming from the water in the house. Thestign and inhalation
exposure parameters were given earlier in the ticalynodel description
section. The risk shown here does not includecamgribution from direct
vapor transport from the plume through the vadase into the house, and in
some cases this could provide a substantial expasute as well (Johnson and
Ettinger, 1991; Johnson et al. 2002). The risk tie@ source is very high, and
is dominated by the PCE, due to its high conceintrand its high oral slope
factor (using the California value). Downgradiéoim the source, the risk
becomes dominated by the vinyl chloride due tsigsificant concentration and
its high oral and inhalation slope factors. Theedimes especially true at large
times. One hundred years after the release,ftarie cancer risk remains very
high near the source, and it exceeds a value dfdi0a distance of more than
1400 m.
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Tutorial 7: PCE Source Remediation with Natural
Attenuation of the Plume

This example is exactly like the previous tutogatept that it considers partial
source remediation. Using the source model, Eoud#l), with an exponent
() of one, the removal of some fraction of the seur@ss results in an equal
reduction in the source discharge. Therefore uacgoremediation effort that
removes 90% of the source would be expected taceethe downgradient
concentrations by a factor of 10. This REMChlgrihpage models a 90%
removal of the remaining PCE source between 200532806 (years 30 to 31).
Running the problem, and using the provided plgtformat file (tutorial7.cfx),
the plume centerline concentrations at 60 and Ea@syshould look like the
graphs below:

w

100000 Concentration vs. Distance at Time = 60.000 Years
10,000
O
E=)
=2 1,000
5 == PCE
s TCE
E == DCE
c
8 VC
c 100
o
o
10
.
280.009 600.007 920.005 1240.004 1560.002 1880.001
Distance X (Meters)
ir |
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Thirty years after the source remediation (sixtsrgetotal), the dissolved
concentrations between x=0 and about 400 m shenfaltl reduction.

However, ahead of about 500m, the plume is esdlgriiantical to the case
shown previously, where there was no remediatibims occurs of course,
because much of the contaminant mass was alrealg plume when the

source remediation was performed. A similar effegeen 70 years after source
remediation (one-hundred years total), where timeentrations at distances less
than about 1000 m show a tenfold decrease in coratem, while the

concentrations beyond about 1200 m are the saitte a®-remediation base
case.

The plume discharge shows a similar pattern ofegoln. Using the included
discharge plotting format file (tutorial7_dischargf&), the plume mass
discharge at 50 years (20 years after source rati@aiooks like:
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S Mass Discharge vs. Distance at Time = 50.000 Years
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This plot used a regular y-axis scale, which shthesorder of magnitude
reduction in plume discharge that results fromdarce remediation.
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The cancer risk along the plume centerline, udiegférmatted plot file
(tutorial7_risk.cfx) is shown below:

. %
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1 0E+000 Risk Factor vs. Distance at Time = 60.000 Years
. +
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©
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©
(&)

1.0E-004
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240.009 520.007 800.006 1080.005 1360.003 1640.002 1920
Distance X (Meters)

e e v

Thirty years after the start of remediation (2085¢tal time of 60 years), the
risk reduction due to source remediation aloness than a factor of 10, with
most of the reduction occurring near the sourckee fisk reduction in that case
decreases with increasing distance because a 8@x@asure period is used
(2005-2035), and downgradient concentrations arénmmediately affected by
source remediation. The downgradient risks araged more substantially with
the addition of plume remediation, which is showrhie next example.
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Tutorial 8: PCE Source Remediation with 2 Zone
Enhanced Plume Degradation Design

This final example builds on the previous tutoraid it adds plume remediation
to the source remediation. In the case of PCHtardhughter products, it is
known that PCE and TCE degradation may be enhahcedgh the addition of
electron donors such as hydrogen, lactate, or meéahat act to increase
reductive dechlorination (Weidemeier et al., 198&arez and lllman, 2006).
Depending on the site conditions though, it is fldeghat this treatment may
not proceed through DCE and VC to ethylene, siheg are somewhat less
effectively degraded by the reductive dechlorinmatioechanism (Weidemeier et
al., 1999; NRC, 2000; Alvarez and lliman, 2006) h&M this happens, the
process is said to “stall” at DCE, and this behahis been observed at several
field sites (McGuire et al., 2004). One strateugttcould be used in this
situation would be to create an enhanced aerolgadation zone downgradient
from the reductive dechlorination zone. This migatdone through air
sparging, or the injection of oxygen, 0zongQk or some other oxygen
releasing compound. This zone would then favoriv®bic degradation of
DCE and VC, although it would probably not furtliegrade any PCE or TCE
present (NRC, 2000; Weidemeier et al., 1999; Alzaned lllman, 2006).

The effects of a two-zone plume remediation effeas simulated using the
decay rates shown below.

Plumereaction type

Kpce, Uyr | Kycg, Uyr Kpce, Uyr Kve, yr

Natural Attenuation reaction zones 0.4 0.15 0.1 2 0.

Enhanced Reductive Dechlorination, 1.4 15 0.2 0.2

reaction zone

Enhanced Aerobic Degradation, 0.4 0.15 3.5 3.6

reaction zone

Example:
A
Natural Natural Natural
attenuation attenuation] attenuation
2025 Reductive Aerobic Natural
dechlorination jdegradation] attenuation
2005
Natural Natural Natural
attenuation attenuation attenuation
1975 >

0 400 700
Distance from source, m

Manual for REMChlor

Tutorials e« 71



The enhanced plume remediation begins at the sameat the source
remediation, 2005, and it continues until 2025 e Téductive dechlorination
zone is active for the first 400 m, and it worksapidly degrade PCE and TCE,
but not DCE or VC. The aerobic degradation zortereds from 400 to 700 m,
and it rapidly degrades the PCE and VC, but not BCECE. These zones in
space and time were defined in the REMChlor pluewag window, and the
rates for each of the 4 components must be included

The the centerline concentrations resulting froim tombined effort are after
50 and 100 years (years 2025 and 2075) shouldlikekhis:
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Immediately following the plume treatment (2025 effects of the different
reaction zones are clearly seen. Both the PCEH@tticoncentrations drop
very rapidly over the first 200 m due to their ieased decay rates. The DCE
and VC, however increase in this zone becauseweey assumed not to
degrade effectively under the strong reducing dosrd present in this zone.
The DCE and VC concentrations drop very quicklyhi@ downgradient reaction
zone, which begins at=400 m. A small amount of TCE and DCE are located
beyond the end of this aerobic treatment zonetaltige fact that this TCE was
already out of the reductive dehalogenation zonentthe plume treatment
started in 2005.

The plume begins to rebound some following the @ureatment, but the
concentrations are consistently lower throughoetlume than they were in the
case without remediation. Seventy years aftestht of remediation (a total
time of 100 years), the first 700 m of the plumieetaon the configuration of the
previous case with only source remediation. Thiggens because the part of
the plume that was treated from 2005 to 2025 hes barried an average of 750
m downgradient by advection. Ahead of this loaatihe plume concentrations
are much lower than they were in the case withcremediation alone.

The effects of the source and plume remediatiooamter risk in 2035 and
2075 (60 and 100 years total time) are shown belsimg the formatted plot
file (tutorial8_risk.cfx).

Risk Factor vs. Distance at Time = 60.000 Years
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1. 0E+000 Risk Factor vs. Distance at Time = 100.000 Years
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Seventy years after the start of remediation (26&5, 100 years total), the
cancer risks (for an exposure period of 2045-2@ré)an order of magnitude or
more lower throughout the plume for the case oflwioed source and plume
remediation. Whether this would be an acceptabkefor uncontrolled use of
this water would depend on what risk was considacegptable. If the
acceptable lifetime cancer risk was*1€hen the remediation effort would in
effect reduce the plume from a length of 1200 ra tength of 250 m. In other
words, with the combined remediation scheme, adiwld using well water
beginning in 2045 fromt>250m would never experience an excess cancer risk
greater that 1, whereas that minimum distance would be 1200 rhowit any
remediation.

These PCE examples are much more difficult to manlaan the earlier TCA
cases for several reasons. First, the source ntratien was very high
compared to allowable regulatory levels, a rati@@{000:1. Second, the source
discharge was high relative to the natural attéanatte, so the plume did not
stabilize in a reasonable time-frame. Finally, dieeay reaction produced
daughter products that were as hazardous or eves imaagardous than the
parent compounds. Sites with these characteristeetikely to require either
perpetual plume remediation, or else some comioinaif source and plume
remediation.
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