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ABSTRACT

This guide provides strategies for focusing remediation efforts on 1) the change in contaminant
mass flux* in different subsurface transport compartments (e.g. the vadose zone, smear zone or a
zone within an aquifer of interest) and 2) the change in remediation timeframe.

In this approach, groundwater flow and contaminant concentration data are combined to estimate
the rate of contaminant mass transfer past user-selected transects across a contaminant plume.
The method provides the user with a means to estimate the baseline mass flux and remediation
timeframe for various transport compartments and then evaluate how different remedies reduce
the mass flux and the remediation timeframe in each transport compartment.

Results from one or more transects can be used to evaluate:

o Potential water quality impacts on downgradient water supply wells.

e The natural attenuation of the contaminant mass with distance downgradient of the
source.

o The relative benefits of remedies based on their anticipated reductions in mass flux from
the source to the receptor.

In addition to step-by-step instructions for the strategies, several utilities are provided including:

o Worksheets for estimating baseline mass flux and remediation timeframe and evaluating
potential remedies.
Tools for calculating mass flux.

e Resources on estimating remediation lifetime and evaluating remedy flux reduction /
mass removal factors.

e Tools for evaluating how long it takes for an upgradient remedial action to affect a
downgradient groundwater transect zone.

! Strictly speaking, mass discharge
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1.0 INTRODUCTION - MASS FLUX APPROACH

Potential impacts on groundwater receptors and the need for and relative benefits of alternative remedial
measures may be evaluated on the basis of the mass flux of contaminants from the source zone to the
receptor. This mass-based approach to site assessment and remediation has been described by various
researchers (Einarson & Mackay, 2001a,b; Gallagher et al, 1995) and identified by USEPA as a key
consideration in the evaluation of natural attenuation remedies (USEPA, 1998).

Under this approach, groundwater flow and contaminant concentration data are combined to estimate the
rate of contaminant mass transfer (e.g., grams per day) past selected transects through an affected
groundwater plume. Strictly speaking, this is a mass discharge rate; however the term “mass flux” is
typically used to describe mass discharge, and this convention will be used in this document.

Results from one or more such transects can then be used to evaluate: i) potential water quality impacts on
downgradient supply wells (as determined from a mass balance analysis of the supply well pumping rate), ii)
the natural attenuation of the contaminant mass with distance downgradient of the source (as defined by the
reduction in mass flux between transects), and iii) the relative benefits of alternative remedies (based on
their anticipated reductions in mass flux from source to receptor).

The Environmental Protection Agency's Natural Attenuation Seminar (USEPA, 1998) summarized the
benefits of the mass flux approach to evaluate groundwater impacts:

"The reduction in the flux along the flowpath is the best estimate of natural attenuation of
the plume as a whole."

"The flux is the best estimate of the amount of contaminant leaving the source area. This
information would be needed to scale an active remedy if necessary."

"Flux estimate across the boundary to a receptor is the best estimate of loading to a
receptor."”

Pankow and Cherry (1996) state that:

"Therefore, the ultimate impact of plumes emanating from solvent DNAPL source zones can
be evaluated in terms of the impact of relatively small annual mass fluxes to the receptor
such as water-supply wells or surface waters. In some cases, the fluxes present significant
risk to human health and/or the environment, and extensive remedial action is warranted. In
other cases, the fluxes are insignificant, and remedial action would provide little or no
actual environmental risk reduction."

In summary, the use of a mass flux approach is a powerful tool for risk management (Einarson and Mackay,
2001a), one that can be used to identify high-risk sites that require higher degrees of site investigation and
corrective action. This is particularly true for MTBE, as it is attenuated less in the subsurface than other
plume constituents from fuel releases at many sites.

1.1 Transport Compartments

Several researchers have identified how remediation efforts can focus on individual components of a release
site. For example, Gallagher, et al. (1995) developed a "Mass-Based Corrective Action" approach where
the masses in different "compartments” (soil, smear zone, and dissolved plume) were estimated and the
cost per pound to remediate these masses was estimated. The concept of different transport compartments
is well suited for the mass flux approach, and the conceptual remediation framework described in this
document is based on evaluating the vadose zone, smear zone, and several "transect zones" in the
dissolved plume.
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1.2 Mass Flux and Remediation Timeframe

A logical extension of the mass flux approach is to use mass flux estimates with approximations of source
masses to derive order-of-magnitude estimates of remediation timeframe. With this approach, remediation
efforts can focus on the change in two key process variables:

1) The change in mass flux in different transport compartments;
2) The change in remediation timeframe.

Although estimating remediation timeframe involves considerable uncertainty, relative changes in
remediation timeframe can be performed with some degree of accuracy. The conceptual remediation
framework described in this document discusses methods to estimate source masses and remediation
timeframes in different transport compartments.

1.3 Structure of This Document

This document expands on a mass flux framework originally proposed by Einarson and MacKay (2001a)
and provides tools for evaluating mass flux at affected sites. While the framework can be used for any
constituent, it was originally developed with a focus on MTBE releases from petroleum release sites.

This expanded mass flux framework consists of the following elements:

B Groundwater Remediation Process Flowchart (Section 2, Figure 1);
B Baseline Mass Flux and Remediation Timeframe Tool (Section 2, Worksheet 1);

Remediation Evaluation Tool Using Mass Flux and Remediation Timeframe
(Section 2, Worksheet 2);

Mass Flux Calculation Tools (Section 3);
Remediation Timeframe Tools (Section 4);
Resources for Evaluating Mass Flux and Mass Reduction Factors (Section 5);

Tools for Evaluating Changes in Groundwater Mass Flux after Remediation (Section 6 and
Appendix A); and

Method Examples (Appendix B).

1.4 Key Definitions

Action Level: Typically a concentration-based standard in either groundwater, water being extracted from
a water-supply well, or a surface water quality standard.

Blending: The mixing and dilution of mass flux in either: i) a water supply well that pumps both clean
water and groundwater containing a site constituent; or ii) a stream that mixes constituents in groundwater
with clean surface water.

Control Point: Under a mass flux-based approach, the point where the mass flux of the constituent is to
be managed. Examples include the intake of a well downgradient of a plume, or at the discharge point to a
surface water body.

Flow Area: The segmented area associated with a specific concentration measurement over which an
individual mass flux estimate is calculated.

Groundwater Transect Zone: The zone between two groundwater transects drawn across the
dissolved constituent plume.

Mass Flux: The mass per time moving across a control area in a transport compartment in units of mass
per time. This is also called the mass flowrate or the mass discharge rate. Note that some researchers
refer to mass flux in units of mass per area per time. For this document, mass flux is used in a more general
manner to mean mass per time crossing a transect. In this document, mass flux is represented by the
symbol w.
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Source Zone: The zone that includes both the affected soils in the vadose zone and the smear zone.

Transport Compartment: Either the vadose zone, smear zone, or a transect zone that has a constituent
mass flux associated with it.

Variables Used in Worksheets 1 and 2: Variables used in Worksheets 1 and 2 take the form:
A B¢

Where:
e Aindicates the parameter represented, either the mass flux (w), the timeframe (t), the flux
reduction factor (rw), or the concentration (C);

e B indicates the chronology of the parameter, indicating its occurrence either before remediation, as
a baseline (b), or after remediation (ar); and

e Cindicates the transport compartment, occurring at the vadose zone (vd), the smear zone (sm),
the total source zone (ts), at one of four groundwater transects (gw-1, gw-2, gw-3, and gw-4),
at the control point (cp), or at the point-of-use (pou).
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2.0 GENERAL GROUNDWATER REMEDIATION PROCESS
(FLOWCHART 1)

This groundwater remediation process works by estimating the baseline mass flux and remediation
timeframe for various transport compartments, and then evaluating how different remedies reduce the mass
flux and remediation timeframe in each transport compartment. The effects of an upgradient remedial action
(such as remediating the vadose zone) on downgradient transport compartments is also considered. The
general remediation process is shown in Figure 1.

2.1 Preliminary and Detailed Site Characterization

First, a preliminary site assessment is performed. If an action level is exceeded, then a detailed site
assessment is conducted. It is recommended that characterization of MTBE sites be conducted using the
methods presented in "Strategies for Characterizing Subsurface Releases of Gasoline Containing MTBE”
(Nichols et al., 2000) (see box below). This document provides instructions on how to use risk-based
decision making in the site characterization process.

Excerpt from "Strategies for Characterizing Subsurface Releases of Gasoline Containing

MTBE" (Nichols et al., 2000, www.api.org):

Risk-informed decision making is a manage-
ment strategy that adds exposure and risk
considerations to the traditional technical, so-
cial, and economic components of the correc-
tive action process. The risk-informed ap-
proach presented in this bulletin uses site-
specific risk factors to help determine the
appropriate level of assessment at oxygenate
release sites. It includes a review of the
various risk factors associated with oxygenate
sources, pathways, and receptors. Based on
these factors, three levels of assessment are
recognized. The standard level is appropriate
for the greatest number of sites: it includes
moderate sample spacing with some vertical
characterization, as well as horizontal charac-
terization. The limited level is appropriate at
sites with fewer risk factors: it includes
relatively large sample spacing with emphasis
on horizontal characterization. The detailed
level is warranted for sites with the most risk
factors: it requires the highest level of effort
for each characterization task, with relatively
close sample spacing, and extensive vertical
characterization of chemical concentrations
and hydraulic properties.

The appropriate level of assessment is
initially determined based on receptor infor-
mation, since receptor data are typically

easier to obtain than source or pathway data.

Detailed information about receptors can nor-
mally be obtained from a survey of nearby
wells and land uses. Receptor characterization
should consider current uses and probable
future uses of affected groundwater. Once
receptors are characterized and an initial level
of effort is established, a subsurface investiga-
tion may then be conducted to obtain detailed
information about sources and pathways. The
source and pathway data should be carefully
reviewed as it is collected, and the level of
assessment should be "upgraded" or "down-
graded" accordingly. This bulletin includes a
detailed overview of the tools and techniques
used in the field for source and pathway
characterization and subsequent monitoring at
oxygenate release sites. Since traditional
assessment approaches have been addressed
in previous API publications, this bulletin
focuses on newer technologies that allow rapid
collection and field analysis of soil, soil-gas,
and groundwater samples. The bulletin in-
cludes a review of the expedited site assess-
ment process, which is particularly well suited
for oxygenate assessment. It also provides a
comprehensive guide to modern direct-push
assessment and monitoring tools, with empha-
sis on their proper use at MTBE-affected sites.
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Conduct Preliminary Site Assessment

Measure constituent concentration in GW.
Compare to applicable action level.

Conduct Detailed Site Assessment

Characterize constituent plume concentrations, GW
transport mechanisms, receptor locations, etc., as
needed to evaluate remediation requirements.

Evaluate Baseline Mass Flux and i
Baseline Remediation Timeframe see Section 2and
Worksheet 1

Calculate baseline constituent mass flux leaving
these compartments:
» Vadose zone-to-GW (optional)
* Smear zone-to-GW (optional) —t— see Section 3
* Total Source-to-Transect Area 1
 Transect Area 1-to-Transect Area 2
» Transect Area 2-to-Transect Area 3 V
» Transect Area 3-to-Transect Area 4

Estimate constituent remediation timeframe for
these compartments: i
» Vadose zone (optional) ——— See Section 4
* Smear zone (optional)
« Transect Area 1
* Transect Area 2
» Transect Area 3
» Transect Area 4

Is Mass NO
Flux significant
or of >
concern?

YES
Evaluate Impact of Remediation on Mass see Section 2 and
Worksheet 2

Flux and Remediation Timeframe

Calculate After-Remediation constituent mass flux
leaving these compartments using mass flux reduc-
tion factors:

- Vadose zone-to-GW (optional) see Section 5
* Smear zone-to-GW (optional) V
« Total Source-to-Transect Area 1

» Transect Area 1-to-Transect Area 2

Transect Area 2-to-Transect Area 3
Transect Area 3-to-Transect Area 4
Estimate After-Remediation constituent remedia-
tion timeframe for these compartments using
mass reduction factors: )
« Vadose zone (optional) —|— see Section 5
* Smear zone (optional)
» Transect Area 1
* Transect Area 2 .
« Transect Area 3 see Section 6

Transect Area 4

Repeat this process for several remedial '
alternatives, and compare based on reduction in

mass flux, reduction in remediation timeframe, .

reliability, cost, and other factors. No Further Action Req'd

Select Optimal
Remedial Appoach

Figure 1. Groundwater Remediation Process Flowchart
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2.2 Baseline Mass Flux and Remediation Timeframe Evaluation Tool (Worksheet 1)

This strategy is founded upon an analysis of constituent mass fluxes and remediation timeframes.

Baseline Mass Flux - Worksheet 1

For the baseline mass flux calculations (MFB), perform the following five steps and fill out Worksheet 1:

Step MFB-1. Calculate the Baseline Vadose Zone to Groundwater Mass Flux (w_byq)
(Optional)

Using the methods and equations presented in Section 3, estimate the mass flux of the constituent
leaving the vadose zone. Two main processes are typically considered: i) constituent leaving the

vadose zone in recharge to water, and ii) constituent entering the groundwater via the diffusion of

vapors.

Step MFB-2. Calculate the Baseline Total Source to Groundwater Mass Flux (w_b:s)

Using the methods and equations presented in Section 3, estimate the mass flux of the constituent
leaving the entire source zone (vadose zone plus smear zone). This is typically performed using
data from the closest transect of monitoring wells located downgradient of the source zone.

Step MFB-3. Calculate the Baseline Smear Zone to Groundwater Mass Flux (w_bsm)
(Optional)

In most cases, the Smear Zone to Groundwater Mass Flux (w_bsm) is calculated by subtracting
the Baseline Vadose Zone to groundwater mass flux (w_byq) from the Baseline Total Source to
Groundwater Mass Flux (w_bs), or

W_bsm = W_bts = W_b\/d

Step MFB-4. Calculate the Transect Zone Mass Fluxes (W_bgw-1 t0 W_bgw-4)

Using the methods and equations presented in Section 3, estimate the mass flux of the constituent
leaving the first transect zone (w_bgw-1)(the portion of the constituent plume that extends from the
source zone transect; i.e., the transect used to calculate the Total Source to Groundwater flux and
the next downgradient transect line).

This step is repeated for each successive downgradient Transect Zone. Although Worksheet 1
only allows a maximum of 4 Transect Zones, more can be used for an individual site by tallying the
results on a separate page.

Step MFB-5. Calculate the Baseline Control Point Concentration (C_bcp)

Using the methods and equations presented in Section 3, determine the concentration at the
control point due to blending. When an extraction well is the control point, this concentration is
equal to the mass flux divided by the pumping rate of the well. When a stream is the control point,
this concentration is equal to the mass flux divided by a representative low flow flowrate of the
stream.
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Baseline Natural Attenuation Timeframe - Worksheet 1

For the baseline remediation timeframe calculations (RTB), perform the following four steps and fill out
Worksheet 1:

Step RTB-1. Estimate the Vadose Zone Natural Attenuation Timeframe (t_byq) (Optional)

Using the methods and equations presented in Section 4, estimate how long the constituent source
will persist if no active remediation is performed.

Step RTB-2. Estimate the Smear Zone Natural Attenuation Timeframe (t_bsm) (Optional)

Using the methods and equations presented in Section 4, estimate how long the constituent in the
smear zone will persist if no active remediation is performed.

Step RTB-3. Estimate the Total Source Zone Natural Attenuation Timeframe (t_b:s) (Optional)

Use the maximum value for t_byg and t_bsm.

Step RTB-4. Calculate the Transect Zone Natural Attenuation Timeframe
(t_bgw-1 through t_bgw-4)

Estimate the travel time from the source to the transect (divide distance from source to transect by
seepage velocity and retardation factor) and add this number to the total source natural attenuation
timeframe (t_b:s) estimated in Step RTB-3. This will provide an order-of-magnitude approximation
for how long natural attenuation alone could remediate the transect zones.

2.3 Remedy Evaluation Tool Using Mass Flux and Remediation Timeframe (Worksheet 2)

The remedy evaluation tool provides a framework for evaluating how a remedial action will reduce the mass
flux at the control point, and how the remediation timeframe will be affected. A different Remedy Evaluation
Tool (Worksheet 2) should be completed for every remedial alternative being considered. Successful
remedial alternatives (i.e., ones that meet the required reduction in mass flux and remediation timeframe)
should be compared against each other based on cost, reliability, and other factors to select the best
remedial approach.

After-Remediation Mass Flux - Worksheet 2

For the after-remediation mass flux calculations (MFAR), perform the following five steps and fill out
Worksheet 2:
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Step MFAR-1. Calculate the After-Remediation Vadose Zone to Groundwater Mass Flux
(w_aryq) (Optional)

Using the resources referenced in Section 5, estimate the Flux Reduction Factor for the Vadose
Zone (rwyg) that the proposed remedial alternative will achieve. For example, if soil vapor
extraction (SVE) is being considered in a coarse sand, then a 90% reduction in the vadose zone
MTBE mass flux could be expected (so that rwyq = 0.1). However, if the remedial alternative is
pump-and-treat, then the Flux Reduction Factor for the Vadose Zone would be 1.0 (no change).
Flux reduction factors should reflect what can be achieved in a reasonable timeframe, such as
1-5 years.

Step MFAR-2. Calculate the After-Remediation Smear Zone to Groundwater Mass Flux
(w_arsm) (Optional)

Using the resources referenced in Section 5, estimate the Flux Reduction Factor for the Smear
Zone (rwsm) that the proposed remedial alternative will achieve. For example, if LNAPL skimming
is being considered, then a significant reduction in the smear zone mass flux would be used (such
as rwsm = 0.50 if the hydrogeologic conditions are appropriate for LNAPL skimming). However, if
the remedial alternative is pump-and-treat in a low permeability water-bearing unit, then little
reduction might be anticipated (such as rwsm = 0.90). Flux reduction factors should reflect what can
be achieved in a reasonable timeframe, such as 1-5 years.

Step MFAR-3. Calculate the After-Remediation Flux Reduction Factor for the Total Source
Zone to Groundwater Mass Compartment (rwis)

Add the after-remediation flux for the vadose zone (w_aryg) and the after-remediation flux for the
smear zone (w_arsm) to get the after remediation flux for the total source-to-gw compartment
(w_ars). Then divide w_ars by the baseline total source-to-gw flux (w_bys) to get the total source-
to-gw flux reduction factor (rwis). This flux reduction factor should reflect what can be achieved by
remediation in a reasonable timeframe, such as 1-5 years.

Step MFAR-4. Calculate the After-Remediation Transect Zone Mass Fluxes
(W_argw-1 to W_argw-a)

Using the resources referenced in Section 5, estimate the Flux Reduction Factor for the Transect
Zones (rwgw-1 to rwgw-s) that the proposed remedial alternative will achieve. Note that the flux
reduction factors are cumulative; in other words upstream flux reduction factors are reflected in
downgradient flux reduction factors by multiplying them together. The goal is to get the ultimate
reduction in flux.

Step MFAR-5. Calculate the Baseline Control Point Concentration (C_arcp)

Using the resources referenced in Section 5, determine the Control Point Flux Reduction Factor
(rwpou) from any point-of-use remediation technology. Multiply this factor (if present) with all other
Mass Flux reduction factors (w_aris and w_argw-1 t0 W_argw.4) to get the after-remediation mass flux
to the well, and then divide by the control point flowrate to get the after-remediation control point
concentration.
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After-Remediation Remediation Timeframe - Worksheet 2

To evaluate the after-remediation remediation timeframe (RTAR) that the remedial technology is likely to
achieve, perform the four following steps:

Step RTAR-1. Calculate the After-Remediation Vadose Zone Remediation Timeframe (t_aryq)
(Optional)

Using the resources referenced in Section 5, estimate how long the source will persist if active
remediation is performed.

Step RTAR-2. Calculate the After-Remediation Smear Zone Remediation Timeframe (t_arsm)
(Optional)

Using the resources referenced in Section 5, estimate how long the smear zone will persist if active
remediation is performed.

Step RTAR-3. Select Mass Flux Curve in Appendix A That Best Represents Source
(Optional)

Using the results from Steps RTAR-1 and RTAR-2, choose either a decaying source or a step-
function source that best represents the mass flux from the source during and after remediation.
Refer to Section 6 and Appendix A from more information on how to make this selection.

Step RTAR-4. Estimate the Transect Zone Remediation Timeframes (t_argw-1 to t_argw-4)

Using the curve selected in Step RTAR-3, estimate how long it will take to remediate each
transect zone.

When Worksheet 2 is completed, review the following information:

1. The after-remediation concentration at the control point (C_arcp) (See Step MFAR-5);
2. How long it will take to remediate each compartment (Steps RTAR-1 through RTAR-4).

Based on these factors, determine if a particular remediation alternative provides acceptable performance.
If so, evaluate cost, implementability, and other factors to determine if the remediation alternative should be
applied at the site.
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3.0 TOOLS FOR CALCULATING MASS FLUX

The following pages contain sheets summarizing the major methods that can be used to calculate mass
fluxes. These tools are provided:

Section 3.1:  Groundwater Mass Flux Calculation - Transect Method

Section 3.2:  Groundwater Mass Flux Calculation - Solute Transport Model Method
Section 3.3:  Groundwater Mass Flux Calculation - Extraction Well Method
Section 3.4:  Control Point Concentration Calculation

Section 3.5:  Vadose Zone to Groundwater Mass Flux Calculation

3.1 Groundwater Mass Flux Calculation - Transect Method

Transect Method — Summaryj

FLUX TERM GROUNDWATER MASS FLUX — TRANSECT METHOD
Equation _N\oi=n

w=> " CGACF

W= total mass flux from source zone (g/day) (also called mass discharge)
Input Data Ci = concentration of constituent at individual measurement point

in transect (mg/L)

g = specific discharge (also called Darcy velocity) through flow area associated with an
individual measurement i (cm/sec). g; can be calculated using:
g, = K-  where
K = hydraulic conductivity (cm/sec)
i = hydraulic gradient (cm/cm)
A = area associated with an individual measurement (ft%)
CF = conversion factor = 80.3 (ft/cm)/(sec/day)(L/ft>)(g/mg)
Typical Input Ci = 0.001 mg/L to 10,000 mg/L (for MTBE)
Values K (Clays) = <1x106 cmss
K (Silts) = 1x10® to 1x10"3 cmi/sec
K (Silty sands) = 1x107 to 1x10°3 cmisec
K (Clean sands) = 1x1073 to 1 cmi/sec
K (Gravel) = >1cm/sec
i = 0.0001 to 0.01 ft/ft
A = 100 to 100,000 ft’
How to Calculate / Example]

Estimation of mass flux across one or more transects through an affected groundwater plume involves the
following principal steps:

1. Characterize Plume Concentrations: For each selected plume transect, sufficient groundwater
sampling points must be available to define i) the full width and thickness of the plume and ii) the
distribution of contaminant concentrations within the plume. Either single-level or multilevel groundwater
monitoring points may be used for this purpose. Multilevel monitoring points can provide a more
detailed three-dimensional characterization of contaminant concentrations in groundwater. However,
single-level groundwater monitoring networks, while less accurate than multi-level networks, can still
provide sufficient accuracy to support a mass flux analysis at many sites.

10
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(NOTE: an alternative method is to use the concentrations from contour lines as measurement points.
The locations where the transect intersects contour lines from plume maps can be used to construct
flow areas for the mass flux calculations).

2. Characterize Groundwater Flow: To characterize the specific discharge (q) across each plume
transect, representative measurements are required for both the hydraulic flow gradient (i) and the
hydraulic conductivity (K) of the flow system (where q = K x i). The groundwater flow direction and
hydraulic gradient for each segment of a transect line can be determined from a potentiometric surface
contour map based on static water level measurements of available sampling points. Representative
measurements of the hydraulic conductivity of the groundwater-bearing unit should be obtained at one
or more locations, using appropriate slug test or pumping test methods.

3. Select Plume Transects: To characterize mass flux, transects should be located at points where
sufficient data are available to define affected groundwater concentrations and specific discharge, as
defined in Steps 1 and 2 above. For two-dimensional data (i.e., from single-screen monitoring wells),
the transect will represent a line extending across the full width of the plume, perpendicular to the
direction of groundwater flow (see Figures 2 and 3). For uniform flow fields, this transect will be a
straight line, but, for converging or diverging flowlines, the transect will be curvilinear in shape. For
three-dimensional data (i.e., from multilevel monitoring wells), the transect line will represent a vertical
plane through the groundwater plume, positioned perpendicular to groundwater flow (see Figures 4
and 5).

1 Transect Transect Transect Transect i

ot SCALE (ft)
<01 Z 7 . [ —
A A Ay B
LEGEND
— D — iSoptoth o)
Figure 2. Example Transects through 2-D Plume Contour Map, Dover AFB, Delaware
(Adapted from: Einarson, 2001)
Transect 1: Intersection with Contour Lines
S-SW oo o o o o ® s @ o  N-NE
Concentrations (mg/L) 0. 1_1 2___5 10 15 10 v 5 2 1 0.1
for contour fines 1 711 11711 1 ] | 1 1
Geometric | 1 | I 1 11 [ | | | |
conT:nEtlrr:ttion 0_31'1.4' 3.2 I?1I122If4 122‘ 7.1 I 32 I 1.4 I 0.31 I
betveen 0 1| 1 111~ | | | |
contour lines || 1 1 | 1 11 I | 1 | |
A B I 1 11 [ I | I |
I 11 I 1 11 [ I 1 I |
111 11 11 I I | I |
7AW S 3 A O 3 I O 3 SN i 3N 3F W I 3 I 3 3 3 i i
My= Z CAq;~ 630 grams/day

Figure 3. Concentration Profile for 2-D Transect No. 1 Based on Concentration Contours Shown in Figure 2
(Adapted from: Einarson, 2001)
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Transect 1 Transect 2 Transect 3

]

Figure 4. Example Transects through 3-D Plume Delineation
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Figure 5. MTBE Concentration Profile for 3-D Transect No. 1 Shown in Figure 4
(Adapted from: Einarson, 2001)

4. Subdivide Transects Into Subareas: Each transect should be divided into subareas. Typically, each
subarea represents a different concentration value. Two methods are commonly applied. For Method
1, subareas are divided to represent the area between concentration isopleths on a contour map of the
plume. The concentration is assumed to be the geometric mean of the two contour values. For Method
2, sufficient monitoring points are located directly on the transect to construct transect subareas. The
dividing line between subareas is typically halfway between the measurement points. In some cases, a
combination of Method 1 and Method 2 can be applied. For three-dimensional transects, the transect
plume should be subdivided into polygons bounded by contour data (Method 1) or centered on available
measuring points (Method 2) (See Figures 4 and 5 for an example of Method 2).

5. Calculate Cumulative Mass Flux Across Transect: The total contaminant mass flux across the
transect is calculated as follows:

w =2 "'CqACF
where:
w = total mass flux from source zone (g/day) (also called mass discharge)
Ci= concentration of constituent at flow area in transect (mg/L)
gi= specific discharge (also called Darcy velocity) through flow area associated with an

individual constituent measurement i (cm/sec). @i can be calculated using:

12
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g, =K-i where:

K = hydraulic conductivity (cm/sec)

i = hydraulic gradient (cm/cm)

A = Flow area associated with an individual constituent measurement (ftz)
CF = conversion factor = 80.3 (ft/cm)/(sec/day)(L/ft3)(g/mg)

For the two dimensional example, mass flux is calculated as:

Width of Thickness of
Ci [°f Transect Transect A Wi
(mg/L) (cm/sec) (ft) (ft) (ft? (g/day)
1 0.31 5.00E-05 8 15 120 0.15
2 14 5.00E-05 5 15 75 0.42
3 3.2 5.00E-05 10 15 150 1.93
4 7.1 5.00E-05 8 15 120 3.42
5 12.2 5.00E-05 9 15 135 6.61
6 15 5.00E-05 4 15 60 3.61
7 12.2 5.00E-05 9 15 135 6.61
8 7.1 5.00E-05 19 15 285 8.12
9 3.3 5.00E-05 14 15 210 2.70
10 1.4 5.00E-05 10 15 150 0.84
11 0.31 5.00E-05 19 15 285 0.35
TOTAL 34.8
Table 1. Mass Flux Calculation for 2-D Transect No. 1 (see Figure 3)
(assumes K = 0.1 cm/sec, i = 0.005 ft/ft). (Adapted from: Einarson, 2001)
S PZ-14 PZ-13 PZ-12 PZ-11 PZ-10 PZ-9 PZ-8 PZ-7 PZ-6 PZ-5 N
0
T | | | | | | | | |
5 74 5
= 37 0 80 129,200 2 580 a a o a 10
@ 204 2246 | 42490 | 241,700 | 96430 376 0 0 15 0
ém- 11,100 | 34860 | 61,980 | 210,100 | 94430 0 0 0 9 /I T
0 145 2805 | 17,280 | 31,430 593 0 0 27 0 0
[a]
P 120 476 2,556 186 0 25 83 o |
573 107 156 2,409 153 34 42 43 852
on- 469 237 324 0 85 0 8 0 18 31 |Log
0 10
N —
. HORIZ SCALE (FT)
M, = Z C,Ayq; ~ 40 grams/day

Figure 6. MTBE Concentration and Area for Each Polygon of Transect
(see Figures 4 and 5)(Adapted from: Einarson, 2001)

3.2 Groundwater Mass Flux Calculation - Solute Transport Model Method

A solute transport model can be used to estimate mass flux in groundwater. In some models, mass flux is
presented directly on the output screens (e.g., BIOSCREEN, BIOCHLOR). Other models (e.g., numerical
models) can provide either flow or concentrations, or both, but supplemental calculations are required to
calculate a flux.
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Models containing mass flux terms directly are listed below:

BIOSCREEN: An easy-to-use spreadsheet-based analytical model originally designed to be used for BTEX
plumes. It can be adapted for MTBE by using the first-order decay method to simulate biodegradation or by
using a first order rate constant of zero if biodegradation of MTBE is not occurring at a particular site. Mass
flux is estimated from a 5x11 array of concentration values provided by the model. BIOSCREEN is a 2-D
model (Newell et al, 1996).

BIOCHLOR: An easy-to-use spreadsheet-based analytical model originally designed to be used for chlor-
inated solvent plumes. As with BIOSCREEN, it can be adapted for MTBE by using the first-order decay
method to simulate biodegradation or by using a first order rate constant of zero if biodegradation of MTBE
is not occurring at a particular site. BIOCHLOR allows computation of two different degradation zones,
where different first-order rate constants can be entered. Mass flux is estimated from a 5x11 array of
concentration values provided by the model. BIOCHLOR is a 2-D model (Aziz et al, 2000).

3.3 Groundwater Mass Flux Calculation - Extraction Well Method
An extraction well downgradient of a source zone is pumped at a rate to capture the water flowing through
the source zone. After waiting for the flow field to stabilize, the mass discharge from the well(s) is

measured, which is equal to the mass flux leaving the source zone.

3.4 Control Point Concentration Calculation

Control Point Concentration — Summar

FLUX TERM CONTROL POINT CONCENTRATION
Equation W
C p =—2"
— Mep
Qcp
Input Data C_bs = concentration of constituent at the control point, such as a water-supply

well or stream after blending (mg/L)

Wgwn = The mass flux at the farthest downgradient transect (the closest transect to
the control point) (g/day)

Qe = The total flowrate at the control point, such as the pumping rate of a water
supply well, or the flowrate in a stream after blending with groundwater
containing constituent (L/day)

Typical Input Wgwn= 0.1 t0 1000 g/day
Values Qp= 500 to 500,000 L/day

Comments This is the calculation where mass flux is used to estimate the concentration of the
constituent in water at the control point (such as a water supply well or stream) after
blending with groundwater containing the constituent (Einarson and Mackay, 2001a).

How to Calculate

The mass flux at a particular transect is divided by the flowrate from a pumping well at the control point.
This yields a maximum concentration at the control point.
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Example

Problem: Determine the control point concentration of MTBE for a transect with 100 g/day MTBE.
A 100,000 L/day water supply well is located at the edge of the plume.

Solution: C_b,= (100 g/day) / (100,000 L/day) * (1000 mg/g) = 1 mg/L

3.5 Vadose Zone to Groundwater Mass Flux Calculation

Vadose Zone to Groundwater Mass Flux Summar

FLUX TERM VADOSE ZONE TO GROUNDWATER MASS FLUX
Equation w_hy = I; JAXCF)
(ews /pn)+ I(d + H(Has /pb) L2 ( X
where
Ka = Koc foc
and

ly= 0.0018 P*for sandy soils (empirical relationship; results are in cm/yr)
ly= 0.0009 P? for silty soils (empirical relationship; results are in cm/yr)
ly= 0.00018 P*for clay soils (empirical relationship; results are in cm/yr)

Input Data w_bys = mass flux from vadose zone (mg/yr)
+ = bulk contaminant concentration on soil mass for all phases (mg/kg)
0 . = volumetric water content of surface soils (cm® H,O/cm® soil)
o = soil bulk density (g soil/cm? soil)
Kg = soil-water distribution (partition) coefficient (cm® H,O/g soil)
H = Henry's law constant for contaminant (cm3 H,O/cm® air)
0 .. = volumetric air content of vadose zone soils (cm?® air/em® soil)
k.. = organic carbon partition coefficient for contaminant (cm® H,O/g C)
foc = fraction of organic carbon (g C/g soil)
Ly = thickness of contaminated soil zone (cm)
L, = distance from top of contaminated soil zone to top of water-bearing unit (cm)
¢ = Net infiltration (cm/yr)
A = area of contaminated soil zone (cm?)
P = mean annual precipitation (cm/yr)
CF = conversion factor 2.74x10° (I-g-yr / cm® - mg - day)
Typical Input Cr 0.010 - 10,000 mg/kg (for MTBE)

Values 0 s 0.08 to 0.38 cm® H,0/cm® soil
1.7 g soillcm® soil

,Dn =
ks = 0.072 cm®H,0/g soil

H = 0.024 cm® H,O/cm® air (for MTBE)
0. = 0.02to0.33 cm® air/cm® soil

ke = 10"®cm®H,0Olg C (for MTBE)
foc = 0.006 g C/g soil

Ly = 60to305cm

L, = 60to305cm

A = 152 to 7620 cm?

P = 610160 cm/yr

How To Calculate]

The mass flux from the vadose zone to the saturated zone can be estimated using an estimated infiltration
rate, the concentration of the constituent in vadose zone soils, and partitioning equations.
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Example

Problem: A site has an average MTBE concentration in vadose zone soils of 220 mg/kg. The site
receives 100 cm of annual precipitation. The estimated soil properties are: soil bulk density of 1.7 g
soil/cm® soil, volumetric water content = 0.08 cm?® H20/em® soil, and volumetric air content = 0.33
cm?® air/cm?® soil. The contaminated soils are clean, well-graded sands. The top 61 cm of the soil is
affected and is underlain by 60 cm of clean unsaturated soils before reaching the water table. The
measured foc of the soil is 0.006, and the log Ko value for MTBE is 1.08. The Henry's law constant
for MTBE is 0.024 cm® H20/cm?® air. The source zone is 1981 cm long in the direction parallel to
groundwater flow and 183 cm long in the direction perpendicular to groundwater flow.

Solution: First estimate the annual infiltration in the vadose zone. For sandy soils:
Iy = 0.0018(100)* = 18 cm/yr

Next, estimate the area of the contaminated soil zone:
A =(1981)(183) = 362,523 cm?

Then estimate the vadose zone to groundwater mass flux:

w_byg =

220 ( 61

(18)(362, 525)(2.74x10°
(0.08/1.7)+ 0.006(101-08) 0.024(0.33/1.7) |\ 61+ 60) ( )

Vadose zone mass flux = 16.0 g/day
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4.0 TOOLS FOR ESTIMATING REMEDIATION LIFETIMES

To estimate the source lifetime for use in soil and groundwater modeling, two general approaches can be
used (Farhat et al., 2002):

B Extrapolate concentration vs. time trends. This can be done either for natural attenuation processes, or
for a remediation system. However, several years of monitoring data are required to get a trend that is
robust enough to be useful.

B Use mass-based source models to estimate remediation timeframes. With a source mass estimate and
the mass flux leaving the source, an estimate of the time required to achieve a remediation goal can be
estimated. This is the only method that will provide information on the impact of proposed remediation
measures (i.e., trend data before a remediation system is installed will not provide any information on
the remediation timeframe of the system). Note that there is considerable uncertainty with estimating
mass and remediation timeframes using this method, and that the final answers will likely be an order-
of-magnitude endeavor.

This section provides a list of references, resources, and tools for estimating remediation timeframes.
4.1 Key Resources - Books
Natural Attenuation of Fuels and Chlorinated Solvents, (Wiedemeier, et al. 1999). Source mass estimation

and simple models for source decay are presented in Chapter 2, Attenuation of Sources and Formation of
Plumes.

4.2 Key Resources - Data Interpretation Methods

Aqueous Concentration Ratios to Estimate Mass of Multi-Component NAPL Residual in Porous Media,
(Feenstra, 1997). This method uses the preferential dissolution of the more soluble components in a multi-
component NAPL to estimate NAPL mass.

"Estimation of Residual Dense NAPL Mass by Inverse Modeling”, (Butcher and Gauthier, 1994). This paper
presents a method and equations for estimating NAPL mass at a site on the measured flux of dissolved
contaminants leaving the source zone.

4.3 Key Resources - Models

SourceDK Remediation Timeframe Decision Support System (Farhat et al., 2002). This public-domain tool
contains both utilities for estimating source mass from soil and groundwater data and simple models for
estimating remediation timeframes.

Evaluating Hydrocarbon Removal from Source Zones and its Effect on Dissolved Plume Longevity and
Magnitude: Tools to Assess Concentration Reduction (Huntley and Beckett, 2002). This document
summarizes LNAPL source zones and provides a computer tool, LNAST, to evaluate the potential benefit of
source removal.

BIOSCREEN User's Manual (Newell et al., 1996). This manual reviews a simple box model for evaluating
source decay.

State of Florida Natural Attenuation Decision Support System (Groundwater Services, Inc., 1997b). This
proprietary software contains utilities for estimating source mass from soil and groundwater data.

4.4 Key Resources - Field Tests
"Sensitivity models and design protocol for partitioning tracer tests in alluvial aquifers”, (Jin et al., 1997).

This paper provides a design protocol for performing partitioning tracer tests and discusses potential
interferences with the procedure.
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5.0 TOOLS FOR EVALUATING FLUX REDUCTION FACTORS
AND MASS REMOVAL FACTORS

Resources that can be used to estimate the performance of selected remediation technologies (i.e., mass
flux reduction factors and mass reduction factors) are summarized below. Note that there is considerable
uncertainty involved in predicting mass and mass flux reduction factors. Variables that contribute the most
to this uncertainty include: initial mass of the release, small-scale heterogeneities in the subsurface, the
distribution of any NAPL in the subsurface, and the hydrogeologic characteristics of the water-bearing unit.

5.1 Removal Technologies

Addresses
Compartment? Resources To Estimate Mass
Flux Reduction Factor and Typical Conditions
TECHNOLOGY | vd sm gw Mass Reduction Factors Where Applicable
. e Johnson et al., 1990 e K=>0.0001cm/s
Soil Vapor v « EPA, 1991 and 1993 e DTW>10ft
Extraction
e US Army Corps of Engineers Design e Applicable to contaminants
Manual, 2002 with low vapor pressure
e Wisconsin DNR, 1993
) ‘/ \/ e Church, 1981 DTW > 10 ft
Excavation « EPA 19901 DOI < 20 ft
) ) e American Petroleum Institute, 1995 e K>0.0001cm/s
Air Sparging ‘/ e Leeson, 2001 e DTW > 10 feet
e US Army Corps of Engineers, 1997 e Homogeneous formations
e Saturated water-bearing units
e National Research Council, 1994 e K=>0.0001cm/s
Pump & Treat \/ « USEPA 1996
e Suthersan, 1997
\/ e API, 1999 e DOI<20ft
L'IE.APL. e API, 2002 e Useful for higher LNAPL
Skimming production levels (e.g.,
e API, 2003 A )
gallons/day), particularly in
e Huntley et al., 2002 high permeability gw units
LNAPL \/ o Useful for small LNAPL
Absorbents accumulations or slow
LNAPL recharge rates
(< 1”in well)
Total Combined e K>0.0001cm/s
Fluids Pumping v v
Continuous « AFCEE, 1995 o 10°<K<10%cmls
Multi-Phase vV v |V « Battelle, 1996 o DTW<25ft
Extraction —
Bioslurping e Hoeppel et al., 1998
e Miller, 1996
e Place et al., 2001
e ASTM, 1998 e Usually long time horizon
Natural ' . .
. Wiedemeier et al., 1999 No impacted receptor
Attenuation ‘/ ‘ : P ) P
o Affected plume is stable or
diminishing

K = hydraulic conductivity, DTW = Depth to Water, DOI = Depth of Impact
vd = vadose zone, sm = smear zone, gw = groundwater
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5.2 Containment Technologies

Addresses
Compartment? Resources To Estimate Mass
Flux Reduction Factor and Typical Conditions
TECHNOLOGY | vd sm gw Mass Reduction Factors Where Applicable
Hydraulic v e EPA, 1996 and 1997 e K>0.0001 cm/sec
Containment
. . Davidson et al., 1992 . DOI < 50 ft

Barrier Walls/

Cut-Off Trench v ® EPA, 1998

. McCandless et al., 1987
. Rumer et al., 1995
. Spooner et al., 1985

Caps/Covers v . EPA ,1987 and 1993
Biological v Salanitro et al., 2000
Barriers
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U.S. Environmental Protection Agency (EPA). 1991. Soil Vapor Extraction Technology: Reference
Handbook. Cincinnati, OH: Office of R&D. EPA/540/2-91/003.
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6.0 TOOLS FOR EVALUATING CHANGES IN GROUNDWATER
MASS FLUX AFTER REMEDIATION

To evaluate how long it takes an upgradient remedial action to affect a downgradient groundwater transect
zone, 180 different mass flux vs. distance curves are provided in Appendix A. Each curve has a different
combination of source type, hydrogeologic data, and timing assumptions. These curves are divided into
three broad groups based on source type, and can be used in the following ways:

When Applicable for When Applicable for AFTER-
TYPE OF SOURCE BASELINE Evaluation REMEDIATION Evaluation
(Steps RTB-1to RTB-4) (Steps RTAR-1 to RTAR-4)
Constant Source Low mass flux relative Not applicable
to source mass
Decaying Source Moderate source mass flux relative Remediation alternative quickly
to source mass removes source, then remaining source
slowly dissipates
Step-Function Source High mass flux relative Remediation alternative that quickly
to source mass but with some removes some source mass, but
residual source that persists remaining source mass produces

constant concentrations

6.1 How to Use the Mass Flux vs. Distance Curves

The goal for using these curves is to evaluate how long it takes an upgradient remedial action to affect a
downgradient groundwater transect zone. To use the mass flux vs. distance curves, select the condition
that best matches your site conditions:

1. Select source type:

B Constant Source. Use for evaluating baseline (no remediation) conditions at sites with relatively
constant source concentrations over time.

B Decaying Source. Use for evaluating sites where natural attenuation or a remediation system is
reducing the source concentration quickly at first, then more slowly.

B Step-Function Source. Use for evaluating sites where natural dissolution of the source or a
remediation system quickly reduces the source flux by some percentage, and then the reduced
source is relatively constant over a long period of time. Examples are a partial excavation of the
source, or an intensive remediation effort that removes some fraction of the source quickly, but
leaves some fraction behind as a constant source.

2. Select source characteristic. Select source type:
B Constant Source. No characteristic to select.

B Decaying Source. The key factor to consider when selecting a decaying source graph to use is
how quickly the source is being decayed. This is represented by the source decay half-life. This
guide lets you select a source decay half-life of either 1, 5, or 10 years. For example, if natural
attenuation is reducing the MTBE concentration in a source zone by half every 5 years, use the
mass flux vs. distance curve for a 5-year source decay half-life. If multi-phase extraction is
reducing the MTBE concentration in a source zone by half every 1 year, use the mass flux vs.
distance curve for a 1-year source decay half-life.
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B Step-Function Source. The key factor to consider when selecting which step-function source
graph to use is the duration when the source is at full strength (this guide lets you select either 1 or
5 years for a full-strength source) and what percent reduction in flux does the remediation system
achieve (currently this guide lets you select either a 10% reduction in flux or a 90% reduction in
flux).

(The source mass flux vs. time pattern is shown in the top left panel of each page of mass flux vs.
distance graphs in Appendix A.)

3. Select biodegradation characteristics in the plume. You can choose to have no biodegradation
downgradient of the plume (A = 0) or moderate biodegradation (A = 0.693 yrs, equivalent to a 1-year
biodegradation half-life).

4. Select the groundwater seepage velocity for your site. Each page of graphs in Appendix A has five
different groundwater seepage velocities to choose from:

s 50 ft/yr
m 75 ftlyr
= 100 ft/yr
= 150 ft/yr
= 200 ft/yr

With Steps 1-4 completed, you can choose the appropriate graph from Appendix A that best matches your
site. (Use the index of all the curves below, or use the index at the beginning of Appendix A to find the
appropriate curve).

5. Select the distance from the source where you would like to know how the flux changes over
time. This is the x-axis on each graph.

6. Select the time when you would like to evaluate the mass flux (the mass flux is always expressed
as a percentage of the original pre-remediation mass flux at the source). Each graph has four curves
representing these time conditions:

= 1 year after original release
m 5 years after original release
m 10 years after original release
m 20 years after original release

With Steps 1-6 completed, you can now determine how much the original baseline mass flux from the
source has been or will be reduced at a certain point in the plume and at a certain distance after the source
has been released. The graphs allow you to account for changes in the original source mass flux due to
natural attenuation or due to remediation.

Each source term is discussed in more detail below.

6.2 Constant Source

The first example mass flux relationship (Figure 7) shows how mass flux changes downgradient of a
constant source of constituents to groundwater at a site with 100 ft/yr groundwater seepage velocity, no
sorption, no biodegradation, no remediation of the source, and typical estimates for hydrodynamic

dispersion (longitudinal and transverse dispersion only). As can be seen, the constant source results in a
plume that gets longer over time, with only limited attenuation from dispersion.

22



API Groundwater Remediation Strategies Tool

Mass Flux vs. Time

Constant Source: A =0, vg = 100 fthyr
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Figure 7. Change in Mass Flux Downgradient of Constant
Source (no remediation, vs = 100 ft/yr, longitudinal dispersion
based on plume length and Xu and Eckstein relationship, R =1,
and A =0)

This graph shows how the mass flux changes over time and over distance downgradient of a constant
source of constituents to groundwater. For example, if a constant source is released starting at year 0, the
mass flux at a point 1000 ft downgradient of the source will be about 50% of the source mass flux after 10
years, but only because the plume has not yet reached this point. After 20 years, however, the full strength
plume has reached the 1000 ft point, and the mass flux is about 99% of the source mass flux, (i.e.,
dispersion reduces the mass flux by only 1%).

Appendix A contains additional constant source graphs for the following cases:

SOURCE Seepage Velocity Plume Biodegradation Rate Page
TYPE (ftlyr) (per year) Number
Constant 50 No biodegradation (\ = 0) A-5
Source 75 No biodegradation (A = 0) A-5
100 No biodegradation (A = 0) A-5
150 No biodegradation (A = 0) A-5
200 No biodegradation (A = 0) A-5
Constant 50 Moderate biodegradation (1 = 0.693/yr) A-6
Source 75 Moderate biodegradation (1 = 0.693/yr) A-6
100 Moderate biodegradation (A = 0.693/yr) A-6
150 Moderate biodegradation (A = 0.693/yr) A-6
200 Moderate biodegradation (A = 0.693/yr) A-6

6.3 Decaying Source

As the source weathers or is remediated, the mass flux is reduced significantly at some point in time. At
some sites this can be simulated with a first order decay relationship for the source concentration. (Note this
source decay is not the same as the decay of a constituent in the dissolved phase; see Newell et al., 2002).
Figure 8 shows an example of a source where the source mass flux is reduced in half every year (the source
decay rate constant is ks = 0.693/yr, equivalent to a source decay half-life of 1 year). The curves in Figure 8
also are based on a groundwater seepage velocity of 100 ft/yr, no sorption, no biodegradation of
constituents in the plume (A = 0), and typical estimates for hydrodynamic dispersion (longitudinal and
transverse dispersion only). As can be seen, the decaying source results in a plume that has significantly
smaller downgradient mass flux compared to the constant source scenario.
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Mass Flux vs. Time
Decaying Source: A= 0, kg = 0.693, v = 100 ftiyr
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Figure 8. Change in Mass Flux Downgradient of Decaying
Source (source decay constant ks = 0.693 per year, equivalent
to a source half-life of 1 year, vs = 100 ft/yr, longitudinal
dispersion based on plume length and Xu and Eckstein

relationship, R=1,and A =0.)

For example, if a remediation technology such as air sparging reduced the mass flux by half every year,
then the mass flux at a point 1000 ft downgradient of the source would be 22% of the initial mass flux at the
source after 10 years, and about 1% after 20 years. Note that this source decay is assumed to start
immediately after the release.

Appendix A contains additional decaying source graphs for the following cases:

Source Halflife

SOURCE (t source halflifes Seepage Velocity Plume Biodegradation Rate Page
TYPE years) (ftlyr) (per year) Number
Decaying 1 50 No biodegradation (A = 0) A-7
Source 1 75 No biodegradation (A = 0) A-7
1 100 No biodegradation (A = 0) A-7
1 150 No biodegradation (A = 0) A-7
1 200 No biodegradation (A = 0) A-7
Decaying 1 50 Moderate biodegradation (. = 0.693/yr) A-8
Source 1 75 Moderate biodegradation (. = 0.693/yr) A-8
1 100 Moderate biodegradation (L = 0.693/yr) A-8
1 150 Moderate biodegradation (L = 0.693/yr) A-8
1 200 Moderate biodegradation (L = 0.693/yr) A-8
Decaying 5 50 No biodegradation (A = 0) A-9
Source 5 75 No biodegradation (A = 0) A9
5 100 No biodegradation (A = 0) A-9
5 150 No biodegradation (A = 0) A-9
5 200 No biodegradation (A = 0) A-9
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Source Halflife

SOURCE (t source haif-lifes Seepage Velocity Plume Biodegradation Rate Page
TYPE years) (ftlyr) (per year) Number
Decaying 5 50 No biodegradation (. = 0) A-10
Source 5 75 No biodegradation (. = 0) A-10
5 100 No biodegradation (A = 0) A-10
5 150 No biodegradation (A = 0) A-10
5 200 No biodegradation (A = 0) A-10
Decaying 10 50 Moderate biodegradation (A = 0.693/yr) A-11
Source 10 75 Moderate biodegradation (A = 0.693/yr) A-11
10 100 Moderate biodegradation (A = 0.693/yr) A-11
10 150 Moderate biodegradation (A = 0.693/yr) A-11
10 200 Moderate biodegradation (A = 0.693/yr) A-11
Decaying 10 50 No biodegradation (1 = 0) A-12
Source 10 75 No biodegradation (A = 0) A-12
10 100 No biodegradation (1 = 0) A-12
10 150 No biodegradation (A = 0) A-12
10 200 No biodegradation (A = 0) A-12

6.4 Step-Function Source

If a constant source was diminished but not totally removed, then the mass flux downgradient of the source
would be reduced compared to the constant source case. In the example mass flux vs. distance graph
shown in Figure 9, constituents are released in the groundwater at full strength for 5 years, and then
continues indefinitely at 10% of the original source mass flux.

Mass Flux vs. Time
Source with Step Change: A =0, v, = 100 ftiyr
Full strength for § years, then 10% Strength

100% ey

1year
= = «Syears
10 years

80%

)

a0% =20 years

40% A

Mass Flux
(% of Original
Source Flux

20%

0% T T T T T T T T T
1] 500 1000 1800 2000 2500 3000 3500 4000 4500 5000

Distance from Source (ft)

Figure 9. Change in Mass Flux Downgradient of Step-Function
Source (source pattern: 5 years at full strength, then remains
constant at 10% strength), vs = 100 ft/yr, longitudinal dispersion
based on plume length and Xu and Eckstein relationship,

R=1,and A=0.)

This graph can be used to estimate what the mass flux would be if the source is reduced by 90% (to 10%
strength) after 5 years of sourcing, either due to natural depletion of the constituents in the source
compartments, or due to remediation efforts. For example, if a remediation technology such as excavation
removes 90% of an MTBE source 5 years after the original release, followed by a small but constant
residual source at 10% of the original flux, then the mass flux at a point 1000 ft downgradient of the source
would be 60% of the initial source mass flux after 10 years, and about 11 % after 20 years.
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Appendix A contains additional step-function source graphs for the following cases:

Seepage Velocity Plume Biodegradation Rate Page

SOURCE TYPE (ft/yr) (per year) Number
Full Strength for 1 year, 50 No biodegradation (A = 0) A-13
then 90% strength 75 No biodegradation (A = 0) A-13
100 No biodegradation (A = 0) A-13
150 No biodegradation (A = 0) A-13
200 No biodegradation (A = 0) A-13
Full Strength for 5 years, 50 No biodegradation (A = 0) A-14
then 10% strength 75 No biodegradation (A = 0) A-14
100 No biodegradation (A = 0) A-14
150 No biodegradation (A = 0) A-14
200 No biodegradation (A = 0) A-14
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APPENDIX A — MASS FLUX vs. DISTANCE CURVES

Groundwater Remediation Strategies Tool
American Petroleum Institute

How To Use The Mass FIUX VS. DIiSTANCE CUTVES ........cuuuiiieieieiiiee et e e e e e e e e e e e e e evaaaans A-1
Index To Constant Source Mass FIUX VS. DIiStanCe CUINVES ........cevieiiiiiiiiiieeeeeeeeeiee e e e e e e e eeaeaaans A-3
MaSS FIUX VS. DISTANCE CUIVES ... ciiiiiiii ittt ettt ettt e e e e e e e e e e e e e e e s eie e nanaan A-5

How to use the Mass Flux vs. Distance Curves

The goal for using these curves is to evaluate how long it takes an upgradient remedial action to affect a
downgradient groundwater transect zone. To use the mass flux vs. distance curves, select the condition
that best matches your site conditions:

1. Select source type:

B Constant Source. Use for evaluating baseline (no remediation) conditions at sites with relatively
constant source concentrations over time.

B Decaying Source. Use for evaluating sites where natural attenuation or a remediation system is
reducing the source concentration quickly at first, then more slowly.

B Step-Function Source. Use for evaluating sites where natural dissolution of the source or a
remediation system quickly reduces the source flux by some percentage, and then the reduced
source is relatively constant over a long period of time. Examples are a partial excavation of the
source, or an intensive remediation effort that removes some fraction of the source quickly, but
leaves some fraction behind as a constant source.

2. Select source characteristic. Select source type:
B Constant Source. No characteristic to select.

B Decaying Source. The key factor to consider when selecting a decaying source graph to use is
how quickly the source is being decayed. This is represented by the source decay half-life. This
guide lets you select a source decay half-life of either 1, 5, or 10 years. For example, if natural
attenuation is reducing the MTBE concentration in a source zone by half every 5 years, use the
mass flux vs. distance curve for a 5-year source decay half-life. If multi-phase extraction is
reducing the MTBE concentration in a source zone by half every 1 year, use the mass flux vs.
distance curve for a 1-year source decay half-life.

W Step-Function Source. The key factor to consider when selecting which step-function source
graph to use is the duration when the source is at full strength (this guide lets you select either 1 or
5 years for a full-strength source) and what percent reduction in flux does the remediation system
achieve (currently this guide lets you select either 10% reduction in flux or a 90% reduction in flux).

(The source mass flux vs. time pattern is shown in the top left panel of each page of mass flux vs.
distance graphs in Appendix A.)

3. Select biodegradation characteristics in the plume. You can choose to have no biodegradation
downgradient of the plume (A= 0) or moderate biodegradation (A = 0.693 yrs, equivalent to a 1-year
biodegradation half-life).
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4. Select the groundwater seepage velocity for your site. Each page of graphs in Appendix A has five
different groundwater seepage velocities to choose from:

50 ftlyr
75 ftlyr
100 ft/yr
150 ft/yr
200 ftlyr

With Steps 1-4 completed, you can choose the appropriate graph from Appendix A that best matches your
site. (Use the index of all the curves below, or use the index at the beginning of Appendix B to find the
appropriate curve).

5. Select the distance from the source where you would like to know how the flux changes over
time. This is the x-axis on each graph.

6. Select the time when you would like to evaluate the mass flux (the mass flux is always
expressed as a percentage of the original pre-remediation mass flux at the source). Each graph
has four curves representing these time conditions:

year after original release

years after original release
years after original release
years after original release

[N aNe I

1
2
With Steps 1-6 completed, you can now determine how much the original baseline mass flux from the
source has been or will be reduced at a certain point in the plume and at a certain distance after the source

has been released. The graphs allow you to account for changes in the original source mass flux due to
natural attenuation or due to remediation.

INDEX TO CONSTANT SOURCE MASS FLUX VS. DISTANCE CURVES

Source Type Seepage Velocity Plume Biodegradation Rate Page
(ft/yr) (per year) Number
Constant Source 50 No biodegradation (A = 0) A-5
75 No biodegradation (A = 0) A-5
100 No biodegradation (A = 0) A-5
150 No biodegradation (A = 0) A-5
200 No biodegradation (A = 0) A-5
Constant Source 50 Moderate biodegradation (A = 0.693/yr) A-6
75 Moderate biodegradation (A = 0.693/yr) A-6
100 Moderate biodegradation (A = 0.693/yr) A-6
150 Moderate biodegradation (A = 0.693/yr) A-6
200 Moderate biodegradation (A = 0.693/yr) A-6
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Source Type  Source Halflife Seepage Plume Biodegradation Rate Page
(t source half-life, VeIOCity (per year) Number
yrs) (ft/yr)
Decaying 1 50  No biodegradation (A = 0) A-7
Source 1 75  No biodegradation (A = 0) A7
1 100 No biodegradation (A = Q) A-7
1 150 No biodegradation (A = Q) A-7
1 200  No biodegradation (A = 0) A-7
Decaying 1 50 Moderate biodegradation (A = 0.693/yr) A-8
Source 1 75  Moderate biodegradation (A = 0.693/yr) A-8
1 100 Moderate biodegradation (A = 0.693/yr) A-8
1 150 Moderate biodegradation (A = 0.693/yr) A-8
1 200  Moderate biodegradation (A = 0.693/yr) A-8
Decaying 5 50  No biodegradation (A = 0) A-9
Source 5 75  No biodegradation (A = 0) A-9
5 100  No biodegradation (A = Q) A-9
5 150  No biodegradation (A = 0) A-9
5 200  No biodegradation (A = Q) A-9
Decaying 5 50  Moderate biodegradation (1 = 0.693/yr) A-10
Source 5 75  Moderate biodegradation (A = 0.693/yr) A-10
5 100 Moderate biodegradation (A = 0.693/yr) A-10
5 150 Moderate biodegradation (A = 0.693/yr) A-10
5 200 Moderate biodegradation (A = 0.693/yr) A-10
Decaying 10 50  No biodegradation (A = 0) A-11
Source 10 75  No biodegradation (A = 0) A-11
10 100  No biodegradation (A = 0) A-11
10 150  No biodegradation (A = 0) A-11
10 200  No biodegradation (A = 0) A-11
Decaying 10 50  Moderate biodegradation (1 = 0.693/yr) A-12
Source 10 75  Moderate biodegradation (1 = 0.693/yr) A-12
10 100  Moderate biodegradation (A = 0.693/yr) A-12
10 150  Moderate biodegradation (A = 0.693/yr) A-12
10 200  Moderate biodegradation (A = 0.693/yr) A-12
Seepage Velocity Plume Biodegradation Rate Page
SOURCE TYPE (ft/yr) (per year) Number
Step  Change  (Full 50 No biodegradation (A = 0) A-13
Strength for 1 year, then 75 No biodegradation (1 = 0) A-13
90% strength) 100 No biodegradation (A = 0) A-13
150 No biodegradation (A = 0) A-13
200 No biodegradation (A = 0) A-13
Step  Change  (Full 50 No biodegradation (A = 0) A-14
Strength for 5 years, 75 No biodegradation (1 = 0) A-14
then 10% strength) 100 No biodegradation (i = 0) A-14
150 No biodegradation (A = 0) A-14
200 No biodegradation (A = 0) A-14
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MODELED MASS FLUX OF MTBE

Constant Source: A =0

Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times
source zone width respectively. For the 1 year source, modeled widths for vs =

= 50 ft/yr, 75 ft/yr, 100 ft/yr, 150
ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.
6.
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MODELED MASS FLUX OF MTBE

Constant Source: A = 0.693

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times
source zone width respectively. For the 1 year source, modeled widths for vs = 50 ft/yr, 75 ft/yr, 100 ft/yr, 150
ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.
6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close
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MODELED MASS FLUX OF MTBE

Decaying Source: A =0, tsourcenar = 1 year

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times
source zone width respectively. For the 1 year source, modeled widths for vs = 50 ft/yr, 75 ft/yr, 100 ft/yr, 150
ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Source Concentration vs. Time Mass Flux vs. Time
Decaying Source, ks = 0.693 Decaying Source: A= 0, kg = 0.693, v = 50 ftiyr
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.
6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close
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MODELED MASS FLUX OF MTBE

Decaying Source: A = 0.693, tsourcenar = 1 year
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.
6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times
source zone width respectively. For the 1 year source, modeled widths for vs = 50 ft/yr, 75 ft/yr, 100 ft/yr, 150
ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Decaying Source: A =0, tsoucenar = 5 years
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/thar.
6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times

source zone width respectively. For the 1 year source, modeled widths for vs

50 ft/yr, 75 ft/yr, 100 ft/yr, 150

ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Decaying Source: A = 0.693, tsoucenar = 5 years
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.
6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times

source zone width respectively. For the 1 year source, modeled widths for vs =

50 ft/yr, 75 ft/yr, 100 ft/yr, 150

ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Decaying Source: A =0, tsoucenar = 10 years
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Notes:

1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux

calculated numerically with a 30 x 30 spatial grid.

Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ o, = 0.1, n = 0.2. o

calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.

0.693/thar.

Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =

6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close
fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times

source zone width respectively. For the 1 year source, modeled widths for vs

50 ft/yr, 75 ft/yr, 100 ft/yr, 150

ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Decaying Source: A = 0.693, tsoucenar = 10 years

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times
source zone width respectively. For the 1 year source, modeled widths for vs = 50 ft/yr, 75 ft/yr, 100 ft/yr, 150
ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.
6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close
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100%
100% - — ] — 1year
— — 1year
Q T " - - .5
R g T % . - = «Syears 0% 1w vears
c e ' 10years | w ! 10 years
2 E5E o ¥ xc 5 1 -
g2 § g ? : — 20 years E O TB0% years
2E e § a0% : w0 @ :
@ § g¢ 0 § %5 S0l
£ 20% ' - '
£=0 . = = 3 :
o 0% 4 | ' ! : | 0% 1
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Year' 0% e ‘ ' ' ' ' ' '
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance from Source (ft)
Mass Flux vs. Time Mass Flux vs. Time
Source with Step Change: A= 0, v, = 75 ftiyr Source with Step Change: A = 0, v; = 100 ftiyr
Full strength for 1 year, then 90% Strength Full strength for 1 year, then 90% Strength
100% 100%
— 1year — 1 year
80% 4 = = -Syears 0% A - = -5Syears
x E = 10 years x E = 10years
S 5 Zeow ——20years 53 Seon ——20years
gk ok
o0 2 w0 g
85 540% 8 %5 S40%
= = c?: = = 3
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"~ =y
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Notes:
1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.
2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.
3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.
4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.
5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.
6.

Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times
source zone width respectively. For the 1 year source, modeled widths for vs = 50 ft/yr, 75 ft/yr, 100 ft/yr, 150
ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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MODELED MASS FLUX OF MTBE

Step-Function Source: A = 0, Full Strength for 5 years, then 10% Strength

Source Concentration vs. Time s _mz:s 'Zl:x VS.'A.I-_';"e = 50
Source with Step Change: ource wi p Change: A= ’:"'s - yr
Full Strength for 5 yrs, then 10 % Strength Full strength for 5 years, then 10% Strength
100%
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Notes:

1. Year 2000 modeled as current year. Add number of years since then to x-axis values of source graph.

2. Mass Flux calculations based on a Domenico model with first order biotransformation and source decay. Flux
calculated numerically with a 30 x 30 spatial grid.

3. Concentrations < 0.02 mg/L omitted from calculations based on drinking water limit of 20 - 40 ug/L.

4. Parameters assumed: Retardation factor = 1, Initial Concentration = 100 mg/L, o,/ oy = 0.1, n = 0.2. o
calculated using Modified Xu and Eckstein: o4 = 0.82*3.28*(LOG(vs*time/3.28))"2.446, except when reduced so
that ks < ((1+vs/4 ax)/R) to prevent a negative square root in the Domenico model equation.

5. Parameters Varied: v = seepage velocity, A = first order degradation rate, ks = source decay constant =
0.693/tha.

6. Modeled plume widths for 5, 10, and 20 year sources were adjusted for different values of v to ensure a close

fit. For v =50 ft/yr, 75 ft/yr, 100 ft/yr, 150 ft/yr, and 200 ft/yr, modeled widths were 6, 8, 10, 12, and 15 times
source zone width respectively. For the 1 year source, modeled widths for vs = 50 ft/yr, 75 ft/yr, 100 ft/yr, 150
ft/yr, and 200 ft/yr were 3, 4, 5, 6, and 7.5 times source zone width, respectively.
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EXAMPLE 1: BASELINE MTBE MASS FLUX

Determine the MTBE concentration at a control point with a 10 gpm (54,504 L/day) water supply well located
at the edge of an MTBE plume.

The vadose zone has an average MTBE concentration of 4.2 mg/kg. The source zone is 65 ft (1981 cm)
long in the direction parallel to groundwater flow and 50 ft (1524 cm) long in the direction perpendicular to
groundwater flow. The top 3 ft (91 cm) of the soil is contaminated and is underlain by 2 ft (61 cm) of clean
unsaturated soils before reaching the water table. The plume is 1000 ft long.

Assume a log Kqc value for MTBE is 1.08; and Henry’s law constant for MTBE is 0.024 cm?® H,0/cm?® air

The hydraulic conductivity is 0.032 cm/sec; hydraulic gradient is 0.002 cm/cm, and saturated zone porosity
is 0.30, giving a groundwater seepage velocity of 221 ft/yr. In the vadose zone, the measured f,. of the soil
is 0.006, 100 cm of annual precipitation, a soil bulk density of 1.7 g/mL, volumetric water content = 0.08 cm?®
H,O/cm® soil, and volumetric air content = 0.33 cm® air/cm® soil. The contaminated soils are clean, well-
sorted sands.

A small 10-gpm (37.8 L/min) municipal well is located at the control point.

Tranzect 1
Source-to-GW Transect

Trangect 2 MTBE Transects

Through 2-D
Plume

Contour Map

Transect 3
Transect 4

2

Direction of groundwater flow Control Point

™~

MNOTES: 0 100 200
— 01— Cancentration contaur in mgfL Ho =] (1)

] Source Zone
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SICIVISE® Calculate the Baseline Vadose Zone to Groundwater Mass Flux

First estimate the annual infiltration in the vadose zone. For sandy soils the infiltration is:
Iy = 0.0018(100)* = 18 cm/yr

The area of the contaminated soil zone is:
A = (1981)(1524) = 3.02x10° cm?.

Then estimate the vadose zone to groundwater mass flux:

(

h
4.2 ( 91 . 5
w b = (18)(3.02 x 10° Y2.74 x 10

vd L(0.08/1.7)+0.006@01'08}0.024(0.33/1.7)\91+GJJ ( X )

The vadose zone mass flux to groundwater is:
w_byq = 3.0 g/day

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

SICTVISE8 Calculate the Baseline Total Source to Groundwater Mass Flux

First, divide the vertical cross-section of the plume into different flow areas.

N-HE ML MALS MWLE WS Mg ML S-SW

’ | | | | | | MTBE Concentrations
(mg/L) and Flow Areas for
Vertical Cross-section
of Plume

Depth in ft-bgs

0 20
I

harizortal scale (ft)

- omet  B-10mgt [EE=1mgl  []=01mol
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Next assign values to all non-detects (ND) and not analyzed (NA) samples:

N-NE S-SW
0 I MWLS AL MIALS ML M1
| | | | | | MTBE Concentrations
(mg/L) and
Flow Areas for
Vertical Cross-Section
of Plume
[ix]
fanz)
=
=
=
k=
ax)
]
harizontal zcale (ft)
Bl o0mge  BE-10mgt [E=1met =01 mgl
Then estimate the discharge (L/day) through each flow area. For example:
N-ME S-5W
0 M M3 MWLS  MIALS Mg Mo
| | | | | | Discharge Through
| Each Flow Area
(L/day)
5 h 4
| 514 S14 385 385 514 S14
(1]
fa]
=10
§=
= | 514 S14 335 385 514 S14
o
]
15
| 514 S14 385 355 514 S14
20
0 20
]
harizontal zcale (ft)

For example, for flow area 1,1 (the top left flow area):

g1 = (0.032 cm/sec)(0.002 cm/cm)(5 ft x 20 ft)(30.5° cm’/ft’) (L/1000 cm®) (86,400 sec/day)
011 = (0.032 cm/sec)(0.002 cm/cm)(5 ft x 20 ft)( 80,374 Lday ‘/cm-ft’sec™)

qi1 =514 L/day

Next calculate the mass flux (g/day) associated with each flow area (using a conversion factor of 1000
mg/g). For example:
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N-NE 5.5W
0 ML MMEE MWMLS MWLE MMLS ML
- h 4
114 350 395 286 27 i
ol
=
210
=
E
= 35 8.1 23 849 386 i
=
[ah]
(]
15
0 ] 049 30 ] i
20
0 20
]

harizontal zcale (1)

Mass Flux Through
Each Flow Area (g/day)

For example, the mass flux through flow area 1,2 is:

w_bhi > = (68 mg/L)(514 L/day) /(1000 mg/g)
w_bhi > = 35.0 g/day

Finally, sum the mass fluxes for all the wells to get the total mass flux:

w_by =Y 7'Ci
w_b = 168 g/day

Groundwater total source mass flux is:
w_bhis = 168 g/day

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

SICIORYIS=E<M Calculate the Baseline Smear Zone to Groundwater Mass Flux

W_bsm = W_bts - W_bvd
w_bsm = 168 — 3.0 = 165 g/day

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

SICIYIEE‘M Calculate the Transect Zone Mass Fluxes

First divide the plume into different transects perpendicular to the flow of groundwater:
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Transect 1

Direction of groundwater flow

MNOTES:
— 01— Caoncentration contaur in mg/L

L Source zone

Transect 2

Transect 3

o 100 200
[
Horizontal Scale (1)

Transect 4

MTBE
Transects
Through 2-D
Plume Contour
Map

Next divide the vertical cross-section of the each transect into different downgradient flow areas.

TRANSECT ZONE 1

First determine the MTBE concentrations (mg/L) and flow areas for vertical cross-section of Transect 1:

N-NE

55
0 TRi-2 TR -4 TRI-6 TR1-4 TRi-12

Depth in ft-bgs

1] 20
I

harizontal scale (i)

= 10mat =1 mogl [ =04 mol

MTBE Concentrations
(mg/L) and Flow Areas
for Vertical Cross-
section of Plume
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Next assign values to all non-detects and not analyzed samples:

N-NE 55w
0 TR1-2 TRi1-4 TRI-6 TR1-8 TRI-12

Depth in ft-hgs

horizantal scale (1)

Bl 10mgt =1 mal [0 mol

MTBE Concentrations
(mg/L) and Flow Areas
for Vertical Cross-
section of Plume

Next estimate the discharge (L/day) through each flow area:

M-HE S-5W
o TR1-2 TR1-4 TRI1-6 TR1-8 TR1-12
5
| 14 385 214 385 14
W
=
10
=
£
= 514 385 514 385 514
=
o
]
15
] =14 385 514 385 =14
20
0 20
]

harizortal scale ()

Discharge Through
Each Flow Area (L/day)
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Then calculate the mass flux (g/day) associated with each flowarea:

N-NE
0 TRi-z2 T -4 TR1-6

S5
TrRi-& TRi-12

5
| 1 8 45 2 2
oy
=
290
=
c
= 0 3 18 £ 3
<IN
o
(]
15
| 0 0 5 0 0
20

1] 20
|

horizontal scale ()

Mass Flux Through
Each Flow Area

(g/day)

Finally, sum the mass fluxes for all the wells to get the total mass flux:

i=n
w_b,, = ZHCi q; = 112 g/day

Total groundwater source mass flux through Transect 1 is:

W_bgw-1 = 112 g/day

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

TRANSECT ZONE 2

First determine the MTBE concentrations (mg/L) and flow areas for vertical cross-section of Transect 2:

N-NE
0 IRZ2 TRZE TRZ-9

TRZ-10  TRZME

3-5W

Depth in ft-bgs

Bl 10mgl [=1mgl [ J= 01 mgl

0 200
]

hatizortal scale ()

MTBE Concentrations
(mg/L) and Flow Areas
for Vertical Cross
Section of Plume
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Next assign values to all non-detects and not analyzed samples:

H-NE 5.
g JFZZ _TRZE TRZ-9 TRZ-10  TRZ-14

MTBE Concentrations
(mg/L) and Flow Areas for
Vertical Cross-section of

Plume
o
==
=
[
=
=
=
(i)
]
1] 20
I
harizortal scale (1)
Bl-10mgl [E=1mgl []= 0.1 mgl
Next estimate the discharge (L/day) through each flow area:
N-NE S-Sw
0 JRZ2 _TRZE TRZ-9 TRZ-10  TRZ-14
[ [ [ [ | Discharge Through
Each Flow Area (L/day)
- h 4
| 383 514 T 385 514
(1]
=
L0
=
=
= | 388 514 7T 385 514
=
a1}
]
15
| 388 514 T 385 514
20
0 20
]

horizontal scale (f)
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Then calculate the mass flux (g/day) associated with each flow area:

N-HE S-SW
o TRZ2_ TRZE TRz TRZ-10  TRZ-14
c h 4
| 3 10 18 4 ]
o
[y}
=10
=
=
= | o 4 1 1 i
=
[
[}
15
| o 0 i 0 i
<0 0 20
I

hovizontal scale (f)

Mass Flux Through
Each Flow Area

(g/day)

Finally, sum the mass fluxes for all the wells to get the total mass flux:

i=n
w_bg, =Y~ C; ;=52 g/day

The total groundwater source mass flux through Transect 2 is:

W_bgw-2 = 52 g/day

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

TRANSECT ZONE 3

First determine the MTBE concentrations (mg/L) and flow areas for vertical cross-section of Transect 3:

—
=1

Depth in ft-hgs

[
.

20

a 20
|

horizontal scale ()

- 10 mg =1 ot [ ]= 01 mgl

MTBE Concentrations
(mg/L) and Flow Areas for
Vertical Cross-section of

Plume
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Next assign values to all non-detects and not analyzed samples:

N-NE 5-SW
q MLE Mg M2

Depth in ft-bgs

iy
th
L

20

o 20
L]

horizontal scale ()

B - 10 et [ 1 mal = 04 mod

MTBE Concentrations
(mg/L) and Flow Areas for
Vertical Cross-section
of Plume

Next estimate the discharge (L/day) through each flow area:

5-5W

MN-NE
0 TRZ-6 TRZ-4 TRZ-10
: h 4
i 7 1,027 214
o
fa]
=10
=
=
= | 7 1,027 514
=
I
]
15
i 7 1,027 214
20
1] 20
]
hatizontal scale ()

Discharge Through
Each Flow Area
(L/day)
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Then calculate the mass flux (g/day) associated with each flow area:

N-NE S-SW
0 TRZ-6 TRZ-9 TRZ-10
| | | Mass Flux Through
Each Flow Area
(9/day)
. h 4
| 2 g 1

(1]
o
:i_ 10
=
= | 1 T 0
=
1]
(]

15

] o 0 0
20
0 20
-]
horizontal scale ()

Finally, sum the mass fluxes for all the wells to get the total mass flux:

i=n
w_b,, = ZHCi ; = 18 g/day

The total groundwater source mass flux through Transect 3 is:
W_bgw-3 = 18 g/day

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

TRANSECT ZONE 4

First determine the MTBE concentrations (mg/L) and flow areas for vertical cross-section of Transect 4:

N-NE S-Sw
0 MLz TRZ-8 TRZ-19  TRZ-3
| | | | MTBE Concentrations
(mg/L) and Flow Areas
for Vertical

Cross-section of Plume

Depth in ft-hgs

20
I}
E=1mat [ ]=01mgl |
hotizontal scale ()

20

B-12




APPENDIX B

API Groundwater Remediation Strategies Tool

Next assign values to all non-detects and not analyzed samples:

H-NE S_SWy
a M2 TRZ-5 TRZ-14  TRZ-3
| [ [ | MTBE Concentrations
(mg/L) and Flow Areas for
Vertical Cross-section
of Plume
oy
-
=
=
o
=2
1]
]
a0 0 =0
[ =1magt [ J=01 mal ]
harizontal zcale ()
Next estimate the discharge (L/day) through each flow area:
H-HE S-SW
a MLz TRZ-& TRZ-13  TRZ-3
| | [ [ Discharge Through Each
Flow Area (L/day)
5 h 4
| =14 77 385 514
w
fay]
=10
=
= 514 77 385 514
£ -
=k}
]
15
| =14 77 385 514
0 0 20
]
harizontal scale (1)
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Then calculate the mass flux (g/day) associated with each flow area:

N-NE S-SW
a Bl TRZ-& TRZ-19  TRZ-3
[ | | Mass Flux Through Each
Flowarea (g/day)
. h 4
1 1 2 0 o

o
=
=10
B
=
= | 0o 1 0 0o
=
(i)
a

15

] 0o 0o 0 0o
20
0 20
]
haorizontal scale (f)

Finally, sum the mass fluxes for all the wells to get the total mass flux:

i=n
w_b,, =" 'C, 0,=51g/day

The total groundwater source mass flux through Transect 4 is:
W_bgw-4= 5.1 g/day

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

SICVIESEN Calculate the Baseline Control Point Concentration

Wgw-n = 5.1 g/day = 5,100 mg/day
Qcp =10 gpm = 54,504 L/day

The baseline control point MTBE concentration is:
C_bcp = 5,100/54,504 = 0.094 mg/L

Enter this value on Worksheet 1, BASELINE MASS FLUX AND REMEDIATION TIMEFRAME TOOL.

SUMMARY - EXAMPLE 1: BASELINE MTBE MASS FLUX

The mass flux of MTBE ranges from 168 g/day at the point leaving the source zone to 5.1 g/day at
the control point (a small municipal well).

The estimated baseline MTBE concentration at the control point is 0.094 mg/L. This value assumes
the plume is at a steady-state condition. Some corrective action measures may be required to
reduce the control point concentration. Use Worksheet 2 to evaluate the impact of different
remediation alternatives.
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SICIOIRIIERM Calculate the Vadose Zone Natural Attenuation Timeframe

Based on engineering judgement, the time required to naturally attenuate the MTBE in the vadose zone
soils is 20 years.

SICOIRIEE M Calculate the Smear Zone Natural Attenuation Timeframe

Based on a simple mass balance model, the time required to naturally attenuate the MTBE in the smear
zone is 40 years.

SICTOIRIEECA Calculate the Total Source Natural Attenuation Timeframe

The total source remediation timeframe is the longer of Step RTB-1 and RTB-2. In this case, the total
source remediation timeframe is 40 years.

SICIORIIEEM Calculate the Groundwater Transect Zone Natural Attenuation Timeframe
Estimate the travel time from the source to each transect:

TRANSECT 1: Distance + (Seepage velocity x retardation factor)
132 ft + (221 ft/yr x 1.0) = 0.6 yrs

TRANSECT 2: Distance + (Seepage velocity x retardation factor)
338 ft + (221 ft/yr x 1.0) = 1.5 yrs

TRANSECT 3: Distance + (Seepage velocity x retardation factor)
519 ft + (221 ft/yr x 1.0) = 2.3 yrs

TRANSECT 4: Distance + (Seepage velocity x retardation factor)
729 ft + (221 ft/yr x 1.0) = 3.3 yrs

The travel time is an approximation for how long downgradient compartments receive the benefits of
naturally-occurring upgradient source decay.

SUMMARY - EXAMPLE 1: BASELINE MTBE REMEDIATION TIMEFRAME

The approximation for flushing time indicates that each transect zone will take between 40 and 43
years to remediate based on natural attenuation alone.
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EXAMPLE 2: REMEDIATION WITH SOIL VAPOR EXTRACTION

Determine the control point concentration for remediation with soil vapor extraction (SVE) for the vadose
zone. For simplicity, assume that SVE at this site does not affect the smear zone MTBE mass.

SICVIFNSME Calculate the After-Remediation Vadose Zone to Groundwater Mass Flux

The baseline vadose zone to groundwater mass flux (determined in the baseline Example 1) is:
w_byg = 3.0 g/day

Based on engineering judgement and the references in Section 5, assume that SVE reduces the MTBE flux
from the vadose zone by 90%. Therefore, the flux reduction factor for this technology is:
rW\/d = 0.1

Hence, the vadose zone mass flux after remediation is
w_aryg = (3.0)(0.1) = 0.3 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

SICIORYIFA RSl Calculate the After-Remediation Smear Zone-to-Groundwater Mass Flux

The baseline smear zone-to-groundwater mass flux (determined in the baseline Example 1) is:
w_bsm = 165 g/day

For this example, SVE is assumed to have no effect on the smear zone, and therefore the flux reduction
factor for the smear zone is:
'wsm = 1.0

Therefore, the smear zone mass flux after remediation is
W_arsm = (165)(1.0) = 165 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

Calculate the After-Remediation Total Source-to-GW Mass Flux

The total source-to-gw zone to groundwater mass flux after remediation is:

w_ars = 0.3 + 165 = 165.3 g/day

The baseline total source-to-groundwater mass flux (determined in the baseline Example 1) is:
w_bis = 168 g/day

Dividing w_ars by w_bys gives the total source-to-gw flux reduction factor rwis :
rwis = 165.3 /168 = 0.98

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

SICIVIFANEEM Calculate the After-Remediation Transect Zone Mass Fluxes
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TRANSECT ZONE 1

The baseline Transect 1 zone mass flux (determined in the baseline example above) is:
W_bgw-1 = 112 g/day

SVE has no direct effect on dissolved phase concentrations. Therefore, the flux reduction factor for
Transect Zone 1is: rwgw1 = 1.0

The cumulative flux reduction factor for Transect Zone 1is: rw_args.1 = (0.98)(1.0) = 0.98

Therefore, the total Transect 1 zone mass flux after remediation is:
W_argw-1 = (112)(0.98) = 110 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

TRANSECT ZONE 2

The baseline Transect 2 zone mass flux is:
W_bgw-2 = 52 g/day

For SVE, the flux reduction factor for Transect Zone 2 is:
ngW»Z = 1.0

The cumulative flux reduction factor for Transect Zone 2 is:
rw_argw-2 = (0.98)(1.0)(1.0) = 0.98

Therefore, the total Transect 2 zone mass flux after remediation is:
W_argw-2 = (52)(0.98) = 51 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

TRANSECT ZONE 3

The baseline Transect 3 zone to groundwater mass flux is:
W_bgw-3 = 18 g/day.

For SVE, the flux reduction factor for Transect Zone 3 is:
'wgw-3 = 1.0

The cumulative flux reduction factor for Transect Zone 3 is:
rw_argw-3 = (0.98)(1.0)(1.0)(1.0) = 0.98

Therefore, the total Transect 3 zone mass flux after remediation is:
W_argw-3 = (18)(0.98) = 17.6 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

TRANSECT ZONE 4

The baseline Transect 4 zone to groundwater mass flux is:
W_bgw-4 = 5.1 g/day

For SVE the flux reduction factor for Transect Zone 4 is:
'Wgw-4 = 1.0
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The cumulative flux reduction factor for Transect Zone 4 is:
rw_argw.4 = (0.98)(1.0)(1.0)(1.0)(1.0) = 0.98

Therefore, the total Transect 4 zone mass flux after remediation is:
W_argw-4 = (5.0)(0.98) = 5.0 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

SICIYIPANZEM Calculate the After-Remediation Control Point Concentration

From Step MFAR-4:
W_argw-4 = 5.0 g/day

There are no controls at the control point, SO rwpey = 1.0.

The control point mass flux after remediation is:
w_argw-2 = 5.0 g/day

Therefore, the control point concentration after remediation for a flowrate of 54,504 L/day is:
C_arep = (5.0 g/day)(1000 mg/g)/(54,504 L/day) = 0.090 mg/L

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 2

SUMMARY - EXAMPLE 2: REMEDIATION WITH SOIL VAPOR EXTRACTION

In this example, SVE is estimated to reduce the mass flux from the vadose zone by 90%. However,
because most of the mass flux at the control point originates from the smear zone, the control point
concentration changes only slightly, from 0.094 mg/L to 0.090 mg/L.

After Remediation Timeframe Steps RTAR-1 through RTAR-4

Because the reduction in the control point concentration is small, these steps are not performed for this
example. See Example 3 for a description of these steps.
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EXAMPLE 3: REMEDIATION WITH MULTI-PHASE EXTRACTION

Determine the control point concentration for remediation with multi-phase extraction for the smear zone.
For simplicity, assume that multi-phase extraction at this site does not affect the vadose zone mass.

SICVIFNSME Calculate the After-Remediation Vadose Zone to Groundwater Mass Flux

The baseline vadose zone to groundwater mass flux (determined in the baseline Example 1) is:
w_byg = 3.0 g/day

Assume that multi-phase extraction is designed to address the smear zone only. Therefore, the flux
reduction factor for this technology is:
rW\/d = 1.0

Hence, the vadose zone mass flux after remediation is:
w_aryg = (3.0)(1.0) = 3.0 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME - EXAMPLE 3

SICIORYIFARESM Calculate the After-Remediation Smear Zone-to-Groundwater Mass Flux

The baseline smear zone-to-groundwater mass flux (determined in the baseline Example 1) is:
w_bsm = 165 g/day

At this site, high permeability and numerous extraction wells indicates that multi-phase extraction can reduce
the mass flux of MTBE from the smear zone by 90% (this will not be achievable at most sites), so the flux
reduction factor for the smear zone is:

r'wsm = 0.1

Therefore, the smear zone mass flux after remediation is
W_arsm = (165)(0.1) = 16.5 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME- EXAMPLE 3

SICVIFANREEY Calculate the After-Remediation Total Source-To-GW Mass Flux
The total source-to-groundwater mass flux after remediation is:
w_ars = 3.0 + 16.5 = 19.5 g/day
The baseline total source-to-groundwater mass flux (determined in the baseline Example 1) is:
w_bis = 168 g/day

Dividing w_ars by w_bs gives the total source-to-gw flux reduction factor rwis:
rwis=19.5/168 = 0.12

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 3

SICIORYIFAREY Calculate the After-Remediation Transect Zone to Groundwater Mass Fluxes
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TRANSECT ZONE 1

The baseline Transect 1 zone mass flux (determined in the baseline example above) is:
wW_bgw-1 = 112 g/day

For multi-phase extraction, the flux reduction factor for Transect Zone 1 is:
ngw-]_ = 1.0

The cumulative flux reduction factor for Transect Zone 1 is:
rw_argw-1 = (0.12)(1.0) = 0.12

Therefore, the total Transect 1 zone mass flux after remediation is
W_argw1 = (112)(0.12) = 13.4 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 3

TRANSECT ZONE 2

The baseline Transect 2 zone mass flux is:
w_bgw-2 = 52 g/day

For multi-phase extraction, the flux reduction factor for Transect Zone 2 is:
ngW»Z = 1.0

The cumulative flux reduction factor for Transect Zone 2 is:
rw_argw-2 = (0.12)(1.0)(1.0) = 0.12

Therefore, the total Transect 2 zone mass flux after remediation is:
W_argw-2 = (52)(0.12) = 6.2 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 3

TRANSECT ZONE 3

The baseline Transect 3 zone to groundwater mass flux is:
W_bgw-3 = 18 g/day

For multi-phase extraction, the flux reduction factor for Transect Zone 3 is:
ngW>3 = 1.0

The cumulative flux reduction factor for Transect Zone 3 is:
rw_argw-3 = (0.12)(1.0)(1.0)(1.0) = 0.12

Therefore, the total Transect 3 zone mass flux after remediation is:
W_argw-3 = (18)(0.12) = 2.2 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME — EXAMPLE 3

TRANSECT ZONE 4

The baseline Transect 4 zone to groundwater mass flux is:

w_bgw-4 = 5.0 g/day

For multi-phase extraction, the flux reduction factor for Transect Zone 4 is:
M'Wow-4 = 1.0

The cumulative flux reduction factor for Transect Zone 4 is:
IW_argw4 = (0.12)(1.0)(1.0)(1.0)(1.0) = 0.12
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Therefore, the total Transect 4 zone mass flux after remediation is:
W_argw-s = (5.0)(0.12) = 0.6 g/day

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME- EXAMPLE 3

SICVIFANREN Calculate the After-Remediation Control Point Concentration

From Step MFAR-4,
w_argw-2 = 0.6 g/day

There are no controls at the control point so:
'Wpou = 1.0.

The control point mass flux after remediation is:
w_argw-4 = 0.6 g/day

Therefore, the control point concentration after remediation for a flowrate of 54,504 L/day is:
C_arep = (0.6 g/day)(1000 mg/g)/(54,504 L/day) = 0.011 mg/L

Enter this value on Worksheet 2, REMEDIATION EVALUATION TOOL USING MASS FLUX AND
REMEDIATION TIMEFRAME- EXAMPLE 3

SUMMARY - EXAMPLE 3: REMEDIATION WITH MULTI-PHASE EXTRACTION

In this example, multi-phase extraction is estimated to reduce the mass flux from the smear zone by
90% (this may not be achievable at most sites). This will translate to a reduction in the mass flux at
the control point of 88% (flux reduction factor equal to 0.12), and reduces the control point
concentration from 0.094 mg/L to 0.011 mg/L. This is considered to be acceptable in this example.

SICIRIVA RS Calculate the After-Remediation Vadose Zone Remediation Timeframe (t_aryq)
(Optional)

Based on the assumption that multi-phase extraction has little benefit on the vadose zone, the remediation
timeframe is estimated to remain unchanged from the baseline value (t_bys = 20 years) so that t_ary,g = 20
years. Enter this value on Worksheet 2.

SICIRIVAREPA Calculate the After-Remediation Smear Zone Mass (M_arsm) and Remediation
Timeframe (t_arsm) (Optional)

Based on techniques described in section 4, the 90% reduction in mass of the smear zone due to multi-
phase extraction is expected to reduce the remediation timeframe by 90%, from 40 years to 4 years. Enter
this value on Worksheet 2.

SICOIRIVREEN Select Mass Flux Curve in Appendix A That Best Represents Source

The smear zone mass flux, which contributes the largest flux to groundwater, will be reduced by 90%. A
residual source, consisting of the vadose zone and the 10% of the smear zone MTBE that is not removed,
will persist for a longer time period. The closest match for this source configuration is a Step-Function
source, with a 90% reduction in the mass flux after remediation. Because the seepage velocity at the site is
best represented by the 200 ft/yr panel, select the bottom right hand graph on page A-14 of Appendix A .
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SICIOVREM Estimate the Transect Zone Remediation Timeframe (t_argw-1to t_argw-4)

Evaluate the bottom right hand graph on page A-14 of Appendix A (reproduced below) to see how quickly a
change in mass flux is reflected in the downgradient mass flux. This graph is for a source that has been in
place for 5 years at full strength, followed by a 90% reduction in source strength. The site has a seepage
velocity of 200 ft/yr, and no MTBE biodegradation in the plume is assumed.

Mass Flux vs. Time

Source with Step Change: A = 0, v; = 200 ft/yr

Full strength for 5 years, then 10% Strength

100% -,

', —— 1year

\ .
B - 5 years

10 years

— 20 years

B0% +

40% -

Mass Flux
(% of Original
Source Flux)

0% ~

0% T T T T T T T T T
0 600 1000 1500 2000 2500 3000 3500 4000 4500 5000

Distance from Source (ft)

At this site, the control point is approximately 830 ft downgradient of the source. Based on the mass flux vs.
time graph, the reduction in flux at the control point will follow this pattern:

At 1 year after the release, the flux at 830 ft will be near zero, as the plume has not approached the control
point yet.

At 5 years after the release (and at the time remediation is performed), the flux at 830 ft will be at 90% of the
maximum pre-remediation steady-state flux at the source, as dispersion has some effect on reducing the
concentration at the control point.

At 10 years after the release (equal to 5 years after remediation as this graph assumes the source is at full
strength for 5 years, then remediation occurs), the flux at 830 ft will be at about 30% of the maximum
steady-state flux at the source due to the remediation effort. A larger slug of MTBE has passed the control
point (a peak flux of 90% of the original pre-remediation flux is present at 1600 ft from the source), but the
beneficial effects of remediation are being felt at the control point located 830 ft downgradient of the source.

At 20 years after the release (equal to 15 years after remediation as this graph assumes the source is at full
strength for 5 years, then remediation occurs), the flux at 830 ft will be at about 10% of the maximum
steady-state flux at the source because the plume is now at a new steady-state condition with the new post-
remediation source term.

Therefore enter 15 years for Step RTAR-4 on Worksheet 2.

(Note that the use of the graphs is designed to give an approximate picture of the response of the mass flux
in the plume due to changes in upstream flux. For a more accurate representation, a solute transport model
could be used that would reflect actual site conditions and changes in the source.)

IMPORTANT POINT: If natural flushing and source remediation of downgradient transects take too long,
then active remediation of a transect zone may be required. In this case, use the methods described in
Section 5 to select technologies that address the groundwater compartment, and use the methods in
Section 4 to estimate how long remediation may take.
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SUMMARY - EXAMPLE 3: REMEDIATION TIMEFRAME WITH MULTI-PHASE EXTRACTION

These results indicate that it will take approximately 15 years for the benefits of source remediation
to impact the control point. If this is too long to meet site remediation objectives, then fill out another
worksheet for an alternative that includes active remediation of the groundwater transect zones

(such as pump-and-treat).
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EXAMPLE 4: POINT-OF-USE CONTROL

For this example, fill out a new Worksheet 2 with the same mass fluxes everywhere as in Example 1
Baseline except for the fluxes in the control point calculation.

Assume that a Point-of-Use control such as activated carbon will be applied at the well with 99.9% reduction
in MTBE concentration in the well. Therefore, the point-of-use reduction factor is:
'Wpou = 0.001

If the baseline flux at the control point is 5.0 g/day, and rwpo, = 0.001, then the control point mass flux after
remediation is:
w_are, = (5.0)(0.001) = 0.005 g/day.

To get the resulting control point concentration, divide by the control point flowrate (54,504 L/day) and
multiply by 1000 mg/g:

C_are, = (0.005)(1000) / 54,504 = 0.000092 mg/L. This is an acceptable concentration.

SUMMARY - EXAMPLE 4: POINT-OF-USE CONTROL

A point-of-use control, such as activated carbon located at the extraction well, will be effective at
controlling MTBE in the produced water.
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BASELINE MASS FLUX AND

Version 2.0
Issued: 8/18/03

WORKSHEET 1
BASELINE MASS FLUX and REMEDIATION TIMEFRAME TOOL

Groundwater Remediation Strategies Tool, American Petroleum Institute

Site Name
Description

EXAMPLE 1 - BASELINE MTBE FLUXES
UST - Elbert, Texas

8/23/02 Constituent ___ MTBE

Date

OBJECTIVE
Determine best way to control impacts to
groundwater.

APPROACH

A. Using RBCA or other decision-making
methodology, determine if there is an
unacceptable impact to groundwater. If yes:

B. Calculate up to seven mass flux terms:

vadose zone-to-groundwater;

smear zone-to-groundwater;

total source-to-groundwater;

up to four "transect zone."

Calculate control point concentration.

Estimate baseline remediation timeframes

for compartments that are shown.

E. Go to Worksheet 2.

[

iy

Step MFB-5 \

oo

-

N

Step MFB-2 \

Step MFB-1 Step MFB-3 Step MFB-4
_TO- -TO- TO. GROUNDWATER Transect Transect | Transect | Transect CONTROL POINT CONCENTRATION
VADOWS EbZONE TO .GW FLUX SMEC\\,RbZONE TO.GW FLUX TOTAL SOURCE-TO-GWsource TRANSECT AREA Zone 1 Zone 2 Zone 3 Zone 4 (shown as well in this worksheet,
—Pvd  (Optional) —-sm (Optional) FLUX w_byg FLUXES Mass Flux | Mass Flux | Mass Flux | Mass Flux but can also be surface water)
b | b GROUNDWATER gw-4
w_byg wW_byg (g/day) 5.1
VADOSE ZONE _ = ROUNDWATER TRANSECT ZONE
MASS FLUX | 3.0 168 3.0 165 GOTAL SOORCE 168 B bl 112 52 18 5.1 —
(g/day) b MASS FLUX (g/day) 3
W_big w_byg < —-sm (g/day) W_bgy.1 W_bgw2 W bgy3 W bgyg Control Point
(g/day)  (g/day) D ONE. Flowrate |54 504
MASS FLUX , (Eay)
use methods in Section 3.5 (g/day) SecE[Ji(S)ﬁ rgithgdzs Igr 33 use methods in Section 3.1, 3.2, or 3.3 X 1000
Key Points: Key Points: Key Points: Key Point: _ _ o C_bgp —
w_byq is the Baseline Mass Flux priorto ~ w_bgm is the Baseline Mass Flux prior w_byg is the Baseline Mass Flux prior to w_bgy.-1 through w_bgy-4 are the Baseline Mass Fluxes prior to remediation. CONTROL POINT |0 094
remediation. Compare this value to the to remediation. Compare this value to remediation. Compare this value to the Compare these values to the After-Remediation Mass Fluxes on Worksheet 2 to CONCENTRATION :
After-Remediation Mass Flux on Work- the After-Remediation Mass Flux on After-Remediation Mass Flux (w_artg) see how much the fluxes here and downgradient of these transects are reduced. (mg/L)
sheet 2 (w_aryq) to see how much the Worksheet 2 (w_argm) to see how on Worksheet 2 to see how much the s Seattgn S

flux here and downgradient of this point
is reduced.

much the flux here and downgradient of
this point is reduced. The smear zone
flux (w_bgm) is calculated indirectly by
subtracting the vadose zone flux
(w_byq) from the total flux from the

source (W_bgtg). The smear zone flux

flux here and downgradient of this point
is reduced.

The intermediate transects allow you to evaluate a remedial action at a given
point in the plume.

Key Point:

C_bcp is the Baseline Control Point
concentration. Compare this value to the
After-Remediation control point concentration

W_bgg is the total flux in groundwater

leaving the source zone. If the vadose
zone and smear zone mass fluxes are

The vadose zone flux calculation is
optional , as in some cases an accurate
estimation of the vadose zone flux is not

REMEDIATION TIMEFRAME

WORKSHEET 1

possible. W . not calculated, this should be the start- (C_arep) on Worksheet 2 to see how much
calculation is optional . ing point of the analysis. ——'cp .
the concentration has been reduced by
Step RTB-1 Step RTB-2 Step RTB-3 Step RTB-4 remediation.
VADOSE ZONE MASS SMEAR ZONE MASS TOTAL SOURCE ZONE GROUNDWATER
AND NATURAL ATTENUATION AND NATURAL ATTENUATION NATURAL ATTENUATION TIME- TRANSECT ZONE Transect | Transect | Transect | Transect
TIMEFRAME (Optional) TIMEFRAME (Optional) FRAME (Optional) MASS AND NATURAL Zone 1 Zone 2 Zone 3 Zone 4
ATTEN. TIMEFRAME
VADOSE ;_(:r‘q'g SMEAth_ng TOTAL soJﬁl::tE (distance ffom saurse esen:
IStance from source + seep-
N.A. TIMEFRAME | 20 N.A. TIMEFRAME | 40 N.A. TIMEFRAME | 40 age velocitsg 0.6 15 2.3 3.3
(yr) (yr) (yr) (yr + + + +
use methods in Section 4 use methods in Section 4 use maximum of t_byg and t_bsm t by Total Source Natural
. Attenuation Timeframe 40 40 40 40
Key Point: ; Key Point: ; ; Sgg tl:rzglmétximum of either the baseline 2 = = = =
t_byq |s_the Basellne Nat_ural t_.bsm is the !Basellne Na.tur.al Attenuation vadose zone natural attenuation time- t bgy
Attenuation Timeframe prior to reme- Timeframe prior to remediation. Compare frame (t_byg) and the baseline smear GROUNDWATER TRANSECT
diation. Compare this value to the After- this value to the After-Remediation Smear iral attenuation timef ZONE NATURAL ATTENUA- |~ 41 ~ 42 ~ 42 ~ 43
Remediation Vadose Zone Remediation ~ Zone Remediation Timeframe (t_argm) on %tor:)e ne; ural attenuation imetrame TION TIMEFRAMES (yr)
Timeframe (t_aryq) on Worksheet 2 to see worksheet 2 to see how much the time- —-sm/: _ _ use methods in Section 4 tbgw1 tbgwa tbgw3 tbgy.g
how much the timeframe is reduced by frame is reduced by remediation. t_bys is the Baseline natural attenuation

remediation.

timeframe prior to remediation. Compare
this value to the After-Remediation Total
Source Remediation Timeframe

(t_artg) on Worksheet 2 to see how much

the timeframe is reduced by remediation.

Key Point:

t_bgw-1 through t_bgy.4 are the Baseline Natural Attenuation Timeframes prior
to remediation. Compare these values to the After-Remediation Transect Zone
Remediation Timeframes on Worksheet 2 to see how much the timeframes are
reduced by remediation.




WORKSHEET 2

REMEDIATION EVALUATION TOOL USING MASS FLUX and REMEDIATION TIMEFRAME
Groundwater Remediation Strategies Tool, American Petroleum Institute

Version 2.0
Issued: 8/18/03

Site Name EXAMPLE 2 -SVE
Des(;ription UST - Elbert, Texas

Date _ 8/23/02 Constituent _MTBE

OBJECTIVE
Develop / document change of mass flux and
remediation timeframe.

APPROACH

A. Calculate Baseline Mass Fluxes and Baseline
Remediation Timeframes using Worksheet 1.

B. Select a candidate remedial technology or
combination of technologies and:

1. Estimate and enter the Flux Reduction Factor
and Mass Reduction Factor for that remedy (see Section 5);
2. Estimate the Mass Flux After Remediation (ar) (see Section 3);
3. Estimate the After-Remediation and Remediation Timeframes
(see Section 4);
4. Evaluate how long it will take upgradient remediation activities
to affect downgradient transport compartments (see Section 6).
C. Repeat this process for several remedial alternatives, and
comparebased on reduction in mass flux, reduction in
remediation, reliability, cost, and other factors.

REMEDY EVALUATION

WORKSHEET 2

Step MFAR-1 Step MFAR-2 Step MFAR-3 Step MFAR-4 Step MFAR-5
-TO- GROUNDWATER TRANSECT |TRANSECT |TRANSECT [TRANSECT CONTROL POINT CONCENTRATION
VADOSE ZONE-OTO_-GWI FLUX SMEAR ZONE-TO-GW FLUX TOTAL SOURCE-TO-GWgqyrce TRANSECT ZONE ZONE ZONE ZONE ZONE (shown as well in this worksheet,
w_ary,q (Optional) w_argy, (Optional) FLUX w_arig FLUXES w_argw.x | 1FLUX 2 FLUX 3 FLUX 4 FLUX but can also be surface water)
w_b w_b W_alts Transect Zone Flux | 112 52 18 5.1
= vd 3.0 - Sm 1165 Total Source Flux 165.3 (g/day) from Wiksht1 rom wiksht1 om Wiksht 1 fipm wrksht1 W_argw-4 50
(g/day) from Wrksht 1 (g/day) from Wirksht 1 After Remediation ' W D W Doy W Doy W Doy (g/day)
LU ALSITE SIS L _Ogw-1 _Dgw-2 _Ogw-3 _Ogw-4
(glday) , Technology: X X X X X
Technology: [ SVE | X Technology: [none ] X / -~ Flux Reduction Factor | 1.0 | | 10 | | 10 | | 1.0 | Control Point-of-Use
Flux Reduction Factor | o 1 Flux Reduction Factor | 4 (rWgw) : : : : (POU) Elux Reduction 1.0
(rwy,q) i 'Wem : w_byg 168 use resources in Section 5 "'Wgw -1 "'Wgw -2 M'Wgw -3 M'Wow -4 Factor (erou)
use resources in Section5  __ use resources in Section5 (g/day) e i i i L =
________________ e R R SR N R = | 0.98 0.98 0.98 0.98 w_arcp
w_aryg w_ar Control Point Mass
VAD. ZONE MASS FLL\jX SMEAR Z. MASS FLerQ :F UX REDUCTION 0.98 Wts :xts x B :ats Xl :a;"i . Flux After Remediation 5.0
AFTER REMEDIATION | 0.3 4+ | AFTER REMEDIATION | 165 = | FACTOR - ik Wowz = Wgw2x (g/day) ;
(g/day) (g/day) ' (rwis) fWons = 0
L TRANSECT ZONE MASS :
<oy Point Kev Point Kéy boint FLUX AFTER 110 51 17.6 5.0 Contlg?éxgpet o
ey Point: o ey Point: o nt: REMEDIATION (g/day) 54,504
w_aryq represents the after-remediation ~ w_argm represents the after-remediation ~ w_arg is the total mass flux W _argw-1 W argw-2  W_afgw-3  W_argw-4 (L/day)
mass flux to groundwater. mass flux to groundwater. Continue the to groundwater from the source zone after o X 1000
Continue the calculations to the right calculations to the right to determine the remediation. w_artg can also be calculat- Ee?’ Ploimt'h . duction factor f hi ; bei 4. Add f ducti C_arCp -
(o determine e downaradient mpact  downgradient impactof this medial cd by aciing w_aryg - W_arsm Coleuate ey reducion fetr fr each ransect zone g used. Addany fxredhcton | ooy pONE =
of this remedial alternative. The vadose alternative. The smear zone flux calcula- Continue the calculations to the right to that the final flux being reported is the long-term flux after the system has reached equilibri- CONCENTRATION
zone flux calculation is optional. tion is optional. determine the downgradient impact of this ~ um with the new, remediated transport compartments located upstream. To determine how AFTER ]0.090
remedial alternative. long it might take to reach the after-remediation fluxes, use the charts in Section 6. REMEDl:(ATl(/)II\;
mg
Step RTAR-1 Step RTAR-2 Step RTAR-3 Step RTAR-4 see Section 3.4
GROUNDWATER
VADOSE ZONE REMEDIATION SMEAR ZONE REMEDIATION SELECT MASS FLUX CU_RVE TRANSECT ZONE TRZ%’\,LSEEET T%%’}I\I%EST TF\’Z%I\II\ISEE:?T TRZ%I\A]SEEAE:T Key Point:
TIMEFRAME t_ar, 4 (Optional) TIMEFRAME t_argp, (Optional) FROM APPENDIX B (Optional) EFERAI\EEISATION TIME- | Timeframe | Timeframe | Timeframe | Timeframe The control point flux reduction factor can
] be used if point-of-use treatment such as
Is source mass flux Decaying carbon adsorption or air stripping is being
;?tétrlTeemdeudr'lggo?\nd Source? used as part of the remedy.
SMEAR ZONE REM. iati -
VRAE?VIOESDEIAZ'PIgII\EI Not SR R e C':\I?t represented I:l Step Function TRANSECT ZONE Not Not Not Not This calculation shows the estimated
TIMEFRAME AFTER LCalc. REMEDIATION (yr) alc. better by: Source? T A Calc. Calc. Calc. Calc. is calculation shows the estimate
REMEDIATION (yr) Which mass flux curve in oo targw-1 Largy-2 Largw3  Largw-4 ?grr;%edqgglct)lr?n At the control point afier
Appendix A best represents Not use methods in Section 6 '
use methods in Section 4 use methods in Section 4 source mass flux O!U”gg Calc. How Long Does it Take?
and after remediation’ Use the charts in Section 6 and

Appendix A to estimate how long
upstream changes in mass flux will take
to affect the mass flux downgradient.

Key Point:

Method 1: If there is no active remediation in the Transect Zones, use the meth-
ods shown in Section 6 and Appendix A to evaluate the timing of upgradient
remediation activities on the transect zones. This calculation is optional .

Method 2: If there is active remediation in the Transect Zones (such as pump-
and-treat), use the methods shown in Section 4 and 6 to estimate the remediation
timeframe. This calculation is optional .

Key Point:

t_ary g represents the after-remediation
remediation timeframe for the vadose
zone. This calculation is optional .

Key Point:

Use results from Step RTAR-1 and
RTAR-2 and the methods shown in
Section 6 and Appendix A to select a
mass flux curve that best represents
this source during and after remediation.

Key Point:

t_argm represents the after-remediation
remediation timeframe for the smear zone.
This calculation is optional .




REMEDY EVALUATION

WORKSHEET 2

Site Name EXAMPLE 3 - Multi-Phase Extraction

Des(;ription UST - Elbert, Texas

Date 8/23/02

OBJECTIVE

Develop / document change of mass flux and

remediation timeframe.

APPROACH

A. Calculate Baseline Mass Fluxes and Baseline
Remediation Timeframes using Worksheet 1.
B. Select a candidate remedial technology or

combination of technologies and:

1. Estimate and enter the Flux Reduction Factor

and Mass Reduction Factor for that remedy (see Section 5);
2. Estimate the Mass Flux After Remediation (ar) (see Section 3);
3. Estimate the After-Remediation and Remediation Timeframes

(see Section 4);

4. Evaluate how long it will take upgradient remediation activities
to affect downgradient transport compartments (see Section 6).
C. Repeat this process for several remedial alternatives, and
comparebased on reduction in mass flux, reduction in
remediation, reliability, cost, and other factors.

Constituent

MTBE

Groundwater Remediation

WORKSHEET 2

REMEDIATION EVALUATION TOOL USING MASS FLUX and REMEDIATION TIMEFRAME

Strategies Tool, American Petroleum Institute

Version 2.0
Issued: 8/18/03

Step MFAR-1 Step MFAR-2 Step MFAR-3 Step MFAR-4 Step MFAR-5
-TO- GROUNDWATER TRANSECT |TRANSECT |TRANSECT [TRANSECT CONTROL POINT CONCENTRATION
VADOSE ZONE-OTO_-GWI FLUX SMEAR ZONE-TO-GW FLUX TOTAL SOURCE-TO-GWgqyrce TRANSECT ZONE ZONE ZONE ZONE ZONE (shown as well in this worksheet,
w_ary,q (Optional) w_argy, (Optional) FLUX w_arig FLUXES w_argw.x | 1FLUX 2 FLUX 3 FLUX 4 FLUX but can also be surface water)
w_b w_b W_alts Transect Zone Flux | 112 52 18 5.1
7d vd 3.0 _/dsm 165 Total Source Flux 19.5 (g/day) from Wiksht1 rom wiksht1 om Wiksht 1 fipm wrksht1 W_argw-4 0.6
(g ay) from Wrksht 1 (g a-y) from Wirksht 1 After Remediation : ' bgw-l W bgw-2 W bgw-3 W bgw-4 (g/day)
N Ve (glday) = Usd il X X _ _ X
Technology: | None | Technology: Eu|ti-phase| /4 . Flux Reduction Factor | 10 | | 1.0 | | 10 | | 1.0 | Eoirial| Bafrizeialise
Flux Reduction Factor 1.0 Flux Reduction Factor 0.1 (ngw) : : : : (POU) Flux Reduction 1.0
(rwy,q) i 'Wem : w_byg 168 use resources in Section 5 "'Wgw -1 "'Wgw -2 M'Wgw -3 M'Wow -4 Factor (erou)
use resources in Section5  __ use resources in Section5 (g/day) e i i i L =
________________ -_._ B L S I = | 0.12 0.12 0.12 0.12 w_arcp
w_aryg w_ar Control Point Mass
VAD. ZONE MASS FLUX SMEAR Z. MASS FLUX FLUX REDUCTION s s X s X e Flux After Remediation | 0-6
AFTER REMEDIATION | 3.0 AFTER REMEDIATION | 16.5 =, FACTOR 0.12 MRS N e, (g/day)
(g/day) (g/day) . (rwis) 9 e =
: TRANSECT ZONE MASS .
v Point Kev Point Kéy Boint FLUX AFTER 13.4 6.2 2.2 0.6 Contlg?éxgpet o
ey Point: o ey Point: o nt: REMEDIATION (g/day) 54,504
w_aryq represents the after-remediation ~ w_argm represents the after-remediation ~ w_arg is the total mass flux W _argw-1 W argw-2  W_afgw-3  W_argw-4 (L/day)
mass flux to groundwater. mass flux to groundwater. Continue the to groundwater from the source zone after o X 1000
Continue the calculations to the right calculations to the right to determine the remediation. w_arts can also be calculat- Eg?lcmgigtfhe flux reduction factor for each transect zone being used. Add any flux reduction C_arCp -
tc])c ;jhetermln%_thle (I:iowng_radl(_el_r%t 'mpSCt dlowngradle_rll_thlmpaCt of this rﬁmEd'?l | ed by adding w_aryg + W_arsm-. factors that have occurred in the source zone to reflect upstream remediation efforts. Note CONTROL POINT —
of this remedial alternative. The vadose alternative. The smear zone flux calcula- Continue the calculations to the right to that the final flux being reported is the long-term flux after the system has reached equilibri- CONCENTRATION
zone flux calculation is optional. tion is optional. determine the downgradient impact of this ~ um with the new, remediated transport compartments located upstream. To determine how AFTER 0.011
remedial alternative. long it might take to reach the after-remediation fluxes, use the charts in Section 6. REMEDl:(ATl(/)II\;
mg
Step RTAR-1 Step RTAR-2 Step RTAR-3 Step RTAR-4 see Section 3.4
GROUNDWATER
VADOSE ZONE REMEDIATION SMEAR ZONE REMEDIATION SELECT MASS FLUX CU_RVE TRANSECT ZONE TRZ%’\,LSEEfT T%%%SEEST TF\’ZAOI\II\ISEE:?T TRZ%'\,{]SEEAE:T Key Point:
TIMEFRAME t_ar,,4 (Optional) TIMEFRAME t_arg, (Optional) FROM APPENDIX B (Optional) REMEDIATION TIME- | timeframe | Timeframe | Timeframe | Timeframe The control point flux reduction factor can
] FRAMES be used if point-of-use treatment such as
{lsssgr‘;rg%t’ﬂﬁ‘zsgm gecayn))g carbon adsorption or air stripping is being
- ource?
‘REMEDIATION TMEFRAME ARTER ?gtseénrt%?%cgt?ggg 7" ] Step Function TRANSECT ZONE used as partof the remedy.
TIMEFRRI’EA,\\AMEEDK\FTTIES 20 TIFQAEEI\EESIX%éﬁT(ES 4 v Source? REMEDIATION 10 10 10 10 This calculation shows the estimated
REMEDIATION (yr) TIMEFRAME (yr) concentration at the control point after
Y Which mass flux curve in U targy-1 targy-2 targy-3 targwa remediation.
Appendix A best represents bé{[%gn use methods in Section 6
use methods in Section 4 use methods in Section 4 source mass flux O!U”gg right panel How Long Does it Take?
and after remediation’ Use the charts in Section 6 and

Key Point:

t_ary g represents the after-remediation
remediation timeframe for the vadose

zone. This calculation is optional .

Key Point:

t_argm represents the after-remediation
remediation timeframe for the smear zone.
This calculation is optional .

Key Point:

Use results from Step RTAR-1 and
RTAR-2 and the methods shown in
Section 6 and Appendix A to select a
mass flux curve that best represents
this source during and after remediation.

Key Point:

Method 1: If there is no active remediation in the Transect Zones, use the meth-
ods shown in Section 6 and Appendix A to evaluate the timing of upgradient
remediation activities on the transect zones. This calculation is optional .

Method 2: If there is active remediation in the Transect Zones (such as pump-
and-treat), use the methods shown in Section 4 and 6 to estimate the remediation
timeframe. This calculation is optional .

Appendix A to estimate how long
upstream changes in mass flux will take
to affect the mass flux downgradient.




REMEDY EVALUATION

WORKSHEET 2

Site Name EXAMPLE 4 - Point-of-Use Treatment

Des(;ription UST - Elbert, Texas

Date 8/23/02

OBJECTIVE

Develop / document change of mass flux and

remediation timeframe.

APPROACH

A. Calculate Baseline Mass Fluxes and Baseline
Remediation Timeframes using Worksheet 1.
B. Select a candidate remedial technology or

combination of technologies and:

1. Estimate and enter the Flux Reduction Factor

and Mass Reduction Factor for that remedy (see Section 5);
2. Estimate the Mass Flux After Remediation (ar) (see Section 3);
3. Estimate the After-Remediation and Remediation Timeframes

(see Section 4);

4. Evaluate how long it will take upgradient remediation activities
to affect downgradient transport compartments (see Section 6).
C. Repeat this process for several remedial alternatives, and
comparebased on reduction in mass flux, reduction in
remediation, reliability, cost, and other factors.

Constituent

MTBE

WORKSHEET 2

REMEDIATION EVALUATION TOOL USING MASS FLUX and REMEDIATION TIMEFRAME

Groundwater Remediation Strategies Tool, American Petroleum Institute

Version 2.0
Issued: 8/18/03

Step MFAR-1 Step MFAR-2 Step MFAR-3 Step MFAR-4 Step MFAR-5
-TO- GROUNDWATER TRANSECT |TRANSECT |TRANSECT [TRANSECT CONTROL POINT CONCENTRATION
VADOSE ZONE-OTO_-GWI FLUX SMEAR ZONE-TO-GW FLUX TOTAL SOURCE-TO-GWgqyrce TRANSECT ZONE ZONE ZONE ZONE ZONE (shown as well in this worksheet,
w_ary,q (Optional) w_argy, (Optional) FLUX w_arig FLUXES w_argw.x | 1FLUX 2 FLUX 3 FLUX 4 FLUX but can also be surface water)
w_b w_b W_alts Transect Zone Flux | 112 52 18 5.1
7d vd 3.0 _/dsm 165 Total Source Flux 168 (g/day) from Wiksht1 rom wiksht1 om Wiksht 1 fibm wrksht1 W_argw-4 5.1
(9/day) fromwisns_| (9/day) o wisns | After Remediation W_bgw-1 w_bgw-2 W_bgw-3 W_bgw-4 (g/day)
X X (g/day) - Technology: X X X
Technology: | None | Technology: | None | / ' Flux Reduction Factor | 1.0 | | 1.0 | | 10 | | 1.0 | Eoirial| Bafrizeialise
Flux Reduction Factor 1.0 Flux Reduction Factor 1.0 (ngw) : . : . (POU) Flux Reduction [0.001
(rwy,q) ) 'Wsm ) wW_btg 168 use resources in Section 5 "'Wgw -1 "'Wgw -2 "'Wgw -3 "'Wgw -4 Factor (erou)
use resources in Section5 use resources in Section5 (g/day) e X X X X =
________________ .. o N = | 1.0 1.0 1.0 1.0 w_arcp
w_aryg w_ar Control Point Mass
VAD, ZONE MASS FLUX SMEAR 7. MASS FLUX FLUX REDUCTION s s s X e Flux After Remediation [0-005
AFTER REMEDIATION | 3.0 AFTER REMEDIATION | 165 = . FACTOR 1.0 Mawa s O Wowan (g/day)
(g/day) (g/day) . (rwis) i = e =
: TRANSECT ZONE MASS :
Key Point Key Point Kéy Point ATy 112 o2 18 >1 Contlgcl)(;vsgpet 0
ey Point: o ey Point: o nt: REMEDIATION (g/day) 54,504
w_aryq represents the after-remediation ~ w_argm represents the after-remediation ~ w_arg is the total mass flux W _argw-1 W argw-2  W_afgw-3  W_argw-4 (L/day)
mass flux to groundwater. mass flux to groundwater. Continue the to groundwater from the source zone after o X 1000
Continue the calculations to the right calculations to the right to determine the remediation. w_arts can also be calculat- Eg?lcmgigtfhe flux reduction factor for each transect zone being used. Add any flux reduction C_arCp -
tc])c dhetermln%_thle (I:iowng_radl(_el_r%t 'mpSCt dlowngradle_rll_thlmpaCt of this rﬁmEd'?l | ed by adding w_aryg + W_arsm-. factors that have occurred in the source zone to reflect upstream remediation efforts. Note CONTROL POINT —
of this remedial alternative. The vadose alternative. The smear zone flux calcula- Continue the calculations to the right to that the final flux being reported is the long-term flux after the system has reached equilibri- CONCENTRATION
zone flux calculation is optional. tion is optional. determine the downgradient impact of this ~ um with the new, remediated transport compartments located upstream. To determine how AFTER [0.00009
remedial alternative. long it might take to reach the after-remediation fluxes, use the charts in Section 6. REMEDl:(ATl(/)II\;
mg
Step RTAR-1 Step RTAR-2 Step RTAR-3 Step RTAR-4 see Section 3.4
GROUNDWATER
VADOSE ZONE REMEDIATION SMEAR ZONE REMEDIATION SELECT MASS FLUX CURVE TRANSECT ZONE  |TRANSECT | TRANSECT | TRANSECT| TR s | Key Point:
TIMEFRAME t_ar,,4 (Optional) TIMEFRAME t_arg, (Optional) FROM APPENDIX B (Optional) REMEDIATION TIME- | timeframe | Timeframe | Timeframe | Timeframe The control point flux reduction factor can
i FRAMES be used if point-of-use treatment such as
{lsssgr‘;rg%t’ﬂﬁ‘zsgm gecayn))g carbon adsorption or air stripping is being
- ource?
VADOSE ZONE SMEAR ZONE REM. after remediation rep- . used as part of the remedy.
REMEDIATION Not TIMEFRAME AFTER Not resented better by: |:| =10 S TRANSECT ZONE Not Not Not Not his calculation sh h . q
TIMEFRAME AFTER Calc. REMEDIATION (yr) Calc. Source? TII'\?AEEI\IQERI'\//?EION Calc. Calc. Calc. Calc. This calculation shows the estimate
REMEDIATION (yr
on Which mass flux curve in o targy-1 targy.2 targy.3 targw.4 ?grr;%edqgglct)lr?.n atthe control point after
Appendix A best represents Not use methods in Section 6
use methods in Section 4 use methods in Section 4 source mass flux O!U”gg Calc. How Long Does it Take?
and after remediation’ Use the charts in Section 6 and

Key Point:

t_ary g represents the after-remediation
remediation timeframe for the vadose

zone. This calculation is optional .

Key Point:

t_argm represents the after-remediation
remediation timeframe for the smear zone.
This calculation is optional .

Key Point:

Use results from Step RTAR-1 and
RTAR-2 and the methods shown in
Section 6 and Appendix A to select a
mass flux curve that best represents
this source during and after remediation.

Key Point:

Method 1: If there is no active remediation in the Transect Zones, use the meth-
ods shown in Section 6 and Appendix A to evaluate the timing of upgradient
remediation activities on the transect zones. This calculation is optional .

Method 2: If there is active remediation in the Transect Zones (such as pump-
and-treat), use the methods shown in Section 4 and 6 to estimate the remediation
timeframe. This calculation is optional .

Appendix A to estimate how long
upstream changes in mass flux will take
to affect the mass flux downgradient.




BASELINE MASS FLUX AND
REMEDIATION TIMEFRAME

WORKSHEET 1

Site Name
Description
Date

Constituent

WORKSHEET 1

BASELINE MASS FLUX and REMEDIATION TIMEFRAME TOOL

Groundwater

Remediation Strategies Tool, American Petroleum Institute

Version 2.0
Issued: 8/18/03

OBJECTIVE
Determine best way to control impacts to
groundwater.

APPROACH
A. Using RBCA or other decision-making
methodology, determine if there is an
unacceptable impact to groundwater. If yes:
B. Calculate up to seven mass flux terms:
vadose zone-to-groundwater;
smear zone-to-groundwater;
total source-to-groundwater;
up to four "transect zone."
C. Calculate control point concentration.
D.  Estimate baseline remediation timeframes
for compartments that are shown.

=

N

E. Go to Worksheet 2.
Step MFB-1 Step MFB-3 Step MFB-2 \ Step MFB-4 / Step MFB-5 \
_TO- _TO- _TO- GROUNDWATER Transect Transect | Transect | Transect CONTROL POINT CONCENTRATION
VADOSE ZONE-TO-GW FLUX SMEAR ZONE-TO-GW FLUX TOTAL SOURCE-TO-GWgource GROUNDWATER, e tbrar ol Bk Sl oty (shown as well in this worksheet,
—Pvd  (Optional) —“sm (Optional) FLUX w_byg FLUXES Mass Flux | Mass Flux | Mass Flux | Mass Flux but can also be surface water)
b, /7 b, GROUNDWATER wgw-“
w. w.
—vd = =45 TRANSECT ZONE | (g/day)
VADOSE ZONE - = GROUNDWATER MASS FLUXES | o 3
S s O R i -
w_big  w_byg W_bsm g/day) W_bgy.1 W bgyp W_bgy.3 W bgy.g Control Point
SMEAR Flowrate (L/day)
(g/day)  (g/day) ZONE
MASS FLUX .
use methods in Section 3.5 (g/day) Sectjits)ﬁ rgl(ithgdzs I(r;r 33 use methods in Section 3.1, 3.2, or 3.3 X 1000
Key Points: Key Points: Key Points: Key Point: . . - C_bcp —
w_byq is the Baseline Mass Flux prior to ~ w_bgm is the Baseline Mass Flux prior ~ w_bg is the Baseline Mass Flux prior w_bgw.-1 through w_bgy.4 are the Baseline Mass Fluxes prior to remediation. CONTROL POINT I:I
remediation. Compare this value to the to remediation. Compare this value to to remediation. Compare this value to Compare these values to the After-Remediation Mass Fluxes on Worksheet 2 to CONCENTRATION
see how much the fluxes here and downgradient of these transects are reduced. (mg/L)

the After-Remediation Mass Flux on
Worksheet 2 (w_argm) to see how
much the flux here and downgradient of
this point is reduced. The smear zone
flux (w_bgpm) is calculated indirectly by

subtracting the vadose zone flux
(w_byq) from the total flux from the
source (W_byg ). The smear zone flux

After-Remediation Mass Flux on Work-
sheet 2 (w_aryg) to see how much the

flux here and downgradient of this point
is reduced.

The vadose zone flux calculation is
optional , as in some cases an accurate
estimation of the vadose zone flux is not

the After-Remediation Mass Flux
(w_artg) on Worksheet 2 to see how

much the flux here and downgradient of
this point is reduced.
w_bgg is the total flux in groundwater

leaving the source zone. If the vadose
zone and smear zone mass fluxes are
not calculated, this should be the start-

The intermediate transects allow you to evaluate a remedial action at a
given point in the plume.

possible. calculation is_ optional. ing point of the analysis.
Step RTB-1 Step RTB-2 Step RTB-3 Step RTB-4
VADOSE ZONE MASS SMEAR ZONE MASS TOTAL SOURCE ZONE GROUNDWATER
AND NATURAL ATTENUATION AND NATURAL ATTENUATION NATURAL ATTENUATION TIME- TRANSECT ZONE Transect Transect | Transect | Transect
TIMEFRAME (Optional) TIMEFRAME (Optional) FRAME (Optional) MASS AND NATURAL Zone 1 Zone 2 Zone 3 Zone 4
ATTEN. TIMEFRAME
t byg tbgm tbis __Travel Time To Transect
VADOSE ZONE SMEAR ZONE TOTAL SOURCE (distance from source vlseep» | | | | | | | |
N.A. TIMEFRAME N.A. TIMEFRAME N.A. TIMEFRAME — 8 age vel °°('§,¥}
(yr) (yr) — o0 F F a5 F
use methods in Section 4 use methods in Section 4 use maximum of t_byg and t_bsm t_byg Total Source Natural r‘_ r l‘ l‘
L Attenuation Timeframe (yr)
Key Point: - Key Point: : ; Eglel ;gl?r:éximum of either the baseline = = = =
t_byd is the Baseline Natural t—bs'f“ is the Baseline Nztural Atl((:enuallon vadose zone natural attenuation time- tbgw
Attenuation Timeframe prior to reme- Timeframe prior to remediation. Compare frame (t_byq) and the baseline smear
diation. Compare this value to the After- this value to the After-Remediation Smear " Vl " tion timef GzRQONUENRX‘{IQJTRE:LTﬁré%%%T
Remediation Vadose Zone Remediation ~ Zone Remediation Timeframe (t_argm) on ztorlm)e ”E’; ural attenuation timeframe TION TIMEFRAMES (yr) b b b b
Timeframe (t_aryq) on Worksheet 2 to see : —osm/: i i t_bgwy- t_bgw-: t_bgw-: t_bgw-.
(tarva) Worksheet 2 to see how much the time- ¢ py¢ is the Baseline natural attenuation UER EHEES T el 4 gw-1 gw-2 gw-3 gw-4

how much the timeframe is reduced by frame is reduced by remediation.

remediation.

timeframe prior to remediation. Compare Key Point: _ o
this value to the After-Remediation Total tﬁbgw_1 through ngw-4 are the Baseline Natural Attenuation Timeframes

Source Remediation Timeframe
(t_artg) on Worksheet 2 to see how

much the timeframe is reduced by
remediation.

prior to remediation. Compare these values to the After-Remediation Transect
Zone Remediation Timeframes on Worksheet 2 to see how much the timeframes
are reduced by remediation.

see Section 3.4

Key Point:
C_bcp is the Baseline Control Point

concentration. Compare this value to the

After-Remediation control point concentration

(C_argp) on Worksheet 2 to see how much

the concentration has been reduced by
remediation.




REMEDY EVALUATION

WORKSHEET 2

Site Name

Description

Date Constituent

OBJECTIVE

Develop / document change of mass flux and

remediation timeframe.

APPROACH

A. Calculate Baseline Mass Fluxes and Baseline
Remediation Timeframes using Worksheet 1.
B. Select a candidate remedial technology or
combination of technologies and:
1. Estimate and enter the Flux Reduction Factor
and Mass Reduction Factor for that remedy (see Section 5);
2. Estimate the Mass Flux After Remediation (ar) (see Section

3);
3. Estimate the After-Remediation and Remediation Timeframes
(see Section 4);
4. Evaluate how long it will take upgradient remediation activities
to affect downgradient transport compartments (see Section 6).
C. Repeat this process for several remedial alternatives, and
comparebased on reduction in mass flux, reduction in
remediation, reliability, cost, and other factors.

WORKSHEET 2

REMEDIATION EVALUATION TOOL USING MASS FLUX and REMEDIATION TIMEFRAME

Groundwater Remediation Strategies Tool, American Petroleum Institute

Version 2.0
Issued: 8/18/03

Step MFAR-1 Step MFAR-2 Step MFAR-3 Step MFAR-4 Step MFAR-5
_TO- GROUNDWATER TRANSECT |[TRANSECT [TRANSECT CONTROL POINT CONCENTRATION
VADOSE ZONETO-GW FLUX SMEAR ZONE-TO-GW FLUX TOTAL SOURCE-TO-GWsrce TRANSECT ZONE | RonmECT | ORE ZONE | ZONE (shown as well in this worksheet,
w_ary,q (Optional) w_argmy, (Optional) FLUX w_arg FLUXES w_argw-x 1 FLUX 2 FLUX 3 FLUX 4 FLUX but can also be surface water)
w_byg W_bsm W_arg I:I Transect Zorze/dFIw; w_argw-4
Total S = g/day fromwrkshit | from wiksin1 L)m wshi1 wlm wisht1
(g/day) (g/day) nt After Remodiation Technology: Whgw-i  Wobgwz  Whgws W bgud (g/day
/day N . X X X
Technology: Technology: Ey) ’ i Flux Reduction Factor | | | | | | Control Point-of-Use X
Flux Reduction Factor I:I Flux Reduction Factor I:I . ngw /' (POU) Flux Reduction I:I
(rwy,q) "Wsm) use resources in Section5 ~ "aw -1 Wow -2 T g = B Factor (rtwpou)
use resources in Section5 use resources in Section5 e X X X / =
__________ = _ ) L oo =) = | | | | | | | | w_arcp
w_aryd w_arsm D wis TWis X TWis X TWis X - CAof?th;POiné _Mta_ss I:I
RS | MRS = f At e
(g/day) (g/day) t Wow-2 = rwgw-zi =
TRANSECT ZONE MASS = c I Poi
Key Point: Key Point: Key Point: FLUX AFTER | | | | ontrol Point
ey Point: o ey Point: o ey Point: REMEDIATION (g/day) T Flowrate
w_ary( represents the after-remediation ~ w_argy represents the after-remediation ~ w_artg is the total mass flux W argw-1 W argw-2 W argw-3 W_agw-4 (L/day)
mass flux to groundwater. mass flux to groundwater. Continue the to groundwater from the source zone after Key Point: X 1000
Continue the calculations to the right calculations to the right to determine the remediation. w_artg can also be calculat- Ca?::ulate the flux reduction factor for each transect zone being used. Add any flux reduction fac- C_arcp =
to determine the downgradient impact downgradient impact of this remedial ed by adding wZaryg + W_arsm- tors that have occurred in the source zone to reflect upstream remediation efforts. Note that CONTROL POINT
of this remedial alternative. The vadose alternative. The smear zone flux calcula-  continue the calculations to the right to the final al flux being reported is the long-term flux after the system has reached equilibrium wit CONCENTRATION
[¢] v . 2 Y
zone flux calculation is optional. tion is optional. determine the downgradient impact of this the new, remediated transport compartments located upstream. To determine how long it might AFTER
take to reach the after-remediation fluxes, use the charts in Section 6. REMEDIATION

remedial alternative.

mg/L
see Section 3.4

Step RTAR-1 Step RTAR-2 Step RTAR-3 Step RTAR-4
GROUNDWATER TRANSECT | TRANSECT | TRANSECT| TRANSECT
VADOSE ZONE REMEDIATION SMEAR ZONE REMEDIATION SELECT MASS FLUX CU_RVE TRANSECT ZONE ZONE 1 Timel ZONE 2 ZONE 3 ZONE 4 Key Point:
TIMEFRAME t_ar,,q (Optional) TIMEFRAME t_arg, (Optional) FROM APPENDIX B (Optional) REMEDIATION TIME- frame Timeframe | Timeframe| Timeframe The control point flux reduction factor can
- ERAMES be used if point-of-use treatment such as
'f;ﬁ#.’é%lﬂﬁfgs;'é’nx |:| I:S>ecay|r))g carbon adsorption or air stripping is being
VADOSE ZONE SMEAR ZONE REM after remedaion rep- Sf“'c:' " RANSECT ZONE used as part of the remedy.
2 resentes etter N ep Function . . )
T|ME|5|:¢EA’\1/!T:EI/§J1|—%R I:I T',QAEE,;ERS{\AA%&E,T(% I:I Y I:l Source? REMEDIATION | | | | | | | | This calculation shows the estimated
REMEDIATION (yr) TIMEFRAME (yr) concentration at the control point after
Which mass flux curve in targy.1 targw-2 targw3 talgwa remediation.
Appendix A best represents use methods in Section 6
use methods in Section 4 use methods in Section 4 Salicelmassifitdcinng How Long Does it Take?
and after remediation? Use the charts in Section 6 and

Key Point:
t_aryq represents the after-remediation

remediation timeframe for the vadose
zone. This calculation is optional .

Key Point:

t_argm represents the after-remediation
remediation timeframe for the smear
zone. This calculation is optional .

Key Point:

Use results from Step RTAR-1 and
RTAR-2 and the methods shown in
Section 6 and Appendix A to select a
mass flux curve that best represents
this source during and after remediation.

Key Point:

Method 1: If there is no active remediation in the Transect Zones, use the meth-
ods shown in Section 6 and Appendix A to evaluate the timing of upgradient
remediation activities on the transect zones. This calculation is optional .

Method 2: If there is active remediation in the Transect Zones (such as pump-
and-treat), use the methods shown in Section 4 and 6 to estimate the remedia-
tion timeframe. This calculation is optional .

Appendix A to estimate how long
upstream changes in mass flux will take
to affect the mass flux downgradient.
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WORKSHEET 1
BASELINE MASS FLUX and REMEDIATION TIMEFRAME TOOL

Groundwater Remediation Strategies Tool, American Petroleum Institute

Site Name
Description

Date Constituent

OBJECTIVE
Determine best way to control impacts to
groundwater.

APPROACH

A. Using RBCA or other decision-making
methodology, determine if there is an
unacceptable impact to groundwater. If yes:

B. Calculate up to seven mass flux terms:
vadose zone-to-groundwater;
smear zone-to-groundwater;
total source-to-groundwater;
up to four "transect zone."

C. Calculate control point concentration.

D. Estimate baseline remediation timeframes
for compartments that are shown.

E. Go to Worksheet 2.

[

iy

Step MFB-5 \

-

N

Step MFB-2 \

BASELINE MASS FLUX AND

REMEDIATION TIMEFRAME

Step MFB-1 Step MFB-3 Step MFB-4
_TO- -TO- TO. GROUNDWATER Transect Transect | Transect | Transect CONTROL POINT CONCENTRATION
VADOWS EbZONE TO .GW FLUX SMEC\\,RbZONE TO.GW FLUX TOTAL SOURCE-TO-GWsoyrce TRANSECT AREA Zone 1 Zone 2 Zone 3 Zone 4 (shown as well in this worksheet,
—Pvd  (Optional) —-sm (Optional) FLUX w_byg FLUXES Mass Flux | Mass Flux | Mass Flux | Mass Flux but can also be surface water)
b ) b GROUNDWATER gw-4
W-_bvd W_bis /da
VADOSE ZONE - = GROUNDWATER TRANSECT ZONE )
MASS FLUX TOTAL SOURCE /d -
(g/day) =5 MASS FLUX (g/day) .
W_big w_byg —-sm (g/day) W_bgy.1 W_bgw2 W bgy3 W bgyg Control Point
(g/day)  (g/day) Ll Fl(c;_\//vdrgtg
MASS FLUX , Y
use methods in Section 3.5 (g/day) SecE[Ji(S)ﬁ rgithgdzs Igr 33 use methods in Section 3.1, 3.2, or 3.3 X 1000
Key Points: Key Points: Key Points: Key Point: _ _ o C—bcp —
w_by( is the Baseline Mass Flux priorto ~ w_bgm is the Baseline Mass Flux prior w_byg is the Baseline Mass Flux prior to W_bgw-1 through W_bgw-4 are the Basellrle. Mass Fluxes prior to remediation. CONTROL POINT
remediation. Compare this value to the to remediation. Compare this value to remediation. Compare this value to the Compare these values to the After-Remediation Mass Fluxes on Worksheet 2 to CONCENTRATION
After-Remediation Mass Flux on Work- the After-Remediation Mass Flux on After-Remediation Mass Flux (w_artg) see how much the fluxes here and downgradient of these transects are reduced. (mg/L)
sheet 2 (w_aryq) to see how much the Worksheet 2 (w_argm) to see how on Worksheet 2 to see how much the see Section 3.4

flux here and downgradient of this point
is reduced.

The vadose zone flux calculation is
optional , as in some cases an accurate
estimation of the vadose zone flux is not
possible.

much the flux here and downgradient of
this point is reduced. The smear zone
flux (w_bgm) is calculated indirectly by

subtracting the vadose zone flux
(w_byq) from the total flux from the

source (W_bgtg). The smear zone flux
calculation is optional .

flux here and downgradient of this point
is reduced.

W_bgg is the total flux in groundwater

leaving the source zone. If the vadose
zone and smear zone mass fluxes are
not calculated, this should be the start-
ing point of the analysis.

The intermediate transects allow you to evaluate a remedial action at a given

point in the plume.

Key Point:

C_bcp is the Baseline Control Point
concentration. Compare this value to the
After-Remediation control point concentration
(C_arcp) on Worksheet 2 to see how much

the concentration has been reduced by
remediation.

WORKSHEET 1

Step RTB-1 Step RTB-2 Step RTB-3 Step RTB-4
VADOSE ZONE MASS SMEAR ZONE MASS TOTAL SOURCE ZONE GROUNDWATER
AND NATURAL ATTENUATION AND NATURAL ATTENUATION NATURAL ATTENUATION TIME- TRANSECT ZONE Transect Transect | Transect | Transect
TIMEFRAME (Optional) TIMEFRAME (Optional) FRAME (Optional) MASS AND NATURAL Zone 1 Zone 2 Zone 3 Zone 4
ATTEN. TIMEFRAME
t byg t bgm t byg ~ Travel Time To Transect
VADOSE ZONE SMEAR ZONE TOTAL SOURCE (distance from source + seep-
N.A. TIMEFRAME N.A. TIMEFRAME N.A. TIMEFRAME age veIomty;
(yr) (yr) (yr) (yr + + + +
use methods in Section 4 use methods in Section 4 use maximum of t_byg and t_bsm t by Total Source Natural
. Attenuation Timeframe
Key Point: ; Key Point: ; ; Sgg tl:rzglméximum of either the baseline 2 = — p— p—
t_byq |s_the Basellne Nat_ural t_.bsm is the !Basellne Na.tur.al Attenuation vadose zone natural attenuation time- t bgy
Attenuation Timeframe prior to reme- Timeframe prior to remediation. Compare frame (t_byq) and the baseline smear GROUNDWATER TRANSECT
diation. Compare this value to the After- this value to the After-Remediation Smear I [ att tion timef ZONE NATURAL ATTENUA-
Remediation Vadose Zone Remediation ~ Zone Remediation Timeframe (t_argm) on %toT)e ne; ural altenuation umeframe TION TIMEFRAMES (yr)
Timeframe (t_aryg) on Worksheet 2 to see worksheet 2 to see how much the time- —-sm/: _ _ use methods in Section 4 tbgw1 tbgwa tbgw3 tbgy.g
how much the timeframe is reduced by frame is reduced by remediation. t_byg is the Baseline natural attenuation

remediation. timeframe prior to remediation. Compare Key Point:

this value to the After-Remediation Total  t_bgy.q through t_bgw-4 are the Baseline Natural Attenuation Timeframes prior
Source Remediation Timeframe to remediation. Compare these values to the After-Remediation Transect Zone

(t—a'fts) on quksheet 2to see ho"‘_’ ’_“UCh Remediation Timeframes on Worksheet 2 to see how much the timeframes are
the timeframe is reduced by remediation. reduced by remediation.




REMEDY EVALUATION

WORKSHEET 2

Site Name

Description

Date

OBJECTIVE

Develop / document change of mass flux and

remediation timeframe.

APPROACH

A. Calculate Baseline Mass Fluxes and Baseline
Remediation Timeframes using Worksheet 1.
B. Select a candidate remedial technology or

combination of technologies and:

1. Estimate and enter the Flux Reduction Factor

and Mass Reduction Factor for that remedy (see Section 5);
2. Estimate the Mass Flux After Remediation (ar) (see Section 3);
3. Estimate the After-Remediation and Remediation Timeframes

(see Section 4);

4. Evaluate how long it will take upgradient remediation activities
to affect downgradient transport compartments (see Section 6).
C. Repeat this process for several remedial alternatives, and
comparebased on reduction in mass flux, reduction in
remediation, reliability, cost, and other factors.

Constituent

WORKSHEET 2

Groundwater Remediation Strategies Tool, American Petroleum Institute

REMEDIATION EVALUATION TOOL USING MASS FLUX and REMEDIATION TIMEFRAME

Version 2.0
Issued: 8/18/03

Step MFAR-1 Step MFAR-2 Step MFAR-3 Step MFAR-4 Step MFAR-5
-TO- GROUNDWATER TRANSECT |TRANSECT |TRANSECT [TRANSECT CONTROL POINT CONCENTRATION
VADOSE ZONE-TO-GW FLUX SMEAR ZONE-TO-GW FLUX TOTAL SOURCE-TO-GWgqyrce TRANSECT ZONE ZONE ZONE ZONE ZONE (shown as well in this worksheet,
w_ar,,q (Optional) w_argy, (Optional) FLUX w_arg FLUXES w_argw-x 1 FLUX 2 FLUX 3 FLUX 4 FLUX but can also be surface water)
w_b w_b W_alts Transect Zone Flux
- vd - sm Total Source Flux (g/day) from Wrksht1 from wiksht1 om Wiksht1 fipm Wrksht 1 W_argw-4
(g/day) from WikSht 1 (g/day) from Wirksht 1 After Remediation W D W Doy W Doy W Doy (g/day)
- o (g/day) - Technology: - )g(w ! - g(w 2 ‘)gw 3 - )g(w 4 X
Technology: [ | X Technology: | | X / - Flux Reduction Factor | | | | | | | | Control Point-of-Use
Flux Reduction Factor Flux Reduction Factor (ngw) (POU) Flux Reduction
(rwy,q) 'Wem w_byg use resources in Section 5 "'Wgw -1 "'Wgw -2 M'Wgw -3 M'Wow -4 Factor (erou)
use resources in Section5 use resources in Section5 (g/day) e X X X X =
= = = > w_arcp
------------------- e =-==r .
w_aryd W_arsm ' Control Point Mass
VAD. ZONE MASS FLUX SMEAR Z. MASS FLUX ,F UX REDUCTION Wts :xts x B :ats Xl :a;?/vi(lx Flux After Remediation
AFTER REMEDIATION AFTER REMEDIATION = . FACTOR ow-t = Mows = Mowax (g/day) -
(g/day) (g/day) ' (rwis) ¢ Wow-3 = o
: TRANSECT ZONE MASS .
- ELUX AFTER Contlgclﬂ Point
Key Point: Key Point: Key Point: REMEDIATION (g/day) owrate
w_aryq represents the after-remediation ~ w_argm represents the after-remediation ~ w_arg is the total mass flux W _argw-1 W argw-2  W_afgw-3  W_argw-4 (L/day)
mass flux to groundwater. mass flux to groundwater. Continue the to groundwater from the source zone after o X 1000
Continue the calculations to the right calculations to the right to determine the remediation. w_artg can also be calculat- Ee?’ Ploimt'h . duction factor f hi ; bei 4. Add f ducti C_arCp -
(o determine the downgradient mpact  downgradent mpact of s remedial o by adaing w_aryg + W_arem Coleuate e fo educton facor or soch vansectsone beng used. Addany lxreducion | ooy pONE =
of this remedial alternative. The vadose alternative. The smear zone flux calcula- Continue the calculations to the right to that the final flux being reported is the long-term flux after the system has reached equilibri- CONCENTRATION
zone flux calculation is optional. tion is optional. determine the downgradient impact of this ~ um with the new, remediated transport compartments located upstream. To determine how AFTER
remedial alternative. long it might take to reach the after-remediation fluxes, use the charts in Section 6. REMEDI,(ATI(/)II\;
mg
Step RTAR-1 Step RTAR-2 Step RTAR-3 Step RTAR-4 see Section 3.4
GROUNDWATER
VADOSE ZONE REMEDIATION SMEAR ZONE REMEDIATION SELECT MASS FLUX CURVE TRANSECT ZONE  |TRANSECT | TRANSECT | TRANSECT| TR s | Key Point:
TIMEFRAME t_ar,,4 (Optional) TIMEFRAME t_arg, (Optional) FROM APPENDIX B (Optional) EEXI'\EEISATION TIME- | timeframe | Timeframe | Timeframe | Timeframe -tl,—he Cogt-rfOI point IIUX reduction factorhcan
e used if point-of-use treatment such as
{lsssgr‘;rg%t’ﬂﬁ‘zsgm gecayir))g carbon adsr?orption or air stripping is being
: ource?
VADOSE ZONE SMEAR ZONE REM. after remediation rep- . used as part of the remedy.
REMEDIATION TIMEFRAME AFTER resented better by: D Step Function TRANSECT ZONE ) . )
TIMEFRAME AFTER REMEDIATION (yr) Source? REMEDIATION This calculation shows the estimated
REMEDIATION (yr) TIMEFRAME (yr) concentration at the control point after
Which mass flux curve in targy-1 targy-2 targy-3 targwa remediation.

use methods in Section 4

use methods in Section 4

Key Point:

t_ary g represents the after-remediation
remediation timeframe for the vadose

zone. This calculation is optional .

Key Point:

t_argm represents the after-remediation
remediation timeframe for the smear zone.
This calculation is optional .

Appendix A best represents
source mass flux during
and after remediation?

Key Point:

Use results from Step RTAR-1 and
RTAR-2 and the methods shown in
Section 6 and Appendix A to select a
mass flux curve that best represents
this source during and after remediation.

use methods in Section 6

Key Point:

Method 1: If there is no active remediation in the Transect Zones, use the meth-
ods shown in Section 6 and Appendix A to evaluate the timing of upgradient
remediation activities on the transect zones. This calculation is optional .

Method 2: If there is active remediation in the Transect Zones (such as pump-
and-treat), use the methods shown in Section 4 and 6 to estimate the remediation
timeframe. This calculation is optional .

How Long Does it Take?

Use the charts in Section 6 and
Appendix A to estimate how long
upstream changes in mass flux will take
to affect the mass flux downgradient.




Errata
Page 15, "Input Data" section of table

The first line that reads:

W_bvd = mass flux from vadose zone ( mg/yr)
should read

W_Dbvd = mass flux from vadose zone ( g/day )





