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1.0 Before You Start

BIOSCREEN is a software tool to be used to model groundwater plume migration, taking into
account the effects of natural attenuation and biodegradation of mobile contaminants. The
BIOSCREEN system consists of the following files:

README.WRI (this file) Background information and installation instructions.
BIOSCRN.XLS The BIOSCREEN program file, in Microsoft Excel 5.0 format (
BIOSCRN HLP The online help file, in Windows Help format.
BIOSCRN PDF The full documentation, in Adobe PDF format
EXAMPLES PDF Case Study informatiun (Appendix A.6) in Adohe PDF format

1 1 Qu;ck Start

Run SETUP EXE from the floppy drive, either by selecting Run from the File menu in Program -

Manager cr by double-clicking on the fik' gETUP EXE in Filc Manag•,r (or Windows 95 Explorei)
The installation process creates the C\1Ii 'SCRPN '- ibdirectory on your hard drive, unless you
install it elsewhere, and copies BIOSCRN XLS, BIU)SCRN.HLP, and this README.WRI file rmiu
the new directory

To run RIOSCREEN after installation, start Microsoft (Exccl and open the BIOSCRN XI S file Fill
in your field or hypothetical data into the blanks providc'd and select either the Run Centerline
(centerline model) or Run Array (three-dimensional plume migration model) buttons Loading from

aapp,
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within Excel is preferred to double-clicking the filename in file manager (see Section 3.0 for an
"explanation of the evils you will avoid). Alternatively, you can add your new BIOS(UREEN
directory to your path.

* 1.2 Minimum System Requirements

Any PC-Compatible computer system capable of running Microsoft Excel version 5 0 for Windows
will be able to run BIOSCREEN. Because of the intensive floating point calculations used in the
model, however, GSI recommends that the following minimum requirements be observed to
ensure a minimum standard of performance:

4 An InLel 486 CPU, operating at 50 MHz or faster
8MB Random Access Memory (16 MB or more will improve performance)
1MB free hard drive spece (for BIOSCREEN only - Excel will require substantially more)

1.3 Softwdre Requirements

BIOSCREEN is designed to be run under Microsoft Excel for Windows. Your system must be
* running Windows 3.1 or Windows for Workgroups 3.11 and have Excel for Windows version 5 0 or

later proper'y installed.

BIOSCREEN has been tested on Excel version 5.0 for Windows on systems running Windows
3.1, Windows for Workgroups 3.11, Windows 95, and Windows NT Version 3.51 and Excel 7.0 on
Windows 95 and Windows NT 3.51. Although no substantial problerns were seen with any of
these configurations, preliminary reports suggest that users of Excel versions prior to the 'c'

4 maintenance release (versions 5.0 and 5 0a) may experience difficulties under some
circumstances. We are researching this issue.

2.0 Installation

1 Run SETUP.EXE from the Windows Program Manager by selecting Run from the File
Menu and typing A.SETUP, or run it from File Manager by double-clicking it-• icon* IThis will create the directory BIOSCRN and copy the essential files (listed above) to
that directory

2 Start Microsoft Excel and open the BIOSCRN XLS 'fle. Fill in your field or hypothetical
data into the blanks provided and select either t'ie Run Centerline (centerline 2D
model) or Run Array (three-dimensional plurne rnigr-:tion model) buttons. The
unshaded (white) cells are intended to recive your data, while light grey cells may

* contain either your data or a default tormula Zr;•'ii:r •ed into the cells by clicking the
"Restore Default Formulas" button on the main input screen). Dark grey cells contain
only formulas used by the BIOSCREEN system, and jshould not be changed by the
user.

3 You can load and view the online Help by double-clhcnong its fil.,name in the File
Manager pane or by selecting the help button from the BIOSCREEN interface

3 0 Troubleshooting

When I try to get online help, the Windows help program starts, but a dialog box tells me it
cannot open the help file. Close BIOSCREEN, leaving Excel running. From the File menu,
select Open Browse the directory structure until you find BIOSCRN XLS, and open it. Now. the
Help button will open the proper help file. See online help for additional (more permanerli)
met%,,,ds of solving this problem.

The Input screen appears, but it is very small or its edges extend off the screen. The
system was designed to operate at a resolution of 640x480 pixels, or standard VGA resolution If
you are using a higher resolution, you may either change yo,r video driver in Windows Setup to
st3ndard VGA resolution or modify the ZoomnFactor no 3cco.-.rt fo, your contiguration See online
help for Display configuration information and instructions for changing the ZoomFac,or

4 0 Additional Information

Al
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4.1 Printing the BIOSCREEN Data Screens

If you want to print the data in your input screen, the centerline model scroen, or the 3-D graph
* screen, a named range for each has been pre-configured. By pressing F5 and selecting the

Print Area range, the screen you are printing will be highlighted. The same range name exists for
r !1each screen. Printing any other part of the worksheets will require rr.setting the print area

Consult the Excel documentation for instructions on how to accomrrish this.

4.2 Electronic Manual Availability

* The full documentation set for BIOSCREEN is also available in Adobe Portable Document Format
(PDF). Two separate files are available, the manual and a set of two sample problems which
illustrate a realistic application of BIOSCREEN. Consult the on-line help file (BIOSCRN. HLP) for
sources for this electronic documentation Those files duplicate the contents of the printed
documentation
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INTRODUCTION

(-4)1 BIOSCREEN is an easy-to-use screening model which simulates remediation through natural
attenuation (RNA) of dissolved hydrocarbons at petroleum fuel release sites. The software, 0

programmed in the Microsoft' Excel spreadsheet environment a~id based on the Domenico
analytical solute transport model, has the ability to simulate advection, dispersion,
adsorption, and aerobic decay as well as anaerobic reactions that have been shown to be the
dominant biodegi ,dation processes at many petroleum release sites. BIOSCR.EN includes
three different model types:

1) Solute transport without decay,

2) Solute transport rith biodegradation modeled as a first-order decay process (simple, lumped-parameter
approarh,,

3) Solute transport with bioderadation modeied as an znstantanious' biodegradation reaction (approach
uscd by BIOPLUME nodels)

The model is designed to simulate biodegradation by both aerobic and anaerobic reactions. It
was developed for the Air Force Center for Environmental Excellence (AFCEE) Technology
Transfer Division at Brooks Air Force Base by Groundwater Services, Inc., Houston, Texas.

INTENDED USES FOR BIOSCREEN S

BIOSCREEN attempts to answer two fundamental questions regarding RNA:

I. How far will the dissolved contaminant plume extend if no engineered controls
or further source zone reduction measures are implemented?

BIOSCREEN uses an analytical solute transport model with two options for simulating
in-situ biodegradation: first-order decay and instantaneous reaction. The model will
predict the maximum extent of plume migration, which may then be compared to the
distance to potential points of exposure (e.g., drinking water wells, groundwater
discharge areas, or property boundaries). Analytical groundwater transport models
have seen wide application for this purpose (e.g., ASTM 1995), and experience has
shown such models can produce reliable results when site conditions in the plume area
are relatively uniform.

2. How long will the plume persist until natural attenuation processes cause it to
dissipate?

BIUSCREEN uses a simple mass balance approach based an the mass of dissolvable
hydrocarbons in the source zone and the rate of hydrocarbons Iv ivng the source zone to
estimate the source zone concentration vs. time. Because an exponential decay in source
zone concentration is assumed, the predicted plume lifetimes can be large, usually
ranging from 5 to 500 years. Note this is an unverified re!ationship as there are few
data showing source. conce.trat.ons vs. long time periods, and thlt etu•ius should be i
considered order--of-magnitude estimates of the time r, ,uired to dissipate the plume.

BIOSCREEN is intended to be used in two ways:

I. As a screening model to determine if RNA is feasible at a site.

In this case, BiOSCREEN i-, used early in the remedial investigation to determine if an
RdNA field program should be implemented to quantify the natural attenuation

IS
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occauring at a site. Some data.. such as electron acceptor concentrations, may not be
available, so typical values are used. In addition, the model can be used 'o help
develop long-term monitoring plans for RNA projects.

2. As the primary RNA groundwater model at smaller sites.

The Air Force Intrinsic Remediation Protocol (Wiedemeier, Wilson, et al., 1995)
describes how groundwater models may be used to help verify that natural attenuation
is occurring and to help predict how far plumes might extend under an RNA scenario.
At large, high-effort sites such as Superfund and RCRA sites, a more sophisticated S
model such as BIOPLUME is probably more approprii. 2. At less complicated, lower-
effort sites such as service stations, BIOSCREEN may be sufficient to complete the
RNA study. (Note: "Intrinsic remediation" is a risk-based strategy that relies on
RNA).

BIOSCREEN has the follow.ig limitations:

I. As an analytical model, BIOSCREEN assumes simple groundwater flow
conditions.

The model should not be applied where pumping systems create a complicated flow
field. In addition, the model should not be applied where vertical flow gradients

4 aftect contaminant transport.

2. As an screening tool, BIOSC-lEEN only apFroximates more complicated
processes that occur in the field.

Phe model should not be applied where extremely detailed, accurate results that
4 closely match site conditions are requited. More comprehensive numerical models •

s;hould be applied in these cases.

FUNDAMENTALS OF NATURAL ATTENUATION

Biodegradation Modeling

Naturally occurring biological proesses can significantly enhance the rate of organic mass
removal from contaminated aquifers. Biodegradation research performed by Rice University,
government agencies, and other research groups has dentified several n, irn themes that are
crucial for future studies of natural attenuation:

1. The relative importance of groundwater transport vs. microbial kinetics is a k et/
consideration for developing workable biodegradation expressions in models. Results
fromn the United Creosote site (Texas) and the Traverse City Fitel Spill site (Miwihian)
indicate that biodegradation is better represented as a macro-scale wastewater
treatment-tupe vrocess lian a; a micro-coLe', s!tud1n of mnicrobial reactions.

2. Thu distrihution and availability of electron acceptos control the rate of in-situ
biodegradation fiur most petroleum release site plumes. tithcr factors (e.g., population
of microbes, pH, temperature, etc.) rarely limt tlt, amoiunt of biodegradati,'n occurring
at these -sites.

Borden et al. (1'486) developed the BIOPIUME model, which simulates aerobic biodegradation
as an "instantaneous" microbial reaction that is limited by the anurouit of electron acteptr,

2
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oxygen, that is available. In other words, the microbial reaction is assumed to occur at a much
faster rate than the time required for the aquifer to replenish the amount of oxygen in the
plume. Although the time required for the biomass to aerobically degrade the dissolved
hydrocarbons is on the order of days, the overall time to flush a plume with fresh groundwater

4 is an the order of years or tens of years. Borden et al. (1986) incorporated a simplifying
assumption that the microbial kinetics are instantaneous into the USGS two-dimensional solute
transport model (Konikow and Bredehoeft, 1978) using a simple superposition algorithm. The
resulting model, BIOPLUME, was able to simulate solute transport and fate under the effects of
instantaneius, oxygen-limited in-situ biodegradation.

- Rifai and Bedient (1990) extended this approach and developed the BIOPLUME II model,

w.hich simulates the transport of two plumes: an oxygen plume and a contaminant plume. The
two plumes are allowed to react, and the ratio of oxygen to contaminant consumed by the
reaction is determined from an appropriate stoichiometric model. The BIOPLUME II model is
documented with a detailed user's manual (Rifai et al., 1987) and is currently being used by EPA
regional offices, U.S. Air Force facilities, and by consulting firms. Borden et al. (1986) applied
the BIOPLUME concepts to the Conroe Superfund site; Rifai et al. (1988) and Rifai et al. (1991)
applied the BIOPLUME II model to a jet fuel spill at a Coast Guard facility in Michigan.
Many other studies using the BIOPL.UME II model have been presented in recent literature.

The BIOPLUME II model has increased the understanding of biodegradation and natural
attenuation by simulating the effects of adsorption, dispersion, and aerobic biodegradation
processes in one model. It incorporates a simplified mechanism (first-order decay) for handling
other degradation processes, but does not address specific anaerobic decay reactions. Early
conceptual models of natural attenuation weie based onl the assumption that the anaerobic
degradation pathways were too slow to have any meanmgful effect an the overall natural
attenuation rate at most sites. Accordingly, most field programs focused only on the distribution
of oxygen and contaminants, and did not measure the indicators of anaerobic activity such as p O

• depletion of anaerobic electron acceptors or accumulation of anaerobic metabolic by-products.

The Air Force Natural Attenuatiun Initiative

Over the past several years, the high cost and poor performance of many pump-and-treat
remediation systems have led many researchers to consider RNA as an alternative technology

* tor groundwater remediation. A detailed understanding of natural attenuation processes is
needed to support the development of this remediation approach. Researchers associated with
the U.S. EPA's R.S. Kerr Environmental Research Laboratory (now the Subsurface Protection
and Remediation Division of the National Risk Management Laboratory) have suggested that
anaerobic pathways cotdd be a significant. or even the dominant, degradation mechanism a t
many petroleum fuel sites (Wilson, 1994). The natural attenuation initiative, developed by the

* AFCEE Technology Transfer Division, was designed to investigate how natural attenuation
processes affect the migration of plumes at p,,troleum release sites. Under the guidance of Lt.
Col. Ross Miller, a three-pronged technology devehipment effort was launched in 1993 which
will ultimately consist of the following elements:

I) Field data collected at over 30 sites around the country (Wiedeneier, Miller, et al.,
* 1995) analyzing aerobic and anaerobic processes.

2) A rechnical Protocol, outhninv the approach, data collection techniques, and data
analtini. z iethods required .for conducting an Air Force RNA Study (Wicd rneier,
Wilson, et al., 1995).

.3) livo RNA modeling tools thi BIOPLLMV II model being den'elopcd b Y Dr. Hanadt
Ritii at Rice University (Rilbi et al., 1995), and the 1311)SCREEN model developed by,

0 * 0 0 0 S S S • S
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Groundwater Services, Inc. (BIOPLUME III, a more sophisticated biodegradation
model than BIOSCREEN, employs particle tracking of both hydrocarbon and alternate 6
electron acceptors using a numerical solver. The model employs sequential degradation
of the biodegradation reactions based on zero order, first order, instantaneous, or Monod
kinetics).

Relative Importance of Different Electron Acceptors

The Intrinsic Remediation Technical Protocol and modeling tools focus on evaluating both
aerobic (in the presence of oxygen) and anaerobic (without oxygen) degradation processes. In
the presence of organic substrate and dissolved oxygen, microorganisms capable of aerobic
metatolism will predominate over anaerobic forms. However, dissolved oxygen is rapidly
consumed in the interior of contaminant plumes, converting these areas into anoxic (lnw-oxygen)
zones. Under these conditions, anaerobic bacteria begin to utilize other electron acceptors to
metabolize dissolved hydrocarbons. The principal factors influencing the utilization of the
various electron acceptors by fuel-hydrocarbon-degrading bacteria include- 1) the relative
biochemical energy provided by the reaction, 2) the availabilitv of individual or specific
electron acceptors at a particular site, and 3) the kinetics (rate) of the microbial reaction
associated with the different electron acceptors.

Preferred Reactions by Energy Potentiul

4 Biologically mediated degradation reactions are reduction/oxidation (redox) reactions,
involving the transfer of electrons from the organic contaminant compound to an electron
acceptor. Oxygen is the electron acceptor for aerobic metabolism, whereas nitrate, ferric iron,
sulfate, and carbon dioxide can serve as electron acceptors for .11temative anaerobic pathways.
This transfer of electrons releases energy which is utilized for microbial cell maintenance and
growth. The biochemical energy as5ociated with alternative degradation pathways can lx

*l represented by the redox potential of the alternative electron acceptors: the more positive the I 0
redox potential, the more energetically favorable the reaction. With everything else being
equal, organisms with more efficient modes of metabolism grow faster and therefore dominate
over less efficient forms.

Electron T Type of Metabolic Redox Potential Reaction

Acceptor7 Reaction By-Product (pH = 7, In mvolts)J Preference

OxygC n Aerobic CO 2  + 820 Most Preferred

Nitrate Anaerobic N2 , C01 + 740

Ferric Iron Anaerobic Ferrous Iron - 50)

(solid) (dissolved)

Sulfate Anaerobic 112S - 220 jJ

Carbon Dioxide Anaerobic Methane - 240 L.east Preferred

from Wedemeier, Wilson, et al., 1995.

@I
Based solely in thermodynamic considerations, the most energetically preferred reaction
should proceed in the plume until all of the required electron acceptor is depleted. At that
point, the next most-preferred reaction should begin and continue until that electron acceptor is
consumed, leading to a pattern where preferred clectron acceptors are consumed one at a time, in
se.uence. Based (i this principle, one would expect to observe monitoring well data with "no
detect" results for the more energetic electron acceptors, such its oxygen and oitrate, in locations

@4
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where evidence of less energetic reactions is observed (e.g. monitoring well data indicating the
presence of ferrous iron).

In practice, however, it is unusual to collect samples from monitoring wells that are completely
depleted in one or more electron acceptors. Two processes are probably responsible for this •
observation:

I. Alternative biochemical mechanisms exhibiting very similar energy potentials (such
as aerobic oxidation and nitrate reduction) may occur concurrently when the preferred
electron acceptor is reduced in concentration, rather than tlally depleted. Facultative 0
aerobes (bacteria able to utilize electron acceptors in both aerobic and anaerobic
environments), for example, can shift from aerobic metabolism to nitrate 'eduction
when oxygen is still present but at low concentrations (i.e. I mg/L oxygen; Snoeyink and
Jenkins, 1980). Similarly, ncting the nearly equivalent redox potentials for sulfate and
carbon dioxide (-220 millivolts and -240 millivolts, respectively) one might expect that
sulfate reduction and methanogenic reactions may also occur together. 9

2. Standard monitoring wells, with 5- to 10-foot screened intervals, will mix waters from
different vertical zones. If different biodegradation reactions are occurring at different
depths, then one would expect to find geochemical evidence of alternative degradation
mechanisms occurring in the same well. If the dissolved hydrocarbon plume is thinner 0
than the screened interval of a monitoring well, then the geochemical evidence of
electron acceptor depletion or metabolite accumulation will be diluted by mixing with
clean water from zones where no degradation is occurring.

Therefore, most natural attenuation programs yield data that indicate a general pattern of 9
electron acceptor depletion, but not complete depletion, and an overlapping of electron
acceptor/metabolite isopleths into zones not predicted by thermodynanmic principles. For
example, a zoiie of methane accumulation may be larger than the apparent anoxic zone.
Nevertheless, these general pattern of geochemical changes within the plume area provide
strong evidence that multiple mechanisms of biodegradation are occurring at many sites. The
BIOSCREEN software attempts to account for the majority of these biodegradation
mechanisms.

Distribution of Electron Acceptors at Sites

The utilization of electron acceptors is generally based an the energy of the reaction and the
availability of the electron acceptor at the site. While the energy of each reaction is based uri
thermody, imics, the distribution of electron acceptors is dependent on site-specific
hydrogeochemical processes and can vary significantly among sites. For example, a study of
several sites yielded the following summary of available electron acceptors and metabolic by-
products:

• • Q •• • •
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Measured Background Electron AcceptorlBy-Product Concentration ,(mgJL)

Background [Background I aImum 1Background 1MaXIM um
Base Facyityn Nitrate jFrrous Iron sulfat. Methane

POL Site, 6-0 36.2 55.6 96.6 2.0
Hill AFB, Utah*

Hangar 10 Site, 0.8 64.7 8.9 25.1 9.0)
Elmendorf AFB, Alaska'

Site ST-41, 12.7 60.3 40.5 57.0 1.;
Elmnendort AFB,Alaska*

Site ST-29, 3.8 0 2.0 0 13.6
Patrick AFB, Florida*

Bldg. 735, 9.1 I 1.0 2.2 59.8 1.0
Grissom AFB. Indiana

SW MU 66 Site, 1.7 0.7 36.2 22.A 7.4
Keesker AFB, MS

POL B Site. 1.4 0.1 1.3 5. 9 4.6
Tyndall AFB. Florida ,I ____ _______

*Daca collected by Parson, Engineering Science. Inc.: all other data collected by Groundwater Services. Inc.

At the Piatrick AFB site, nitrate arid sulfate are not important electron acceptors while the
oxygen and the methanogenii reactions dominate (Wicdemeieci, Swanson, et al., 1995). At H ilIl
AFB arid Grissonm AFB, the suliate re~actions are extremely important because of the large
amount of available sulfate for reduction. Note that different sites in close proximity can have
quite- different electron acceptor concentrations, as shown by the two sites at Elmecndorf AFB.
For data io more sites, see Table 1.

Kinetics of Aerobic and Anoerobic Reactions

A~s described above, aerobic biodegradation can be simulated as; anr "instantaneous" reIAciuli

that isý limited by the amount of electron acceptor (oxygen) that is available. The microbial
reaction is assurned to -xcu~r at a much faster rate than the time required for the aquifer to
replenish the amiount Oi oxygen in the plume (Wilson et al. , 1985). Although the time required
for the biomiass to aerobically degrade the dissolved hydrocarbons is on the order of days. the
overall time to flush a plume with fresh groundwater is on the order of years or tens of years.

For example, microcosm data presented bv D~avis et al. (1994) show that microbes in an
environment with an excess, of electron acceptors can degrade high concentrations of dissolved
he, i.ene very rapid ly. In the presenceý uf surplus, oxygen, aerobic: bacteria can dlegrade -1 mg/I.
dissolved bVIV.ene' in i~hotit 8 days, which can be considered relatively fast (referred to as
"instanltaneous") Compared to thc yvi-.Ir required for flowing groundwater to replenish t h
plume area with oxygen.

6
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Recent results from the AFCEE Natural Attenuation Initiative indicate that the anaerobic
reactions, which were originally thought to be too slow to be of significance in groundwater, can
also be simulated as instantaneous reactions (Newell et al., 1995). For example, Davis eta I.

(,) (1994) also ran microcosm studies with sulfate reducers and methanogens that indicated that
benzene could be degraded in a period of a few weeks (after acclimation). When compared to
the time required to replenish electron acceptors in a plume, it appears appropriate to simulate
anaerobic biodegradation of dissolved hydrocarbons with an instantaneous , action, just as for
aerobic biodegradation processes.

This conclusion is supported by observing the pattern of anaerobic electron acceptors and
metabolic by-products along the plume at RNA research sites:

If microbial kinetics were limiting the If microbial kinetics were relaxively fast
rate of biodegradation: (instantaneous):

"Anaerobic electron acceptors (nitrate and - Anaerobic electron acceptors (nitrate and

D sulfate) would be constantly decreasing in sulfate) would be mostly or totally
concentration as one moved downgradient consiin ied in the source zone, and
from the source zone, and

"Anaerobic by-products (ferrous iron and - Anaerobic by-products (ferrous iron and
methane) would be constantly increasing methane) would be found in the highest
in concentration as one moved concentrations in the source zone.
downgradient from the source zone.

Observed Observed
Ccnc. Conc.

L 02, N03, S04 [ 02, N03, S04
C Conc. % of I

FEC2+, CH4o FE-FE 2 +, CH4 U

Conc. Conc.

X 
_jXB,

The second pattern is observed at RNA demonstration sites (see Figure 1), supporting the
hypothesis that anaerobic reactions can be considered to be relatively instantaneous at moý-, or
almost all petroleum release sites. From a theoretical basis, the only sites where the
instaitaneous reaction assumption may not apply are sites with very low hydiaulic residence
times (very high groundwater velocities and short source zone lengths).
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Figure I. Distribution of BTEX. Electron Acceptois. and Metabolic By-Products vs. Distance Aiong Centerline

of Plume.

Somnilrng Date and Source of'Data: Tyndall 3195, Keesler 4195 (Groundwater Services, Inc), Patrick 3194 (note: I N03

out./er removed, sulfate not plotted), Hill 7193, Elmendorf Site ST41 6/94, Elmendorf Site HG 10 6194, (Parsons
Engineering Soence)

9.
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Kinetic-limited sites, however, appear to be relatively rare as the instantaneous reaction
pattern is observed even at sites such as Sihe 870 at Hill AFB, with residence times of a month
or less. As shown in Figure 1, this site has an active sulfate reducing and methane production
zone within 100 ft of the upgradient edge of plume. With a 1600 ft/yr seepage velocity is

ii considered, this highly anaerobic zone has an effective residence time of 23 days. Despite this P
very short residence time, significant sulfate depletion and methane production were observed
in this zone (see Figure 1). If the anaerobic reactions were significantly constrained by
microbial kinetics, the amount of sulfate depletion and methane production would be much less
pronounced. Therefore this site supports the conclusion that the instantaneous reaction
assumption is applicable to almost all petroleum release sites.

ID

Biodegradation Capacity

To apply an electron-acceptor-limited kinetic model, such as the instantaneous reaction, the
amount of biodegradation able to be supported by the groundwater that moves through the
source zone must be calculated. The conceptual model used in BIOSCREEN is:

1. Groundwater upgradient of the source contains electron acceptors.

2. As the upgradient grourdwater moves through the source zone, non-aqueous phase
liquids (NAPLs) and contaminated soil release dissolvable hydrocarbons (in the case of
petroleum sites, the BTEX compounds benzene, toluene, ethylbenzene, xylene are
released).

3. Biological reactions occur until the available electron acceptors in groundwater are
consumed. (Two exceptions to this conceptual model are the iron reactions, where the
electron acceptor, ferric iron, dissolves from the aquifer matrix; and the methane
reactions, where the electron acceptor, CO, is also produced as an end-product of the
reactions. For these reactions, the metabolic by-products, ferrous iron and methane, can
be used as proxies for the potential amount of biodegradation that could occur from the
iron-reducing and inethanogenesis reactions.)

4. The total amount of available electron acceptors for biological reactions can be
estimated by a) calculating the difference between upgradient concentrations and source
zone concentrations for oxygen, nitrate, and sulfate; and b) measuring the production of
metabolic by-products (ferrous iron and methane) in the source zone.

5. Using stoichiometry, a utilization factor can be developed showing the ratio of the
oxygen, nitrate, and su!,fate consumed to the mass of dissolved hydrocarbon degraded in
the biodegradation reactions. Similarly, utilization factors can be developed to show
the ratio of the mass of metabolic by-products that are generated to the mass of
dissolved hydrocarbon degraded in the biodegradation reactions. Wiedemeier,
Wilson, et al.. (1995) provides the following utilization factors based on the p

* degradation of combined BTEX constituents:

Electron Acceptor/By-Product BTEX Utilization Factor gm/gm

Oxygen 3.1.4 p

Nitrate 4.9
Ferrous Iron 21.8

Sulfate 4-/

M.hthane 0.78

10
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6. For a given background concentration of an individual electron acceptor, the potential
contaminant mass removal or "biodegradation capacity" depends an the "utilization
factor" for that elect:on acceptor. Dividing the background concentration of an electron

. acceptor by its utilization factor provides an estimate (in BTEX concpntration units) of
the assimilative capacity of the aquifer by that mode of biodegradition.

Note that BIOSCREEN is based on the BTEX utilization provided above. If other
const.tuents are modeled, the utilization factors in the software (scroll down from the
input screen to find the utilization factors) should be changed or the available oxygen,
nitrate, nron, sulfate, and methane data should be adjusted accordingly to reflect
alternate utilization factors.

When the available electron acceptor/bh product concentrations (No. 4) are divided by
the appropriate utiiization factor (No. 5), an estimate of the "biodegradation
capacity" of the groundwater flowing thrcugh the scurce zone and plume can be
developed. The biodegradation capacity is then used directly in the BIOSCREEN
model to simulate the effects of an instantaneous reaction. The suggested calculation
approach to develop BIOSCREEN input data is:

Biodegradation Capacity (mg/L) =

[ (Average Upgradient Oxygen Conc.) - (Minimum Source Zone Oxygen Cone) I / 3.14
+ (Average Upgradient Nitrate Conc.) - (Minimum Source Zone Nitrate Conc) I /4.9

+ (Average Upgradient Sulfate Conc.) - (Minimum Source Zone Sulfate Conc)} / 4.7

+ (Average Observed Ferrous I. on Cone. in Source Area) / 21.8

+ (Average Observed Methane Conc. in Source Area) / 0.78

Biodegradation capacity is similar to "Expressed Assimilative Capacity" (EAC)
described in the AFCEE Technical Protocol except that EAC calculations do not use the
maximum source concentrations for iron and methane. Calculated biodegradation
capacities or EACs at different U.S. Air Force RNA research sites have ranged from 7 to
70 rng/l. (see Table 1). The median biodegradation capacity/EAC for 28 AFCEE sites is
28.5 mg/V .

Note that one criticism of this lumped biodegradation capacity approach is that it
ax;sumes that all of the various aerobic and anaerobic reactions occur over the entire
area of the contaminant plume, and that the theoretical "zonation" of reactions is not
simulated in BIOSCREEN (e.g. typically dissolved oxygen utilization occurs at the

* downgradient portion and edges of the plume, nitrate utilization a little closer to the
source, iron reduction in the middle of the plume, sulfate reduction near the source, and
methane production in the heart of the source zone). A careful inspection of actual field
data (see Figure 1) shows little or no evidence of this theoretical zonation of reactions;
in fact all of the reactions appear to occur simultaneously m the source zone. The most
cxrnron pattern observed at petroleum release sites is that ferrous iron seemn to be

• restricted to the higher-concentration or source zone areas, with the other reactions
(oxygen, nitrate, and sulfate depletion), occurring throughout the plurne.

RIOSCREEN a&,sumes that all of the biodegradation reactions (aerobic and anaerobic)
,ctur almost inistantaneously relative to the hydraulic residence time in the source area
'Ind plume. icc ause iron reduction and methane production appear to oct-r only in the

0 source zone (probably due to the removal of these metabolic by-products) it is
recommended to use the average iron and methane concentrations observed in the source

11
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I,, zone for the calculation, of biodegradation capacity instead of maximum concentrations.
In addition, the iron and methane concentrations are used during a secondary
calibration step (see below). Beta testing of BIOSCREEN indicated that the use of the

i.,d maximum concentration of iron and methane tended to overpredict biodegradation a t
I many sites by assuming these reactions occurred over the entire plume area. Use of an

average value (or some reduced value) helps match actual field data.

7. Note that at some sites the instantaneous reaction model will appear to overpredict
the amount of biodegradation that occurs, and underpredict at others. As with the case
oi the first-order decay model, some calibration to actual site conditions is required.
With the first-order decay, the decay coefficient is adjusted arbitrarily until the
predicted values match observed field conditions. With the instantaneous reaction
model, there is no first-order decay coefficient to adjust, so the following procedure is
recommended:

A) The primary calibration step (if needed) is to manipulate the model's dispersivity
values. As described in the BIOSCREEN Data Entry Section below, values fordispersivity are related to aquifer scale (defined as the plume length or distance to

the measurement point) and simple relationships are usually apphed to estimate
dispersivities. Gelhar et al. (1992) cautions that dispersivity values vary between
2-3 orders of magnitude for a given scale due to natural variation in hydraulic
conductivity at a particular site. Therefore dispersivitv values can be manipulated

within a large range and still be within the range of values observed at field test
sites. In BIOSCREEN, adjusting the transverse dispersivity alone will usually be
enough to calibrate the model.

13) As a secondary calibration step, the biodegradation capacity calculation may be
reevaluated. There is some judgment involved in averaging the electron acceptor

4 concentration.a observed in upgra&ent wells; determining the minimum oxygen,
nitrate and sulfate in the source zone; and estimating the average ferrous iron and
methane concentrations in the source zone. Although probably not needed in most
applications, these values may be adjusted as a final level of calibration.

4 BIOSCREEN CONCEPTS

The BIOSCREEN Natural A 'enuation software is based on the Domenico (1987) three-
dimensional analytical solute transport model. The original Model assumes a fully-penetrating
vertical plane source oriented perpendicular to groundwater flow, to simulate the release of
organics to moving groundwater. In addition, the Domenico solution accounts for the eftects of

4 advective transport, three-dimensional dispersion, adsorption, and first-order decay. In
BIOSCRFE-N, the Domenico solution has been adapted to provide three different model types
representing i) transport with no decay, ii) transport with first-order decay, and iii) transport
with "instantaneous" biodegradation reaction (see Model Types). Guideline," for selecting key
ýiput parameters for the model are outlined in BI[USREEN input lParameter:. For help n
Output, see BIOSCREEN Output.

BIOSCREEN Model Types

The software allows the user to see results from thwee different types of grotudwater transport
models, all based on the [Domenico solution:

12
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(1, 1. Solute transport with no decay. This model is appropriate for predicting the movement
of conservative (non-degrading) solutes such as chloride. The only attenuation
mechanisms are dispersion in the longitudinal, transverse, and vertical directions, and

adsorption of contaminants to the soil matrix.

2. Solute transport with first-order decay. With this model, the solute degradation rate
is proportional to the solute concentration. The higher the concentration, the higher

• tthe degradation rate. This is a conventional method for simulating biodegradation in
dissolved hydrocarbon plumes. Modeler using the first-order decay model typically
use the first-order decay coefficient as a calibration parameter, and adjust the decay
coefficient until the model results match field data. With this approach, uncertainties

4 in a number of parameters (e.g., dispersion, so'ption, biodegradation) are lumped
together in a single calibration parameter.

Literature values for the half-life of benzene, a readily biodegradable dissolved
hydrocarbon, range from 10 to 730 days while the half-life for TCE, a more recalcitrant
constituent, is 10.7 months to 4.5 years (Howard et al., 1991). Other applications of the
first-order decay approach include radioactive solutes and abiotic hydrolysis of
selected organics, such as dissolved chlorinated solvents. One of the best sources of
first-order decay coefficients in groundwater systems is The_....Hanabook o f
Emvironmental Degradation Rates (Howard et al., 1991).

The first-order decay model does not account for site-specific information such as the
availability of electron acceptors. In addition, it does not assume any biodegradation of
dissolved constituents in the source zone. In other words, this model assumes
biodegradation starts immediately downgradient of the source, and that it does not
depress the concentrations ot dissolved organics in the source zone itself.

3. Solute transport with "instantaneous" biodegradation reaction. Modeling work
4 conducted by GSI indicate first-order expressions may not be as accurate for describing

natural attenuation processes as the instantaneous reaction assumption (Connor et al.,
1994). Biodegradation of organic contaminants in groundwater is more difficult to
quantify using a first-order decay equation because electron acceptor limitations are not
considered. A more accurate prediction of biodegradation effects may be realized by
incorporating the instantaneous reaction equation into a transport model. Thi,

4 approach forms the basis for the BIOSCREEN instantaneous reaction model.

To incorporate the instntaneous reaction in BIOSCREEN, a superposition method was
used. by this method, contaminant mass concentrations at any hcation and time within
the flow field are corrected by subtracting 1 mg/I. organic mass for each mg/I. of
biodegradation cipacity provided by all of the available electron acceptors, in

4 accotdance with the instamtaneous reaction assumpaon. Borden et al. (1986) concluded
that this simple superposition technique was an exact replacement for morn
sophisticated oxygen-limited expressions, as long as the oxygen and hydrocarbon had
the same transport rates (e.g., retardation factor, R = 1). Cennor et al. (1994) revived
tltik approach for use in spreadsheets and compared the reitlts to those from more
sophisticated but difficult to use numerical models. They found this approach to work

* well, even for retardation factors greater than 1, so this superposition approach was
incorporated into the BIOSCREEN model (see Appendix A.2).

4
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Which Kinetic Model Should One Use in BIOSCREEN?

BIOSCREEN gives the user three different nmodels to choose from to help see the effect of
biodegradation. At almost all petroleum release sites, biodegradation is present and can be
verified by demonstrating the consumption of aerobic and anaerobic electron acceptors.
Thcrefore, results from the No Biodegradation model are intended only to be used for
comparison purposes and :o demonstrate the effects of biodegradation on plume migration.

Some key factors for comparison of the First-order Decay model and the Instanta'ieou-1 Reaction

model are presented below:

UT~1hI'rI'i~nt eous*~1kFACTCOR.. -W R, 0 alM e

Able to Utilize Data from . No - Does not account For * Yes - Accounts for availabilitv of
AFCEE Intrinsic Remediation electron acc-ptors/by-products electron acceptors and by-
.Protocol? products

Simple to Use? 0 Yes * Yes

Simplification of Numerical 0 Yes - many numerical models - Yes - Simplification qf
Model? include fir'st-order decay BIOPLUME III model

Familiar to Modelers? 0 More commonly used * Used less frequently

Key Calibration Parameter - First-Order Decay Coefficients ° Source Term/DispersivitY

Over - or Underestimates * May underredict rate of * May be r'ore accivrate for 0
Source Decay Rate? source d letion (see Newell estimating rate of sourceet al., 19951) depletion (see Newvell et al., 1995)

A key goal of the AFCEE Natural Attenuation Initiative is to quantify the magnitude of RNA
based on field measurements of electron acceptor consumption and metabolic by-product
production. Therefore, the Instantaneous Reaction model is recommended either alone or in
addition to the first-order decay model (if appropriate calibration is performed) for most sites
where the Intrinsic Remediation Technical Protocol (Wiedemeier, Wilson, et al., 1995; has
been applied. For a more rigorous analysis of natural attenuation, the BIOPLUME IIl model (to
be released in late 1996) may be more appropriate.

BIOSCREEN DATA ENTRY

Three important considerations regarding data input are:

I To see the example data set in the input screen of the software, click on the "Paste
Example Dat, set" button on the lower right portion of the input screen.

2) Because BIOSCREEN is based on the Excel spreadsheet, you have to click outside of
the cel1 where you just entered data or hit "return" before any of the button.; will
work.

4 3) Several cells have data that can be entered directly or can be calculated by the model
using data entered in the grey cells (e.g., seepage velocity can be entered directly or
calculated using hydraulic conductivity, gradient, and effective porosity). If the
calculation option does not appear to work; check to make sure that there is still a
formula in the cell- If not, you can restore the formula by clicking on the "Restore
Formulas" l,utton, on the bottom right hand. side of the input screen. If there still

4 appears to I.- a problem, click somewhere outside of the last cell where you entered
data and then click on the "Recalculate" button on the input screen.

14
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Units ft/yr

Description Actual interstitial groundwater velocity, equaling Darcv velocity
divided by effective porosity. Note thait the Domenico model and
BIOSCREEN are not formulated to simulate the effects of
chemical diffusion. Therefore, contaminant transport through
very slow hydrogeologic regines (e.g., clays and slurr" walls)
should probably not be modeled uising BIOSCREEN unless the
effects of chemical diffusion are proven to be insignificant.
Domenico and Schwartz (L990) b-idicate that chemical diffusion is
insignificant for Peclet numribers (seepage velocity times median
pore size divided by the bulk diffusion coefficient) > 100.

Typical Values 0.5 to 200 ft/yr

Source of Data Calculated by multiplying hydraulic conductivity by hydraulic
gradient and dividing by effective porosity. It is strongly
recommnended that actual site data be used oer hydraulic
conductivity and hydraulic gradient data parameters; effective
porosity can be estimated.

How to Enter Data 1) Enter directly or 2) Fill in values for hydraulic conductivity,
hydraulic gradient, and effective porosity as described below and
have BIOSCREEN calculate seepage velocity. Note: if the
calculation option does not appear to work, check to make sure
that tht cell still contains a formula. If not, you can reincarnate
the formula by clicking an the "Restore Forrnulas." button on the
bottom right hand side of the input scret .i If there is still a
problem, make sure to click somewhere outside of the last cell
where you entered data and then click on the "Recalculate" button
on the input screen.

Parameter - " Hy"'dr"aulic " " .... . ...
Units tan/sec

Description I-Orizontal hv1tra11lic onductivitv of the saturated porous
medium.

Typical Values Clays. <lxlO" cm/s

tI S : I x106 1x10- x 1)-i c i/s

Silty sands lxlO- - lxl"1 cMn/s
IChean,,and.- x1)-30 - 1 cm/S
(;ravels > I c111/,,

Source of Data I Pump tests or slug tests at the site. It is strongly renommended

that actual site data be used for most RNA studit',

How to Enter Data Enter directly. If s•eepagt' velocity H tl•t•ifre( din.tcily, this

pirameter is rot needed in 13. )S(CRIT:N.
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Units ft/ft

Description The slope of the potentiometric surface. In unconfined aquifers,
this is equivalent to the slope of the water table.

Typicai Values 0.0001 - 0.05 ft/ft

Source of Data Calculated by constructing potentiometric surface maps using
static water level data from monitoring wells and estimating the
slope of the potentiometric surface. 0

How to Enter Data Enter directly. If seepage velocity is entered directly, this
parameter is not needed in BIOSCREEN.

. ,Parameter. Effectiveorcsity

Units unitless

Description Dimensionless ratio of the volume of interconnected voids to the
bulk volume of the aquifer matrix. Note that "total porosity" is
the ratio of all voids (Licluded non-connected voids) to the bulk
volume of the aquifer matrix. Difference between total and S
effective porosity reflect lithologic controls on pore structure. In
unconsolidated sediments coarser than silt size, effective porosity
can be less than total porosity by 2-5% (e.g. 0.28 vs, 0.30) (Smith
and Wheatcratt, 1993).

Typical Values Values for Effective Porosity: •
Clay 0.01 - 0.20 Sandstone 0.005 - 0.10
Silt 0.01 -1 30 Untract. Limestone 0.001- 0.05
Fine Sand 0.10 - 0.30 Fract. Granite 0.00005 - 0.01
Medium Sand 0.15 - 0.30

Coarse Sand 0.20 - 0.35

(;ravel 0.10 - 0.35

(From ",e'demrnei•r. Wilson. (From l)omenico and Schwar.:, 1990)
et al., ;99. orig.inally from
I)onenco and S. 1 Ivart:, 1990

and Walton. 19858)

Source of Data Typically estimated. O(It. Commonly used value tor silts and sands

is an effective porosity of 0.25. The ASTM RBCA Standard
(ASTM, 1995) includes a deteault value of 0.38 (to bK tusd
primarily for unconsolidated deposits).

Sto En........... ,,, I_.,. No•, that if seepage veloc 1, is iente uud Udi ly,

4 ~ this parameter is still needed to calculate the retardation fc.ctor
and plume mass.

It,

i i .. . .. . . . . .. a .. . . . . . . . . . a -... . .. . . .. . . . . . . .. . . . . .
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Units If

Description D)ispers~ion reter', to the procL, whereby a plume will Spread out iii a
longitudinal direction I I ng the direction Of ground-wate'r flOWh,
train~verselv (perpendiL ular to f,.rotind~v'ater tiow), and vertical lv S0
down wards, due11 to mechanical mixing iii the aquifer and chemical
ditiiisin Seltection ot I-iispersiv itiv valueS is a ditficult pro~ess.
given the imnp ract icabilitv Of m~aSkinng dispet'l 11on finlte f ield

I wnt imple esthimatn ~n technique,; based onthe length ot the
plume, or distance' to the measurement point ('scale") are a Va lab 11

frtom a compilation oit field test data. Note, that researchers, indicate
thait d ic~prsi% iv v alue, can range over 2-3 orders ol magnitude tor a
givenl valuet (It p)Llume' length or distance, to measurement point
I. elbwar ,.1 al . 191)2), In BIO&SCRFILN, dlisperi% ltv Is uscd as I[the
plirmiary calibratiori parameter (see pg 101. For mort, intormaitiOn un
dispvrsvitv-. vee A.ppendix A.3, pg 40Y_

Typical Values Ilvp ical d isper~iv itv relationship, as a function ot I p 1 plunru length

Or distance_[ to ineasurenwnt point in It) are provide'd below%
BHR ;(R REF N is programmed with -oome commnonly ui-et rtelat i onhi p5

repsenttiveI[ tv peal and low -end dIispersi cities.

*Longitudinal Dispersivitv *
~~\lpti -I" (.2 NU '11 1iS~ , ikioi ~tl,i Iil' I

"* Transversev 1ispersivity

0\llii 0 i. li pha ,Pi~i hiu~h rlii~iil:ti,

"* Vertical Dispersivitv

Alpha tu very lo 1,liv' 1p\ lilt ItI iit1 u ,,'.t, iri

c C-, to .lh 0 x 1)5h' 01½?. IP, I P.Ele

Source of Data I vpi-iIII% -,liiiiatiudl uingy thu rl-itiunmliip'. ITI)% ilt' .1ivile

Data li~ic llt),,CNI~l> FN tik lie tli- disl).'Tývitit',

al if



BIOSCREEN Users Manual _ _r___e 199_

Units I t

4 Description Estimated length (in feet) of the existing or hypothetical
groundwater plume being modeled. This is a key parameter as it is .
generally used to estimate the dispersivity terms (dispersivity is
difficult to measure and field data are rarely collected).

Typical Values For BTEX plumes, 50 - 500 ft. For chlorinated solvents, 50 to 1000 ft.

Source of Data To simulate an actual plume length or calibrate to actual plume data,
enter the actual length of the plume. If trying to predict the maximum
extent of plume migration, use one of the two methods below.

1) Use seepage velocity, retardation factor, and simulation time to
estimate plume length. Whire this may underestimate the plume
length for a non-degrading solute, it may overestimate the plume
length for either the first-order decay model or instantaneous reaction
model if biodegradation is significant.

2) Estimate a plume length, run the model, determine how long th,,
* plume is predicted to become (this will vary depending an the type of

kinetic expression that is used), reenter this value, and then rerun the
model. Note that conqiderable time and effort can be expended trying
to adjust the estimated plume length term to match exactly the
predcied modeling length. In practice, most modelers make the
assumption that dispersivity values are not very precise, and
therclore select hall-park values based ov estimated plume lengths
that are probably ± 25% of the actual plume length usxe in the
simulations. No'te that BIOSCREEN is very sensitive to the
dispersion estimates, particularly for the instantaneous reaction
model.

How to Enter Enter directly. It dispersivity data are entered directly, this
6 Data parameter is not needed in BIOSCR-EEN.

AM6

6

6. . . . . .. . . . . . . . . . . . . . . . .
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Units unities.,

Description The' rate at which dissolved contar'virants miovinig through anl
aquiter can b--e xedu'cd by sorption of contamninants to the solid
acluiter matirix. Fhe degree of retardation depends onl both aquinfer
and1 c:onstituent properties. The retardation factor is the ratio of
the groundwater seepage velocity to the rate that organic
chemicals migrate in the groundwater. A retardation value of 2
indicates, that it the groundwater seepage velocity is 1(X) ft/vr,
then the organlic chemlicals mnigrate at approximately 50 ft/yr.

l31( SCRFEEN simiula-tions using tile instantaneous reaction
assumption al sites with retardation factors greater than t) should
be performi-ed with caution and verified u~sing a more 0
sophisticated mrodel such as BIO0PLUMTE Ill (see Appendi\ A.2).

Typical V.ilues I to 2 (tor f3TEX in tv pical shallow aquifei .)

Source of Data Usually estimiated trorn soil and chemnical data uisin-,~ variables
described below (ph) - bulk density, n -. porosit\', K~c orgManlic

carbonl-water partition coefficient, Kd distribu tion coefticilent,
anld foe traction1 Organic carbon oin unconltamlinated soil) with thle
tollowing ex~pression:

R' - a I where K

I', '.oii ese, thi' retardation tactor can be esýtimnated by
paigthe leugth tit a plumne afTitetd by adsorption (suich as

thet henzene, plumec) with thet length ot phuici that is not a ffected

by adsorptioni (suc as hloride). MvOst plumes" dot 11ot have both
type'; oit ContanIInan11t ;. 'A It is mlOn' (011in101 to LLe* thet estinia tion
ti'el1V ni t' ev L ima en trv box'. hie h w ) -

How to Enter Data 1 ) Filter directlv or 2) 1 .11 in the ed aniattt vflties ibr hiulk
It 'i itv lipirtitittoo OtLe Wilt, anld traction Organic carbion a.s

described below itul hv lil(v IM( l'IlFN ialtiltatt' ittiriation.

Parameter Soil Bulk Density (p b

Units kg! tI.rg/cmn'

Description liulk tLenSity, in) kg/i. idO thne aqui~ti r nlatri\ (related to porosity
inoi pure, A did density).

Typical Values AlIthiouigh thi, value tanl he i neisurt A in thlt lab, in roos)t cases p
,'stiniaitt', values, ire iiss'd A\ vahivi Mt 1.7 Kg/1. is, use1d trCequen~tlV.

Source of Data l-ithei trotnin alinalysis it snil 'aniple-, it i gee)ttchiii.ilabb ()r

Ho oEnter Data I-lt'- dire tivrtl 11 tIt( o't-trdtatHIci tiLIO isý eitinil' ilirectly. this

par,111wer iý n~t nvi~loin ii ); FN
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Units (mg/kg) /(rg/L) or (L/kg) or (mL/g)

Description Chemical-spec'fic partition coefficient between soil organic carbon
and the aqueous phase. Larger values indicate greater affinity of
contaminants for the organic carbon fraction of soil. This value is
chemical specific and can be found in chemical reference books.
Note that many users of BIOSCREEN will simulate BTEX as a
single constituent. In this case, either an a'err-ge value for the
BTEX compounds can be used, or it can be ass, limne that all of the
BTEX compounds have the same mobility as benzene (the
constituent with the highest potential risk to human health).

Typical Values Blenzene 38 L/kg Ethylbenzene 95 L/kg
Toluene 135 I.ikg Xvlene 240 L/kg

(AST' M, 1995)

(Note that there is a wide range of reported values; for example,
Mercer and Cohen (1990) report a Koc for benzene of 83 L/kg.

Source of Data Chemical reference literature or relationships between Koc and
solubility or Koc and the octanol-water partition coefficient
(Kow).

How to Enter Data Enter directly. If the retardation factor is entered directly, this
parameter is riot needed in BIOSCREEN.

Parameter - Frac -otin anic: Carbon'(foc) " " * *
Units inities;

Description Fraction of the aquifer soil matrix comprised of natural organic
carbon in uncontaminated areas. More natural organic carbon means
higher adsorption of organic cons~ituents on the aquifer matrix.

Typical Values 0.002 - 0.02

Source of Data The traction organic carbon value should be measured if possible by
collecting a sample of aquiler material from an uncontaminated
zone and performing a laboratory analysis (e.g. ASTM Method
2974-87 or equivalent). If unknown, a detault value of O.X)l Ir ýOtt'nt
used (e~g., ASTM 1995).

How to Enter Data Enter dir.ctly. If the retardAtiLs factor i, entered directly, this

parametr is not ziicdtd in BIOSCREEN.

20)
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Units 1/yr

Description Rate coefficient describing first-order decay procxess for dissolved
constituents. The first-order decay coefficient equals 0.693 divided
by the half-life of the contaminant in groundwater. hin

B'1SCRENthefirt-oderdecay process assumes that the rate
of biodegradation depends only (i the concentration of the
contaminant and the rate coefficient. For example, consider 3 mg/I.

"I" T A benzene dissolved in water in a beaker. It the half-life of the
'~ .-- ibenzene in the beaker is 728 days, then the concentration of benzene

728 dlay's from now will be 1.51 Acg/L (ignoring volatilization and
other 'oss
Considerable care must be ext rcised in the selection of a first-order
decay coefticient for ecad, constituent in order to avoid
signi ficantly over- pred icting; or under-predicting actual decay
rates. Note that the amount of degradation that occuirs is related
to the turne the contaminants spend in the aquifer, and that this
parameter is not related to the time it takes for the source
con cen trat ions to decay by half.

ITypical Values I) to 3t) yr I(see half -life values)

,-~r ± .r--Source of Data Optional rnethiods for selection of appropriate dec:ay coefficients
are as follow,.-

Literature Values: Various published references are, available
listing docav hal f-life valu-es, for hydro~lysis and biodegradation
le~g. see f Inward i-t al., 1991). Note that many reterences report
the half-livei; these vaIlues Canl he converted to the first-order
de'caycu CfftiCients uwing k - ().(,L3 / tj : (see dissolved plume halt-
life).

Calibrate to Existing Plume Data: 't the plumne is, inI a steady- state

ordirdminishing condi;ý)n,ii M(1(RIN can IN klsoxl to determine:

(in ceitritira t i i,( 'c rnay adopt a trial aod-err-or pro-edUre to
dlerive a best- fit de'cay Co eff11icIet tor each contamninant For !,till -

epnigplumes', thil' steadyV-state (a~lira I ion method m~ay over-
estimate actual docay rate cim)etticient, and contrihbtit to an under-
estiiiiatoni (it prvdic td COn: enltra'11 ion -leve

How to Enter Data 1) FLute: dir(ctly ()r ?) Fill in Ow, -'tim.ltodI half-life aoesM

- dcscilhtid below". and have Bl(.'ý SII FN caIlculate tilt- first-ord
f hemen(w ts roer1-
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Unitsyears

Description Time, in years, for dissolved plume concentrations to decay by, ie
half as contaminants migrate through the aquifer. Note that ,,ie
amount of degradation that occurs is related to the time the
contaminants spend in the aquifer, and that the degradation IS
NOT related to the time it takes for the source concentrations to
decay by half.

Modelers using the first-order decay model typically use the first-
order decay coefficient as a calibration parameter, and adjust the
decay coefficient until the model results match field data. With
this approach, uncertainty in a number of parartieters (e.g.,
di,;persion, sorption, biodegradation) are lumped together in a
single calibration parameter.

Considerable care must be exercised in the selection of a first-order
decay coefficieit for each contaminant in order to avoid
significantly oler-predicting or under-predicting actual decay
rates.

Typical Values Benzene 0.02 to 2.0 yrs
Toluenr 0.02 t,,0.17 yr
Ethvlbenzenc., U.umin t, 0.62 yr
Xvlene 0.C38 to 1 yr
(from ASTM4, 1995)

Source of Data Optional methods for selection of appropriate decay coefficients
* ere as follows:

Literature Vaiues: Various published references are available
listing decay half-life ,alues for hydrolysis and biodegradation
(e.g., see Howard et (" 1991).

Calibrate to Existing Plume Data: If the plume is in a steady-state
or diminishing condition, BIOSCREEN can be used to determine
first-order decay coefficients that best match the observed site
concentrations. A trial-and-c rot procedure may be adopted to
derive a best-fit decay coellicient for each contaminant. For
expanding plumes, thi.i steady-state calibration method may over-
estimate actual decay-rate coefficients and contribute to arn under-
estimation of predicted concentration levels.

How to Enter Data Enter directly- If the first-order decay coefficient is entered
directly, thik parameter is not needed in BIOSCREEN

-'
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Units mgfL

SDescription This parameter, used in the instantaneous reaction model, is one
component of the total biodegradation capacity of the groundwater
as it flows through the source zone and contaminant plume. The
model assurmes that 3.14 mg of oxygen are required to con,.itne 1 rmg
of BTEX (Wiedeinieir, Wilson, et al., 1995). Note that this
parameter is used for the instantaneous reaction model, which is
appropriate only for readily biodegradable compounds such as
BTEX that degrade according to the assumed BIOSCREEN
utilization factors, and is not appropriate for more recalcitrant
compounds such as the chlorinated solvents.

Typical Values Data trom 28 AFCEE sites (see Table 1):
Median = 5.8 mg/i. Ma-ximum = 12.7 mg/i. Minimum = 0.4 mg/I.

Source of Data For planning studies, typical valies taken from Table 1 can be used.
Fcr actual RNA studies, the Air Force Lntrmsi, Remediation
Technical Protocol (Wiedemeier, Wilson, et al , 1995) should be
applied. Enter th.. average background concentration of oxygen
minus the lowest observed concentration of oxygen in the source
area. BIOSCREEN automatically applies the utilization factor
used to compute a biodegradation capacity.

How to Enter Data Enter directly.

* ~~Parameter -~ x

Units mg/L

Description This par •meter, used in the instantaneous reaction model, is one
component of the total biodegradation capacity of the groundwater
as it flow,. through the source zone and contaminant plume. The
model assumes that 4.9 mg ot nitrate are required to consume I mg of
BTFX (Wiedemeier, Wil.on, et al., 1995). Note that this
parameter is used for the instantaneous reaction model, which is
appropriate only for readily biodegradable compeux,Lnds such as
BTEX that degradci according to the ,assumed BIOSCREEN
utilization factors, and is not appropriate for more recalcitrant
compounds such as the chlorinated solvents.

Typical Values Data from 28 AFCEI: sites (see Table 1):
Median = 6.3 mg/L Maxunum =69.7 mg/l. Minimumn 0 mg/I.

Source of L -ta For plarning studies, typical values taken from Table I can be used.
For actual RNA studies, the Air Force Intrinsic Remediation
technical Protocol (Wiedemneier. Wilson, et ul., 1995) should hI:
applied. Enter the average backgro~lld concentration of Iiltrah.

rnmus the lowest observed concentration of nitrate in the :..ý-owe
area. BI(R)SCREEN automatically applies the utilization factor to
,)inputte a biodegradation capacity.

How to Enter Data Enter directiy.



BIOSCREEN Users Manual lune 1996

4 Units mg/L

Description This parameter, used in the instantaneous reaction model, is one
component of the total biodegrildation capacity of the groundwater
as it flows through the source zone and contaminant plume. Ferrous
iron is a metabolic by-product of the anaerobic reaction where solid
ferric iron is used as an electron acceptor. The model assumes that
21.8 mg of ferrous iron represents the consumption of 1 mg of BTEX
(Wiedemeier, Wilson, et al., 1995). Note that this parameter is
used for the instantaneous reaction model, which is appropriate
only for readily biodegradable compounds such as BTEX that
degrade accordhig to the assumed BIOSCREEN utilization factors,
and is not appropriate for more recalcitrant compounds such as the
chlorinated solvents.

* Some researchers suggest the observed ferrous iron concentration is
much less (1IOo or less) than the actual amount of ferrous iron that
has been generated due to the sorption of ferrous iron onto the
aquifer matrix (Lovely, 1995). If this is the case, then the value
used for this parameter should be much higher than the observed
maximurn concentration of ferrous iron in the aquifer.

Typical Values Data from 28 AFCEE sites (see Table 1):
Mucdian- 16±. mg/I. Maximum =599.5 mg/L. Minimum- 0 ng/L

Source of Data For planning studies, typical values taken from Table 1 can be used.
For actual RNA studies, the Air Force Intrinsic Remediation
Technical Protocol (Wiedemeier, Wilson, et al., 199") should be

S • applied. Enter the average observed concentration, in mg/L, of
ferrous (dissolved) iron found in the source area (approximately
tlh,. area where ferrous iron has been observed in monitoring wells).
BIOSCREEN automatically applies the utilization factor to
compute a biodegradation capacity.

1 How to Enter Data Enter directly.

6
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Units gL__ __

Description This parameter, used in the instantancou., reartion model, is one.
component of the total biodegradation capacity of the groundwater
as it flows through the -.ource zone and contamirn,ýit plume. The
model assumes that 1.7 mg of sulfate are required to consume 1 mg of
BTEX (Wiedemneier, Wilson, et iA., 1995). Note that this
parameter is used ýor the instantaneou~i reaction mnodel, whic-h is*appropriate only for readily biodegradablu compoxundls such as
BTEX that degrade according to the assumed BIO0SCR1EIN
utilization factors, and is ri- appiopriate for mote recalcitrant
Compounds, such as the chlorinated solvonts.

Typical Values Data from 28 AFCEE sites (see Table 1):
* Median 24.6 mg/L ,Maximum - 109.2 mg/L Minimum -ý 0 mg/L

Source of Data For planning studies, typical values taken from Table 3 can be used.
For acýtual RNA studies, the Air Force Intrinsic Remediation
Technical Protocol (Wiederriier, Wilson, ct aL., 1995) should be
applied. F~nter the average background (concentration of sulfate
mi-inus the nwest observed concentration of sulfate in the source
area. BIOSCREEN then computes a biodegradation capacity.

How to Enter Data Enter directlv.

Units rrig/L

Description This parameter, used in the u-e.tantaneous reaction model, is one
component if the total biodegradation capacity of the groundwater
as it flows through the sourre zvne and contaminant plume.
Methane is a metabolic by-product of niethanogenic activity. The

* model assumes that 0.78 mg of methane represents the consumrption
of I mng of UTEX (Wiedemeier, Wilson, et al., 1995). Note that this
parameter is used for the instantaneous reaction model, which is
a1ppropriate only for readily biodegradable compounds such as
BTEX that dlegrade according to the assumed 1310SCREEN
utilization fictors, and is not appropriate for more recalcitrant

* compound,; such as the chlorinated solvents.

Typical Values Data from 28 AFCEF ;ites (see Table 1):
Median =7.2 mg/L Maximum = 48.4 mg/ L Minimum =0.0 mg/L I

SucofData For planning Ttudicae~, typical values taken fronn Table I can be used.
For actual RNA ;tudie,,, the Air Force Intrinsic Remediation

* Technical Protocol (Wiedemeior, Wilson, et al., 1995) should be
applied. Enter the average (Iserved concentration of methane
found in the source area (apprcarrdmtelv the area where methane
is observed ini monitorinig wilk1). BiIOSCREEN automatically
computes a biodegradation capacity.

*How to Enter Data Enrter directly.
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Un~its ft t

Description Physical dimensions (in feet) of the rectangular area to be
imodeled. To determine contaminant concentrations at a particular
point along the centerline of the plume (a common approach for
most risk assessments), enter this distance in the "Modeled A.,-

Length" box and see tl,, results by ciicking xr the "Run Centerline"
button.

If one is interested in more accurate mass calculations, make sure
most of the plume is within the zone delineated by the Modeled
Area Length and Width. Find the mass balance results using the
"Run Array" button.

Typical Values 10 to 1000 ft

Source of Data Values should be slightly larger than the final plume dimensions
or should extend to the downgradient point of concern (e.g., point of
exposure). If only the centerline output is used, the plume width
parameter has no effect on the results.

How to Enter Data Enter directly.

Parameteir . 'Sis~ulaitior.-Time(~. " t

Units years* I
Description Time (in years) for which concentrations are to be calculated. For

steady-state simulations, enter a large value (i.e., 1000 years
would be sufficient for most sites).

Typical Values 1 to 1O0(1 years

Source of Data To match an existing plume, estimate the time between the
original relca'v and the date the field data were collectud. ]O
pr'dict the nmaximnuox extent of plume migration, increase the
simulation time until the pltnme' no longer increases in length.

How to Enter Data Enter dirtectlv.

2
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Units ft I

Description The Domc,-oo (1987) model assumes a vertical plane source of
constant concentration. For many fuel spill sites the thickness of
this sour'e zone is only 5 - 20 ft, as petroleum fuels art, LNAPI s
(light non-aq-eou.-s phase liquids) that float rn the water table.
Therefore, the residual source zones that are slowly dissolving, S
creating the dissolved BTEIX plume, arte typically restricted to the
upper part of the aquifer.

Surface

Top if Water-'
Bearing Unit

4 Source Thickness

'\ J

Bottom of Water- 1 ý-
* Bearing Unit

Typical Values 5-50 ft

Source of Data This value is usually determined by evaluating groundwater data
from wells near the source zone screened at different depths.. It this
type of information is not available, then one could estimate the
amount of water (able fluctuation that has occurred since the time of
the release and us,' this value as the source zone thickness (equating
to the smear zone) ()therwi:,e, a simple assumption of 10 feet would
probably be appropriate for many petroleum release sites. Notw
that if DNAPI.s are present at the sitti (e.g., a chlorina ted solvent
site), a larger source zone thickness wou IL probably be required

How to Enter Data Filter directlv.

27
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Units ft

Description The Domenico (1987) model assumes a vertical plane source of S
constant concentration. BIOSCREEN expands the simple one source-
zone approach by altowLn up to five source zones with different
concentrations to account for spatial variations in the source area.

Typical Values 10 - 200 ft

Source of Dat. To define a varying source concentration across the site:

1) Draw a line perpendicular to the groundwater flow direction in
the source zone. The source zone is typically defined as beitig the
area with contaminated soils having high c.ncentrations of sorbed
organics, tree-phase NAPLs, or residual NAPLs. If the source zone
covers a large area, it is best to choose the most dowgradient or
widest point in the source area to draw the perpendicualir-to-flow

line.

2) Divide the line into 1, 3, or 5 zones. A total of 5 zone- is shown on
the inFut screen.

3) Determine the width and corresponding average concentration oti
Zones 1, 2, and 3. Typically Zone 3 will contain the highest
concentration. Note that the model assumes the source zone is
symmetrical and will automatically define source zones 4 and 5 to be
identical to Zones 2 and 1. Therefore, it is not necessary to specify a 11
5 zones. For simpler problems, you can either use three zones to define
varying source concentration, across the site (enter information iii S
Zones 2 uid 3, and the model will define Zone 4) or just u.LI a single
zone (enter data to: Zone 3 only).

4) Enrter the width and source concentration into the appropriate
zones on the spreadsheet For example, if a total source width of lO0)
ft. is divided into five zones, enter 20 ft for each zone width. Enter
the average concentration observed acro.G;s each zone. 5

Need Width and
Surface Concentration

I ource Zones

E Top of Water-
Bearing Unit

Bottom of Water- -4
Bearing Unit

How to Etnter Data Enter dirertly.

S
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Units mg/'L

Description BIOSCREEN requires source zone concentrations that correspond to
the source zone width data (see previou:. page). Suggested rules of
thumb regarding how to handle multiple constituents are:

1) If the maximum plume length is desired, model lmnped
constituents (such as BTEX). If a risk assessment is being performed,
data on individual constituents are needed.

2) If lumped constituents are being mojced (BTEX all together),
use either average values for the chemical-specific data (Koc and
lambda) or the worst-case values (e.g., use the lowest of the Koc and
lambda from the group of constituents being modeled) to
overestimate conLentrations. Most modeling will be performed
assumung that the ratio of BTEX at the edge of the plume is the-
same as at the source. For more detailed modeling studies, Wilson
(1996) has proposed the following rules o help account for difterent
rate.s of reaction among the BTEX compounds:

"* It the. site is dominated by aerobic degradation (mrqt of the
biodegradation capacity i:; from oxygen, a relatively rare
oxcurrence) assume that the benzene will degrade first and that
the dissolved material at the edge ot the plume is primarily TEX.

"* It the site is dominated by nitrate utilization (most ot the
biodegradation capacity is from nitrate, a relatively rare
occurTence) assume that benzene will degrade last and that the
dissolved material at the edge of the plume is primarily benzene.

"* It the site is domuiated by sulfate reduction (most Ot the
biodegradation capacity is due f- sulfate utilization, a more
cormmon occurrence) assume that the lbniene will degrade at the
same rate as the TEX constituents and that the dissolved material
at the edg,! of the plume is a mixture ot BTEX.

"* It the ste is dominated by methane production (most tnt tlhe
biodegradation capacity is due to methanogenenis, a morw . inoi
occurrence) assume that benzene will degrade last and th -t the
dissolved material at the edge of the plume is primarily bei,,ene.

.) If individual constituents are being modeled with the
instantaneous reaction assumption, note that the total
biodegradation capacity meust be reduced to account for electron
acceptor utilization by other constituents present in the plume. For
example, in order to model benzene as au individual constituent
using the instantaneous reaction model in a BTEX plume containing
equal surce concentrations of benzene, toluene, ethylbenzene and
xylene, the amount Af oxygen, nitrate, sulfate, iron, and methane
should be reduced by 75Y., to account for utilization by toluene,
ethylbenzene, and xvlene.

Typical Values 0.010 to 120 mg/l.

Source of Data Source area monitoring well data (see figure on previous page).

How to Enter Data I lnter directly.

2q)
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Units years

Description The Domenuco (1987) model assumes the source is infinite, i.e. the source
concentrations are constart. In BIOSCREEN, however, an approximation for
a declining source concentration has been added. Note that this is an
experimental relationship, and it should be applied with caution. The4

declining source terir is based on the following assumptions:

&There is a finite mass of organics in the source zone present as a free-phase
or residual NAPL. The NAVI? in the source zone dissolves slowly as fresh 41
groundwater passes through.

e The change in source zone concentration can be approximated as a first-
o)rder decay pro-cess. For example, it the so~Urve zone concentration 'half -
life" is 10 years and the initial source zone concentration is I mg/L., then the

source zone concentration will be 0.5 mg/I. after 10 years, and 0).29 mg/I.
after 20 years.

Note that the assumption that dissolution is a fir~st-order process is on~ly anl
approximation, and that source attenuation i.- bes,-t described by first-order
decay when concentrations are relatively iow (< 1 mg/I.). For more
information on dissolution, see Newell et al., (1994). The source half-life

4 IS NOT related to lambda, the biodegradation halt-life fo.- dissolIved
constituents. Lambda is useAd to calculate the amount of biodegradation of
dissolved organics after they leave the source zone and travel through the
plume acca The, source half-life is related to the rate of dissolution

VCcurnog III the source zone, ant! describes the change in so)urce
concentrations over trime.

4~ The BIOSCREEN software litomatically calculate:, the soAurce Zone
concentration half -life it the user enters a best estimate for the mass of
d .'solvable org.1nt1S tone (soluble organic constituents sorbvd (In the !,oil,
residual NAILs, and tree product) in the source. The half-life of the
disstolution iroct-%L can be% appro imated if onae knows the mass., of

4 (dissolvable orgalnics in the source izone (in Ing or kg), the flow rate through
the source zone, and tlw average concentration of dissolved organics t hat
leave the soure, zone The equ ation is hi-~ed cri Integrating t he
concentration vs. tine relationship (first-order decay) and Using the
rel~itioii~hip that the mas-s tn the sourceZA zflu over timie is proportional tU
the source cionce tration ever time. Thiis yields the following expression for

4 ~the half-life Ot the c'oncentration ot dissolved organics in the source zone
'-ee Appendix A.3):

t(0.693 * Ma (Q CO)) wir

t I laft fife ot Sourue
concentrationl (yrs)

Q ( ri Q n GrOl water flow through

(obwnrvd coni vtritatio tn liit, ile
""I.iiclty fmr ijist i-vict.
&,'U'.T MpIIIn) at t I) (In.g/l -

E _______ ---- _____-Ii su dlotteab it I U (09'

r I A r z9n a ng

d~k 4 IS d Ift
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Description (cont'd) Why are there two source half-lives reported? Note that

Key Questions: 13IOVCREEN automatically selects the correct source half-life value
depending ani which kinetic model is being used (see Which Model
Should One Use? under BIOSCREEN Concepts).

Two source halt-lives are reported by the model in the sourve halt -
life cell: the smaller number will be- the source half-life trom
dissolution if Instantaneous Reaction kinetics are used, and thie larger
value will be for No Degradation or First-order Decay kinetics. The

* first-order decay model assumes biodegradation starts immevdiately
downgradient of the source. and that the rate of dissolution is
reflected by the concentr ition of dissolved organics act ally
measured in monitoring wells. In other worcis, the tirst-order d 'cay
model assumnes CO is equal to the observed source concentration.

* ~The instantaneous reaction model assumes biodegradation is occurring
directly in the source zone, and that the effective source zone
concentration CO is equal to the measured concentration in the so~unce
zone plus any 'missing" concentration due to biodegradation. For
example, it the sourve zone concentration in monitoring wells is 5
mg/L, anld the biodegradation capacity is 10 mg/I., the effective

* source concentration CO ricentration before biOdegrauation) js 15
mg/I. In other words, CO is equal to the measuredt snourc'
concentration plu', the biodegradation capacity provided by the
electron acceptor concentration. This miean~s use of the instantaneous
reaction as<,umption will result in higher dissolution rates and
shoitehr source lifetimevs ( see Newell et al., 1Q95). *
Does BIOSCREEN account tor travel time away from the declining
source? With the declining source option in BIOSCREEN, the

concentration for anyv location and anyv time is calculated using a
source concentration determined by the f irst-order decay calculations,
shown above. lI h' timev used to deter-mine the so)urce' concentration

* ,i~adjU-.ted to jL ounjt for the traivel time' betwe~en the source and

measiiren'A'nt point.

E:ij 'xamnpk', consider the cast' where a declining w~oun~'t torm i'. UŽ*'t
with a sirirreV halt-lifte ot 10 years, and a solute- velocity ot IMX ft/yr.
T, cilculat', the concentration at It point 2M)X tt awayv at time 3(0
years, Blll( )RE EN tollow, these "tep'.

1) ( kicul,atc- (,ivi'l fini' fromi point to source: 2((0M/ MO( 20 Vt., i

2) Subtracts travel timev from ~simulation timi: 30 yr,, - 20 vrs .. ] rs

3) (.alcul,:tes sourc decay (700ft.: ksource = 0.693/(source halt life)

4) -~lu A)esLorce Colt'. at I - iO yr: C=(2exp'''''''

Typical Values I t~o MOM))1 vear,

Source of Data (1U itc ed by niodel troin ,oluhle niass in NAI 'I.and soil (see bvobisv),
siiirCt' Co1Liietratitins, 111d gr011ndWa1ter velocity.

1How to Enter DAta AL (i L~iti'd directly hv model. C b~inge by chaisgmg, soluble nia,,s.

S0
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Units kg

Description The best estimate of dissolvable organics in the source zone is

obtained by adding the mass of dissolvab!e organics on soils, free-
phase NAPLs, and residual NAPLs. This quantity is used to
estimate the rate that the source zone concentration declines. Note
that this is an experimental and unverified model that should be
applied with care (the model probably underpredicts removal rate).

For gasoline or JP-4 spills, BTEX is usually assumed to comprise the •
bulk ot dissolvable organics in the source zone. lo simulate a
declining source, use the method described below. For constant-source
simulations, either enter a very large numrbexr for soluble riass in the
source zone (e.g., lL)0(,000 kg) or type "Infinite".

Typical Values U.1 to 100,0O 0 kg

Source of Data This intormation will most likely come from either:

1) Estimates ot the mass of spilled fuel (remember to convert the
total mass of spilled tuel to the dissolvable mass; for example BTEX
represents only 5-15% of the total mass ot gasoline).

* 2) Integration of maps showing contaminated soil zones (data in 0

mg/kg) ,and/or NANl. zonte (usually product thickness). The us.,er
should e:;timate the volume of contaminated soil, convert to kg of
contaminated soil, and multiply by the average soil concentration.
To make the estimate more accurate, the user might have to divide

the soil into different zones, of soil concentrations, into unsaturated
* vs. saturated soil, and/or into different depths. (One standard 11

approach i-, to divide into a vertically averaged uiisatuiat.,l ,ono
map and a vertically averaged saturated zone map.) It the user is
making estimate, from NAI'. data, remember tile thlckness ot
prOduct in a aquifer is only 10)-50";, (if the actual product thickness in
the well (Hedijnt ct al, 1Q44)

fill Note that the data is to be entered in kg, and the model will convert

the results to e'Mtimate the stmrne halt-life. An txaniple is prox ded
below ,suming a bulk denitv of I 7 kg/I. (t g-. l(X) ft- \ 20 ft , 28.1

[./ft'x 17kg/I )NXI mg/Kg lio" kg/mg -; 5kg)

SOLUBLE
Model MA',S
Snurtc Sod rea I : 100 sq. ft Dfpth 20 ft $

Average Soil Cuocentration

Plume * 600 mg/Kg STEX

Soil Zone 2; 220 sq. ft Depth 20 ft/ - / X IIKg

Average Soil Concentration"- 50 mg/Kg BTEX

Soil Zone 1: 400 sq. ft Depth 20 ft

Average Soil Concrntration

- IU mg/Kg BTEX

TOTAL SOLUBLE MASS 73 Kg

• How to Enter Data Infter dlirot lv
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Es , B. 06 *. S .rn

Units mgI

Description Theste parame ters irt cocntraions of dis Iiid organins in well

near the centerline ot the plume. These data are u-A-d to hlwIp
calibrate the model and are displayed with modiel results in the

"Run Centerline" option.

4Typical Values OA)00I to ;0 mg /I.

Source of Data i10lnitoriiig wells locatedL near the centerline ot the plume.

How to Enter Data hI-ter as miany, or as tevv ot these1 points a~s needed. TIhe data are is~
Min V to help Ca IlIbr'at til' ii) nuidt' when compa ring the resutils fromo

the centerline, option. Note t it-t thet distance from somve v alues
CannoIIt be chanlged; us.e the cl10oset k.11 iii'possible.

ANALYZING BIOSCREEN OUTPUT

[he oui~tpuit sbtli'soni'itraitions along tile centerline, (tor all three kinet'l Ic 10i mdel It thet saint'l

tinte) or as li~ array (Oll(e kine~tic model at a timec). Note that the res-ults are ,!I tor thet time

e~itt'red inl the -'$inilitoion TimeL' 'bos.

Centerline Output S

er iterint' output i, tlisplaiied Mwhen thet "Rim ('cnittrlint'' button is pressedk in1 tilt' opu11-t scret'eii

Ilthe centerline outpultt .crtev hiiv the ai'erage ltonItenltatInil It tWe Ii,j ot the( satirnitcd ,oniv
/ l(t 1 1-,[ 1g I thý ,I' Itnt-erlInI) it, ItýIn'l IpIhiit.(`' tY-0) ( lckng 1~ "Animate ll'' dVide the simltionM01

11it' Wi separI' IateI t I I111) wrIits IId I shItI ,1, s t he1It' niitnMI Int it tilt' pI ' tim' Ibased oil thet t h rt'
lI ( )',( 'lR I-TIN nusldeis )ri'tl. 'kit -~g rudaton btIi lut'' tirs.t I trdIr dI tcav, g reen: ntiii-toaiiet'olit

tei, titi INjtt' that all iitelrttm', ,i' li 1jIl,iii W Mnits (It mlg' 1

Array Output

I I sit thet p.itimet .Irra v Ithat tIv t tk' ,I ct'trta ii i tairget I'vti -Vol ( I a'1 Itt NJ( I . 011ii .rik -1Iis'i

10M Il , t- t- j v li i ill i l-;etiv el t tlt-I, )\ M i p t ,I 1 otI ta Ialg t h~v ,v ti lsti

4 0
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Calculating the Mass Balance

T'he model calculates the total amount of dissolved contaminant that has left the source zone.
If the source is an infinite source, then the calculation is based ni the discharge (if
groundwater through the source Zone (D)arcy velocity for g-roumdwater times, the total Source
width times the source depth) timnes the average concentration of the source zone (a weighted
average of concentration and source length for each of the different source zones) times the
simulation time.

If the Source is a declining source, all exponential source decay term is used to estimate the
Mass of organics that have left the source Zone (See Source Data: Varying Concentrations
Over Time). Note that the Source decay term is for dissolution of soluble organics from the
source zone and is riot related to the first-order decay termi for the dissolved constituents.

Note that the total mass ini the plume is; the same for the No D~egradation an ,d First-order
Dec(ay models but is different for the Instantaneous Reaction model. The source zone
dissolution rate is calculated to be much higher if the instantaneous reaction model is
selected. The instantaneous, reaction a;sumes that active biodegraalation reactions oc~ur in
the source Zone, arnd that the observedi concentrations of organics in source zone monitoring-
wells reflect conditions after biodegradation. hin this case, the actual concentration of
organic,; coming oft thet surce zone' is 'qual to the measured concentration plus the
biodegradation capacity of the upgradient groundwater. The resulting higher effective
dissolution rate eutesUU, to a greater amiount of mass le- aving the Source area, leading to
ditterent mniasý values tor thet Instantaneous Reaction niodel.

Actual Plume Masift)i~" ~ *

lift )SýiRl:LN calc-ulate~s the nia,eo ot organics ini the 5x 10 p~lume array for the three models:

1) No e Igradatiorn 2) 1st Order lDecav 3) Instantaneous Reaction

Flic mlass, IS Calculated byt assumingi that each point represents a ceUl %11u1al to the incremental
width ant Iflength "except for thet fir t column which is assumed to hle half as longý as thes
Other COlujmns because- tI-u source V. asue to Ix- in thet mniddIl Of the cell). The volume11 Of
aftected groundwater in each cell is calculated hv multiplyinog the area ot each cell by the

soun dep)th anld bly poroi-,ty (the rulas:, balance calculation assumeus 2-U tranlSp.)rt). I it- imass
ot orgnirrii in; each cell is then determined by multiplying tile voilume oif grorundwater by thet
coln 1,1h tO1 at i ia d theni 11v thit retard at ion factor (t to racouLnt liii sorbed to iisltU ltueiS).

'-ow BIOSCREEN Estimates Actual Plume Mais for Biodegrar!..rion Models

It the masof organit , in the 9x I1) plumne irr,iy ik within 50't;, to k W; of thet miass ot organic'

that hive left thet source ('ee box above), then two value,; are cal1culited:

liiode~gradetd, 1st order decay - (11l1me Mass, 1st order decay) * I(X) / (Plumle miass, rv)
hrioilg)

Btiodlegraded, ins~t. react. (I'lunit, Mass, inst. react) *l100 / (Plumenitso not biodeg'r)

loepercentages are mu tltipliedl against the Plume Mass if No Biodegradation Value (firs~t
h ox) to etm telthe actual plume11 masor thet two bilodlugradlatiois models. If the No
[)egradlriiuur model his hi-cii selec ted, tlierv IL, no0 iiotegriatltiori, aoil the Actual Plurie Mass
seACoixtl Iox) will cqu ii the lPlume Miss if No lli6degradation (tirst box),
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If BIOSCREEN Says "Car.'t Caic"

If the mass of organics in the plume does not fall within 50% to 150% of the mass of organics
that have left the source (first box), then the model concludes that the modeled area (see
Inp'it Screen, Section 5: General Data) is not sized correctly to capture enough mass in the
5XiO array and writes "Can't Calc" in the box. The user is encouraged to adjust the modeled
length and width to capture most of the No Degradation plume in the 5x10 array. In
addition, sometime- source conditions with variable concentrations and widths (see input
screens) can make it difficult to accurately capture the plume mass. If the user has problems
obtaining a mass balance even after changing the modeled area, change the source term to a
single source zone (instead of 3 or 5 zones) to improve the accuracy of the mass balance.

If problems still exist, ensure that the vertical dispersivity term (Section 2 on the Input
Screen', is set to 0 (the default value). The mass balance calculations are less accurate for

I three-dimensional simulations.

•'Renoyedby 'ir i

An estimate of the mass of conta nariL; that are biodegraded is provided in BIOSCREEN.
The model subtracts the Actual Plume Mass (second box) from the Plume Mass if No

MAW- Biodegradation (first box). For the No Degradation model, the first box equals the second
box, and Plume Mass Removed by Biodeg is zero. For the other two cases, the 2 boxes will
box shows the % of organics that have left the source and have been biodegraded.

., • ! ;t~~n~ge~m: a :!,"...cý on.. .AcceptoV1Bypr;R;,dU"zi ,uC •:L•r• __?;k_..

,.OSCREEN uses the Plume Mass Removed by Biodegradation to back-calculate the amount

of measurable electron acceptors consumed and the amour.t of measurable metabolic by-
products that have been prduced.

-For example, the amount of oxyg'n consumed is calculated by:

Oxygen Consumed (kg) = (Plume Mass Removed by Biodeg) * (Delta O2/Util. Fact.

( Biodeg. Capacity)

. , .,.. (see Biodegradation Capacity section to see how this term is calculated)

Note that the total sii of cosurnmed electron acceptors doe(s not equal the Plume Mass
AI •!Removed by Biodegradation. This is because the stoichiometry of the biodegradation

reactions do not represent a 1:1 relationship between the mass of hydrocarhon and electron
acceptor consumed (see Utilization Factor section).

Oqiual .Mass in

Equal to the Soluble Mass in NAPL and Soil entered by the user an the Input Screen. If the
user has selected an "Infinite" mass to simulate a non-declining source. this box will show
"Infinite."

lThe amount of mass rt nmaining in the source zoiie at the end of the simulation period is
calculated and displayed in this box. This calculation is performed as follows:

(Mass in the Source Now)

(Original Mass in Source) (Actual Plume Mass + l'lume Mass Remove-d by Biodeg)

0-
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If the mass of organics in the plume falls within 50% to 150% of the mass of organics that
have left the source (fir f box), then the model concludes the modeled area (see Input Screen,
Section 5: Geieral Dita) is appropriately sized to estinate the volume of the plume. In this
case BIOSCREEN counts the number of cells in the 5 x 10 array with concentration values
greater than 0, and mi•ltiplies this by the volume of groundwater in each cell (length * width
* source thickness * porosity).

If the user wishes to estimate the volume of the plume above a certain target level, enter the
target level in the appropriate box and press the appropriate mo lei to display the result
(No Degradation, 1st Order Decay, or Instantaneous Reaction).

Note that the model does not account for the effects of any vertical disporsion.

.Flpwrate of Water Through Scu ?tn-a-

Using the Darcy velocity, the source thickness, and the source width, BIOSCREEN calculates
the rate that clean groundwater moves through the source zone where it will pick 4q
dissolved hydrocarbons. Note that the groundwater Darcy velocity is equal to the
groundwater seepage velocity multiplied by porosity.

®I
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BIOSCREEN TROUBLESHOOTING TIPS

LU) Minimum System Requirements

The BIOSCREEN model requires a computer system capable of running Microsoft' Excel 5.0 for
Windows. Because of the volume of calculations requii-d ,o process the numerical data
generated by the model, GSI recommends runing the model on a system equiipped with a 486 DX
or higher processor running at 66 MHz or faster. A minimuim of 8 Megabytes of system memory
(RAM) is strongly recommended.

The model's input and output screens are optimized for display at a monitor resolution of
640x480 (Standard VGA). If you are using a higher resolution, for example 800x600 or 1024x768,
see Changing the Model's Display.

For best results, Start Excel and Load the BSCREEN.XLS file from the File / Open menu.

Spreadsheet-Related Problems

The buttons won't work: BIOSCREEN is built in the Excel spreadsheet environment, and to
enter data one must click anywhere outside the cell where you just entered data. It you can see
the numbers you just entered in the data entry part of Excel above the spreadsheet, the data has
not yet been entered. Click on another cell to enter the data.

#### is displayed in a number box: The cell format is not compatible with the value, (e.g. the
number is too big to fit into the window). To fix this, select the cell, pull down the format menu,
select 'Cells" and click on the "Number" tab. Chang9 the format of the cell until the value is
visible. If the values still cannot be read, select the format menu, select "Cells" and click on the
"Font" tab. Reduce the font size until the value can be read.

#DIV/I! is displayed in a number box: The most cornon cause of this problem is that some
input data are missunl. !n some cases, entering a zero in a box will catiue this problem. Double
check t) make certain that all of the input cells required tor your run have data. Note that for
vertical dispersivity, BIOSCREEN will convert a "0" into the data entry cell into a very low
number (Ixl0"•) to avoid #DIV/0! errors.

There once were formulas in some of the boxes on the input screen, but they were accidentally
overwritten: Click m the "Restore Formulas for Vs, Dispersivities, R, and lambda" button w
the bottom right-haad side of the input screen. Note that this button will also restore the
formulas that make the Source Width and Source Concentrations for source zones 4 and 5 equal
to source zones 2 and 1, respectively.

The graphs ,,;Pm to r,.ve arond and change size: Thi., ih a feature of .Exclc. WAh1-en graph scal,-,
ace altered to ,'ccommodate different plotted data, the physical Si7.e of the graph,. will change
slightly, sometimes res.ulting in a graph that spreads out over the fixed axis legends. You can
manually resize the graph to make it look nice again bv double-clicking on the graph and
resizing it (refer to the Excel User's Manual).

Comrricn Error Messages

Unable to Load Help File: The ino:;t ,.rnion error message encountered with lil(SCREEN is
the message "Unable to Ope'n Help File" after cil, kin'g ,1i a lit-'!p button. [)epei dng m the
vwrsion of Windowws you are using, you may get an Dxu-'l I )ialog Box, i W~',,,.,'v I )Dialog ihox, or

37
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you may see Windows Help load and display the error. This problem is rela 'd to the ease
with which the Windows Help Engine can find the datafile, BIOSCRN.HLP. Here are some
suggestions (in decreasing order of preference) for helping WinHelp find it:

If yuu are fortunate enough to be asked to find the requested datafile, do so. It's
called BIOSCRN.HLP, and it was installed in the same directory/folder as the
BIOSCRN.XLS file.

Use the File/Open menus from within Excel instead of double-clicking on the
filename or Program Manager icon to open the BIOSCRN.XLS file. This sets the S
"current directory" to the directory containing the Excel file you just opened.

Change the Wi.i.. iuep call in the VB Module to "hard code" the directory
information. That way. the file name and it.s full path will be explicitly passed to
WinHelp. Hints for doiii this are in the VBA module. Select the Macro Modulel tab
and search for the text "Heipfile".

As a last resort, you can add the BIOSCREEN directory to your path (located in your
AUTOEXEC.BAT file), and this problem will be cured. You will have to reboot your
machine, however, to make this work

The BIOSCREEN system was desig;ned to be used on a PC with Windows configured to a
standard VGA resolution of 640x480 pixels. If you are using a larger monitor and your video
resolution is set to 800x600 pixels or greater, you will need to change the zoom factor in the
Visual Basic code.

• llhIn the first three lines in the Macro Module of the BIOSCREEN spreadsheet, change th,'

nuumber after the equals sign in the following line:

Const ZoomValue = 65

If your display rcsolution is standard VGA (640x480), use 65 for the zoom value. If your
*l resolution is 800x60(), use a zoom value of 82. If your resolution is not 640x480 or t00xF60, if your

video pertormance is seriously degraded, or if you experience display problems, you may need t
chaiige your video resolution (see the online help for Windows Setup or consult your Windows
installation manuals) and experiment ,ith other values for ZoomValue.

38
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* APPENDIX A.I DOMENICO ANALYTICAL MODEL

The Domenico (1987) analytical model, used by BIOSCREEN, is designed for the
multidimensional transport of a decaying contaminant species. The model equation, boundary
conditions, assumptions, and limitations are discussed below.

Domenico Model with Instantaneous Reacdon Superposition Algorithm " -

C(,.Ot Icp- - (l-+4Aa./v')Ij2
(C- + BC) 8 a,2

6d 2(a "t)-,

*( +t {e vY12) I i (y- Y/2)

CK.i C)-B ,

a, where: V=K BC =1 C(ea),
" 0, R UF,,

Definitions '_ "

It. Biodegradation capacity frog/I Uln Utilization factor for electron acceptor n (i.e., mass ratio

C(x,y,z.t) Concentration at distance x dowrnirearn t)f of electron acceptor to hydrocarbon consumed in

source and distance y off crnterline of plume at biodegradation reactior.)

tunir t oxg/iI.) nx Longiti•dial groundwater dispersivity (ft)

C * C., Concentrataio in S•ource Zone (mg/I.) uy Transverse groundwater diLpersivtty (ft)

QC i toncentration in Source Zone at 1t1) (mg//L) 0". Vertical groundwater dispersavity (fIt)

Distance dovwngradicnt of source (ft) Ue Effective Soil Porosity

I First-Order DLgradation Rate (dayl)
v D1st3uce from plure centerline cif source (ft) V Cttyr)

11 Groundwater Seepage Veinraty (ft/yr)

D ilstance from surface to measurement point K I fydraulic Conductivity (ft/yr)
(assumed to be 0; concrntratbon 6 always R Conttuent retardation factor

a ssumed to be at top of water table) i Hydraulic Gradient Icn/cm)

("(c)1  CtjCceiitration of electron acceptor n in Y Source Width (ft)

groundwater (ng/l.) Z Source Depth (It)

The initial conditions are:

* 1) c(x, y, z,0) = 0 (Initial concentration = 0 for x, y, z, > 0)

2) c(O, Y, Z, 0) = Co (Sourco concai-,tation for each vertical plane source = C, at time 0)

"Thi: 'uy assumptions in the mLodcl arc.

1) The aquifer and flow field are homogenenous and isotropic.

2) The groundwater velocity is fast enough that molecular Bi("ICIL ms the dispersion
terms can be ignrr,.d (may not be aTprn-7. ... _ or simulation of transport through
clays).

1 ,susorption is a reversible process represented by a linear isothern.

1
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The key linitatioris to the model are:

1) The model should not be applied where pumping systems create a complicated flow
field. P

2) The model should not be applied where vertical flow gradients affect con -=,z1iant
transport.

3) The model should not be app!icJ where hydrogeologic conditions change
dramatically ner '"e sunulation domain

S

The most important modifications to the original Domenico model are:

1) The addition of "layer cake" source terms where three Domenico models are
superimposed one on top of another to yield the 5-source term used in BIOSCREEN
(see Cornor, t al., 1994; and the Source Width description in the BIOSCREEN Data
Entry Section).

2) Addition of the instantaneous reaction term using the superposition algorithm (see
Appendix A.2, below). For the instantaneous reaction assumption, the source
concentration is ,ssumned to be an "effective source concentration" (Coe) equal to the
observed concentration in the source zone plus the biodegradation capacity (see
"Source Concentration" on the BIOSCREEN Data Entry section).
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APPENDIX A.? !N'STAN 7ANEOUS REACTION - SUPERPOSITION ALGORITHM

Farly biodegradation research focused on the role of dissolved oxygen in controbing the rate of

biodegradation in the subsurface (Borden et al., 1986; lee et al, 1987). Because microbial

biodegradation kinetics are relatively fast in comparison to the rate of oxygen transport in the

groundwater flow system, Borden demonstrated that the biodegradation process can be
simulated as an instantaneous reaction between the organic contaminant and oxygen. This
simplifying assumption was incorporated into the BIOPLUME I numerical model which
calculated organic mass loss by superposition of background oxygen concentrations onto the
organic contaminant plume. In BIOPLUME II, a dual-particle mover procedure was
incorporated to more accurately simulate the separate transport of oxygen and organic
contaminants within the subsurface (Rifai et al, 1987; Rifai, et al, 1988).

In most analytical modeling applications, contaminant biodegradation is estimated using a
first-order decay equation with the biodecay ha'f-life values determined from research
literature' or site data. However, by ignoring oxygen limitation effects such first-order
expressions can significantly overestimate the rate and degree of biodegra, ition, particularly
within low-flow regimes where the rate of oxygen exchange in a groundwater plume is very
slow (Rifai, 1994). As a more accurate method of analysis, Newell recommended incorporation
of the concept of oxygen superposition into an analytical model (Connor et al-, 1994) in a manner
similar to that employed in the original BIOPLUME model (Borden et al. 1986). By this
method, contaminant mass concentrations at any location and time within the flow field are
corrected by subtracting I mg/L organic mass for each 3 mg/L of backgrouuid oxygen, in accordance
with the instantaneous reaction assumption. Borden et al (1986) concluded this simple
superposition technique was an exat replacement for more sophisticated oxygen-limited
models, as long as the oxygen and the hydrocarbon had the same transport rates (e.g.,
retardation factor, R = 1).

In their original work, Borden et al. (1986) noted that for highly sorptive contamn"'ant tile
oxygen-superposition method might erroneously characterize bir,% 6iatALon due to the
differing transport rates of dissolved oxygen and th, .•.,uuc contaminant within the aquifer
matrix. However, as demonstrated 6-. '&,.uior et al. (1994), the oxygen superposition method
and MI()PLUME If ,.. particle transport) are in reasonable agreement for contaminant
retar,4 ýt:.L ractors as high as 6. Therefore, the superposition method can be employed as a

reasonable approximation in BIOSCREEN regardless of contaminant sorption characteristics.

OI(iSCREEN employs the same superposition approach for all ot the aerobic and anaerobic
bLodegradation reactions (based on evaluatiA ý of (), NO3, SO,, Fe', and CH 4). Based m work
reported by Newell et fit. (1995), the anaerobic reactions (nitrate, ferric iron, and sulfate
reduction aod hethanogenesis) are amenable to simulation using the instantaneous reaction
as,:umption. The general approach is presented below:
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SRun model with no de"a

(but with source tons Cuo de :zy

ioncentratiaon equal to

€o ,r•'~ tonkd~lration capacity BC l

_ Subtract Bl---gration - BIC j !Capacity ifiC) fromn No -B

Decay Cor•.entratlona E W

SPrecict biodegrdade plume =km
concentrations aa.um!ng
Instantornous Reaction
Aaaumptlon

Based on the biodegradation capacity of electron acceptots present in the groundwater system
this algorithm will correct the non-decayed groundwater plume concentrations prp,4i-cd by the
Domenico model (Appendix A.1) for the effects of organiL constituent 6:'iegradation.

To summarize:

1) Th6 .. iginal BIOPLUME model (Borden et aL. 1986) used a superposition method to simulate
the fast or "instantaneous" reaction of dissolved hydrocarbons with dissolvtd oxygen in
groundwater.

2) Borden et al. (1986) reported th.'.t this version of BIOPLUME was mathematically exact for
• the case where the retardation factor of the contaminant was 1.0.

3) Rifoi -aid Hedient (1990) developed the BIOPLUME II model with a dual-particle tracking
routine that expanded the original BIOPLUME model to handle contaminants with
retardation factors other than 1.0, in addition to other improvements.

4) Connor et al. (1994) compared the superposition method with the more sophisticated
* BIOPLUMIE II model and determined that the two approaches yi.elded very similar results

for readily, biodegradable contaminants with retardation factors between 1.0 and 6.0.
5) BIOSCREEN was developed using the superposition approach to simulate the

"instantaneous" reaction of aerobic and anaerobic reactions in groundwater. The biodegra-
dation term in BIOSCREEN is mathematically identical to the approach used in the
original BIOPLUME model. This mathematical approach (superposition) matches the more
sophisticated BIOPLUME 11 model vert- closely for readily biodegradable contaminant
retardation factors of up to 6.0. BIOSCREEN simulations using the instantaneous reaction
assumption at sites with retardation factors greater than 6.0 hould bxe performed with
caution and vorifiPd 1sing a more sophisficated model suc'h as BLOP!.UME ill.
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APPENDIX A.3 DERIVATION OF SOURCE HALF-LIFE

Purpose: Determine the source half-life relationship used in BIOSCREEN (see Source
Half-Life discussion in BIOSCREEN Data Entry Section, pg 30). p

Given: 1.) There is a finite amount of soluble organic compounds in source zone (the
area with contaminated soils and either free-phase or residual NAPL.

2) These organics dissolve slowly - fresh groundwater passes through source
zone. Assume the change in mass due to dissolution can be approximated as
a first order process:

M(t) = Mo -k, t (1)

Procedure: 1) Calculate initial mass of dissolvable organics an source zone, M,

2) Determine initial source concentration from monitoring well data, C,

3) Apply conservation of mass to a control surface containing source zone.

4) Set the expressions for mass at time t Ž 0 ba:.ed on dissolution and
* conservation of mass equal to each other and solve for an expression

describing the concentration at time t Ž 0.

5) Apply initial conditions for concentration at time t=O and solve for the first
order decay constant, k,.

Assumptions: 1) Groundwater flowrate is constant, Q(t)=Q,

2) Groundwater flowing through the source zone is free of organic compoxunds.
Tl.is implies that no mass is added to the system, only dissolution occurs.

* Calculations: 1 j Calculate initial mass of dissolved/soluble organic compound, M, by umng
procedure described under "Soluble Mass in NAPL, Soil" page in
BIOSCREEN Data Input section.

2) D)etermine initial concentration, C,, of organic compound in groundwater
leaving the source zone. This may be a spatial average, maximum value, or

0 other value representative of the groundwater concentration leaving the
source area. (Note that for the instantaneous reaction assumption, C,,equal.,
the concentration observed in monitoring wells plus tih biodegradation
capacity to account for rapid biodgrAcdation reactions Ln the source, zone.
See "Soluble Mass in NAPL, Soil" page in BIOSCREEN Data Input section).

0C t-o) = C, (2)

3) Apply conservatin of mass to a control surface that contains the source
zone. The mas.s present in the owurce zone at time t L0 0 is the initial mass
plus the change in mass.

0 M(t] M,, + fJj Jt (t) Q (M ) dt dA (3)
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* (._J

DERIVATION OF SOURCE HALF-LIFE, Cont'd

Applying the assumptions equation (3) simplifies to

M(t)= MA - ft Qo C(t) dt (4)

4) Set the two expressions for mass of organic conpound in the source zone at
time t > 0 (equations (1) mad (4)) equal to each other and solve for an
expression describing the concentration leaving the source zone.

M, e-k,t = M)- ft Q, C(t) dt (5)

QO C(t) = k, Ml e.-kt (7)

C(t) k e.M0 -kt (8)
Qo

5) Apply the initial condition for concentration leaving the source zone at
time t=O, eqn (2) to the expression for C(t), eqn (8) and solve for the first
order decay coefficient, k,

.. kM- ---
a (9)

Summary: The decay coefficient for the source zone in B[OSCREEN is:

k, Q)C
Mo

The expression for mass at any time t ? 0 is:

5 M(t)= M,, e-k,t

Similarly the expression for source zone concentration any time t 2) 0 is:

C(t)= C,, Q,

Acknowledgmnents: Original derivation developed by C. Newell. Detailed derwation developed by Xzaoining
lhu, Anthony Holder. and Thomas Reeves.
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APPENDIX A.4 DISPERSIVITY ESTIMATES !)

Dispersion refers to the process whereby a plume will spread out in a longitudinal direction S
(along the direction of groundwater flow), transversely (perpendicular to groundwater flow),
and vertically downwards due to mechanical mixing in the aquifer and chemical diffusion.
Selection of dispersivity values is a difficult protcess, given the impracticability of measuring
dispersion in the field. However, dispersivity data from over 50 sites has been compiled by
Gelhar et al- (1992) (see figures A.1 and A.2, next page).

The empirical data indicates that longitudinal dispersivity, in units of length, is related to
scale (distance between source and measurement point; the plume length; Lp in BIOSCREEN).
Gelhar et al. 1992) indicate there is a considerable range of dispersivity values at any given
scale (on the order of 2 - 3 orders of magnitude), 2) suggest using values at the low end of the
range ot possible dispersivity values, and 3) caution against using a single relationship between
scole and dispersivity to estimate dispersivity. However, most modeling studies do start with 5
such simple relationships, and BIOSCREEN is programmed with some commonly used
relationship-, representative of typical and low-end dispersivities:

"* Longitudinal Dispersivity

Alpha x r 3 2K 0X8 , [logl0'-3.28 (Xii and Eckstetn, 199S)

(L, injt

"* Transverse Dispersivity

Alpha v -- 0.10 alpha x (farNed on high reliability S O

poin t s fron GellCar et al., 1992)

"* Vertical Dispersivity
Alpha z - very low (i.e. I x e-99 ft) (Based oti conservative estinatt

)ther commonly used relationships include:

Alpha 0 0.1 Ip (P',kens and ,rz.sak, 1981)

Alpha v 0.33 alpha x (ASTM, 1995) (1PA, 1986)

Alpha / 0.0' alpha x (ASTM, 1995)

Alpha i 0.025 alpha x to 0 1 alpha x (TPA, 1986)

. U -- In I I II t*-

The UD0OSCRIEEN i-p~ e...- i cltudcs: Exc; I fu-inulas to estimate dispersiivities bOwui Scoit
BI)OSCREEN uses the Xu and Eckstein (1999) algorithm for estimating longitudinal
dispersivities because 1) it provides lower range estimates of dispersivity, especially for large
values of l[p, and 2) it wa-. developed after weighting the reliability of the various fichl data
comnpiled by (;elhar et al.. (1992) (see Figure Al). 13)OSCREEN also employs low-end
estimates for transverse and vertical dispersivity estimate:. '1.10 alpha x and 0, respectively)
hicaiise: 1) theste relationships better fit observed field d-it,' reported by Gelhar ct al. to have
high reliability (see Figureý A.2), 2) (Gelhar et al. recommend use of value,; in the lower range of
tlt- obervew diti, and 3) better results were realized when calibrating BIOSCREI-N to actual
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field sites using lower dispersivities. The user can override these formulas by directly entering
dispersivity values in the input sc'een cell.

Note that the Domenico model and BIOSCREEN are not formulated to simulate the effects of

chemical diffusion. Therefore, contaminant transport through very Mow hydrogeologic regimes P
(e.g., clays and slurry walls) should probably not be modeled using BIOSCREEN imnless the
effects of chemical diffusion are proven to be insignificant. Domenico and Schwartz (1990)
indicate that chemical diffusion is small for IFeclet numbers (seepage velocity times median
pore size divided by the bulk diffusion coefficient) greater than 100.

104

10 3 Longitudinal Dispersivity 0
- 10% of scale 0

(I", ken, and (;risak IloX(o

"E 102 0 00 0 0

•. 1 •0 old

=083[Logioui scale)]
2 

,vit

•~X..• wid ,.k.,te,,,, JyO

o, 100 0 RELIABILITY

0 oIntermedgate
102 00 0

lOt,... , ,,1 , ,wi,,,. = .5,i,I e ,,,,ia , ,, .I'.V 5, ,

10" 100 101 102 103 10' 10s 10~

Scale (in)

Figure A. I. Longitudinal dispersivity vs. scale data reported by Gelhar ct at (1992).
Data indludes Gelhai's re~'nalysis of several dispersiwity studies. Size of circle
represents general reliability of dispersivity estimates. Location of 10% of scale
linear relationship plotted as dashed line (Pickens arnd Grisak. 1981). Xu and
Eckstein's regression (used in 8IOSCREEN) shown as solid line. Shaded area
defines ± I order of magnitude from the Xu and Eckstein regression line and
represents general range of acceptable values for dispersiity estimates. Note that

BIOSCREEN defines scale as Lp. the plume length or distance to measurement point
in ft. and employs Iie Xu and Eckstein algorthn with a conversion factor (1ee

page 15).
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Data Source. GeU, r et &1 1992 Data Source: Gelhar df at., 1992

0I
*10'~

0 0 10 -

;L 10, 10
, 0• 11 1• 1• 10z 104 101 10" 10e 0 0 10s 10a 105

Scale (M) Scale (M)

•-Figure A.2 Ratio of transverse dispersivity and vertical dispersiviry to longitudinal dispersivity data vs. scale

C reported by Gelhor et a/. (1992). Data includes Glhar's reanalysis of several dispersi 'ity studies. Size of symbol
represents general reliability of d'spersivity estimates Location of transverse dispersivity riationship used in
BIOSCREEN is plotted as dashed line.
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* APPENDIX A.6 BIOSCREEN EXAMPLES

Example 1: SWMU 66, Keesler AFB, Mississippi

"* Input Data

"* Fig. I Sovrce Map

"* BIOSCREEN Modeling Summary

"* Fig. 2 BIOSCREEN Input Data
"* Fig. 3 BIOSCREEN Centerline Output

"* Fig. 4 BIOSCREEN Array Output

Example 2: LIST Site 870, Hill AFB, Utah

"* Input Data

"* Fig. 5 Souice Map

• BIOSCREEN Modeling Summary
* Fig. 6 BIOSCREEN Input Data

* Fig. 7 BIOSCREEN Centerline Outi, it

• Fig. 8 BIOSCREEN Array Output

0

51



01SCR rLN A1'cns Manual June 1996

BIOSCREEN EXAMPLE I

Keesler Air Force Base, SWMU 66, Mississippi

4 ~DATA .Yi 2=* Dar, VC_

Hydrogeology * Hydraulic Conductivity: 1.1 x 10' (Cm/sec) - Slag-test. results
"* Hydraulic Gradient: 0.003 (ft/ft) * Static water level
"* Porosity: 0.3 measurements

Estimated

Disperlion Original:

* Longitudinal Disper,,iity: 13.3 ((t) - Based on estimated plume
* Transverse Dispersvity: 1.3 (It) length of 280 ft and
* Vertical Dispersivity: 0 (ft) Xu/Eckstein relationship

After Calibration:
* Longitudinal 1Ispersivity: 32.5 (ft) * Based (n calibration to
•* Transverse LDispersivity: 3.25 (ft) plume length (Note this is
* Vertical Dispersivity: 0 (ft) well i ithin the observed

range for long. dispersivity;
see Fig. A.l in Appendix
A..3. Remember to convert
from feet to in, ters before
using the chart).

Adsorption • Retardation Fat tot: 1.0 - Calculated from
* R - lI K(oc x f(x x phi/n

* Soil Bulk lDensity Ph 1.7 (kg/L) * Estimated
* toc: 0.0X)57% * Lb anialvsis
* Koci B: 38 T: 135 * Literati.,- use Koc - 38

E: 95 X: 240

Blodegradatlon Electron Acccptor: NA2 N L3 SM Based on March 1995S * Background Conc. (mg/L): 2.05 0.7 26.2 groundwater sampling

Minimum C)Fonc {mg/L) - 0.4 - 3_ - .8 program conducted bv
Ch,,nge in ('... (mg/l.): [-] 57 F224 Groundwater Servicus, hto.

:hectron Acceptor: LL U
Max. (ConL.. (mg/L): 36.1 7.4
Avg. Con,. (mg/l.): 16.6 6.

* Note: Boxed values are
BIOSCREEN input values.

Geer.ji * Modeled Area Length: 321) (ft) - Based on area of affectt
* Modeled Area Width: 200 (ft) groundwatclu plume W
* Simulation Time: fi (yr.,) a Steady-state flow

Source Data - Source Thickness: 1 () It) * Based on geologic logs and
I * Source C(ncentration: (SAe Figure 1) lumpte I MIEX mr'otoring

data

Actual Data l)istance From Source (ft): 31 60 1W 280 * Based on ibseived
7BTEX Conc. (mg/L): 5.0 1.0 tt.5 It)t[lt concentrations at site

OUTPUT Centerline Concentration: See Figlii, 3

Array ('once itration: See Figure 4
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00
Affected er2 4Groundwatera rp T7.0

Zone T

Affected AVIIT-.1 2 .0 0A0

eonu Assumptio]

Actual =or(ýcon. Adjusted Model Source

* * LZone Widtht (ft) in I95(gL Con-e. in 1989 (mg/L)

3 14 12 13.7
2 30 2.2 2.5
1 20 0.05 0.06 SCALE (ftý

Note Sourcecoonc based -n Geomretricrmeasn btween 0M ý1 8
conoenlirnbon mot~tt contours,

- _- - LEGEND -- BIOSCREEN SOURCE ZONE.
50 Monitoring well location ASSUMPTIONS
T Temporary cone penetrometer (CPT) plezometer loctittior

0.00a Total BTEX detected in groundwater samplve, rrf SWSAIJ 66 Site- Keeser APB. Mis.siagtrpi

_1 13TFX concentration IaoplethnV gL. March 1995
ND No BTEX deatected FIGURE I

* Affected Soil Zone
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BIOSCREEN Modeling Summary, Keesler Air Force Base, SWMU 66, Mississippi:

* BIOSCREEN was used to try to reproduce the movement of the plume from 1989 (the best
guess for when the release occurred) to 1995.

The soluble mass in soil and NAPL was estimated by integrating BTEX soil concentrations
contours mapped as part of the site soil delineation program. An estimated 2000 Kg of BTEX
was estimated to be present at the site. This value represented a source half-life ot 60 years
with the instantaneous reaction model (the first value shown in the source half-life box in
Figure 2), a relatively long half-life, so the 2000 Kg measured in 1995 was assumed to be
representative of 1989 conditions.

The instantaneous reaction model was used as the primary model to try to reproduce the
plume length (- 280 ft).

Because a decaying source was used, the source concentration on the input screen (representing
concentrations 6 yrs ago) were adjusted so the source concentration an the centerline output
screen (representing concentrations now) were equal to 12 mg/L Because the source decay
term is different for the first order decay and instantaneous reaction models, this simulation
focused on matching the instantaneous reaction model. The final result was a source
concentration of 13 08 mg/L in the center of the source zone (note on the centerline output the
source concentration is 12-021 mg/L).

The initial run of the instantaneous reaction model indicated that the plume was too long.
This indicates that there is more mixing of hydrocarbon and electron acceptors at the site
than is predicted by the model. Therefore the longitudinal dispersivity was adjusted
upwards (more mixing) until BIOSCREEN matched the observed plume length. The final
longitudinal dispersivity was 32.5 ft.

* *As a check the first-order decay model was used with the BIOSCREEN default value of 2
yrs. This run greatly overestimated the plume length, so the amourt of biodegradation was
increased by decreasing the solute half-life. A good match of the pLume was reached with a
solute half-life of 0.15 years.

As shown in Figure 3, BIOSCREEN matches the observed plume fairly well. The
instantaneous model is more accurate near the source while the first order decay model is
more accurate near the middle of the plume. Both models reproduce the actual plume
length relatively well.

As shown in Figure 4, the current plume is estimated to contain 7.8 kg of BTEX. BIOSCREEN
indicates that the plume under a no-degradation scenario would contain 126.3 kg BTX. In
other words BIOSCREEN indicates that 94% of the BTEX mass that has left the source since
1989 has biodegraded. S

Most of the source mass postulated to be in place in 1989 is still ,here in 1996 (2000) kg vs. 1837
kg, or 92%, left).

SThe current plume contains 1.0 ac-.ft of contaminated water, with 1.010 acre-ft/yr of water
being contaminated as it flows through the source. Because the plume is almost at steady
state, 1.019 ac-ft of water become contaminated per year with the same amount being
remediited every year due to in-situ biodegradation and other attenuation processes.
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EXAMPLEZ 4
Hill Air Force � UST Site 870, Utah

p

Hydrogeotogy Hydraulic Conductivity: 8.05 x 10' (cm/sec) * Slug-tests results

* Hydraulic Gradient: 0.048 (ft/fl) * Static water level

* PorosIty: 0.25 measurements
6 * Estimated P

Disperilon Oi-iginal * Based on estimated plume

* Longitudinal Dispersivity 28.5 (it) length of 1450 ft and Xu's

* rrai verse Dispersivity: 2.85 (it) disrersivity formula
Note: No calibration was

* Vertical Disperri:vity: (I (It) necessary to niatch the

observed plume length. p

Adsorption Retardation Factor: 1.3 * Calculated from

K lsKociitocs ph/n

* �il Bulk Density pb: 1.7 (kg/I,) * Estimated

* foe: 11.08% * Lab analysis

* Koc: El: 311 T. 135 * Literature - use Koc 311

E: 95 X 24(1

Biodegradation Electron Acceptor: * Based -' Tiily 1994

lfackground Curie. (mg/I.): � 17(1 1(X) grirundwater sampling
program conducted by

Minimum Coiie. (rog/L): - (1.22 II - U ('arstis Engineering

1 hange in (one. (mg/I.): �7n Science, Inc.

D
Election Acceptor: ii (1114
Ms. Cone. (mg/I.): 113 2.04

Avg. (uric. (mg/I.): ____ 11.414

Note: Bii�ed vaius an� UIOSCREEN
4 __________________ input values.

General * Mr:Jeicd Area Lengltr: 1451) (tt) * flared on area of affected

* Modeled Area Width: 32U (It) groundwater pititni

* Sinirilition Urim: .5 (yrs) * Stiatlysfati flow

Suurc� Data * i�ii ret lliiekiierus 111 (it) * ttisett on gisilogii E �gs arril

* Si uuiei ( uircentr.i ii in: (Sin uigori r� luinlissi ItIEX otiuriutoring
___________________ ______________________________________ ___________________________________ data

Actual Data l)zstanee troni Source (It): �lJ lUlfO l�U �A2U *. Ilased on observed
coneintratir iii uurntolir it

IlIEX C one. (log/I.): 8.1) lU 1(12 111515 �te�Ii�r�1
OUTPUT Iterlirre Concenirattim. &.v�. riguulo 7 I

I _______- ___ -- I
_____________________ j Array (urnuentratton: See Ptgrin� � I _________________________________ I

.1,1.1

---------------------------------------------------------------------------------------------------------
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source Zone Asumptionj
MW-B r.g M,6

0373 9.756
Zoirce MW-3

Zoe_ idhft Conc. ( W- QL)

3 100 9.0 AMW-6 MW.;
2 25 2.'8 0 me 100 S

1 50 007 , 5

N, Sow*c bzoon gne ... -,• 3 1 342
betwn co~nlntý ~plh ýtursMW-4

-IW12 83

Affected
soil Zone -

Affected -, W4IMW-II ' SGroundvwter rV
Zone U,-.I

4S

EPAgW'C

• ,:O000t

F~ ~ 
F W eF 

Aý- 001 EPA-82-A a

IEPA 92 E '0001 PA&, P LPA-8 L

EPA W N 0 0W0Q0O01 M

LEAW-K F' 000! S 00
.0 00 f

SCALE (ft.)

0 200 400

Source of Data: Wiedemoler el al., 1,95b.
LEGEND

*~ Monitoring well location BIOSCREEN SOURLF ZONE
ASSUMPTION,,

. July 1994 Geop0rhn sampling location

•-8- BTEX concentration Isopleth, mg/L, July 1994 UST Site 8370. Hill AFB. Utah

* Affected Soil Zone FIGURE 5

9jq
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BIOSCREEN Modeling Summary Hill Air Force Base, UST Site 870, Utah:

" HIOSCREEN was used to try to reproduce the movement of the plume.

A " An infinitc source wa~s assumed to simplify the modeling scenario- The source was assumed to

Lk, in the high concentration zAirle of the plume area (sev Figure 5). Note that the /.one of
affected soil was qulite' large; however much of the affected soil woent downgradient of t 1w
source wa.s relatively low concentration.

Two modeling approaiches could be applied: 1) aNSsuming the source zone is juLst dlowngradient

4 of the affected soil area (near well EI'A-82-C) and ignoring the area upgradient (it the this
6point, and 2) modeling most of thet plume' with source' near MW-i. Alternative I is,

theoretically morv accurate, as BIOSCREEN cann,,t account for the contributions trom any
affected soil zo~ne, downgi-adient of the source. At the case' of Hill APH3, however, it was
assumned that the contribution% from this dlowngradient affected soil were relatively mninor
and that the main process of interest was thle length of the plume from the high -
concentration source zone. Therefore Alternative 2 was modeled, with the note that the
middle ot the' actual plumi' may actually have higher concentrations% than would he
expected due fto tb con~taminants in thle dlowngradieri! affected soil zone.

"* The instantaneous reaction model was uised as thet primary model to try fto reproduce the
plume length (- 280 ft) Ishown in Figure 7.

0 The initial rn~n of the instantaneous reaction modiel reproduced the existing pIlume withoult
'iny need for calibration of dlispersivity.

"* As a che-ck the first-order decay miodel was u.'wx with the l3IOSCREEN default value oft 2
yrs. ,hi run greatly overestimated the plume length, s the amounit of biodegradation was

increased by decredsing the solute half-life. A hal f-life value of 0.1 years wa:s required to
watch thet pluime lenyth, although the inatch in the middle in the plunie was much poorer.

"* As shown in Figure 7, I31OSCREEN matches thet Observed plumie faiirly well. Tli
iloStantaneViUS mIodel is More accurate near the source while, thet first Order decay model is
IIOn accurate nevar the mniddl Itof the phuivm. Hi ithI modkels r eproxl ice tilhe actunal phinme
length re~latively well.

"* As shouwn in Figti rv 8, the moi i1,I wvas unable to ca lculat e the mas Iia1,11 Its. A quic k
* evaluation sho)ws the reason: with a seepage vihscitv ofu IN)" ft/yr and a 5 year simulation

tnine, tilt undeA ra dicd phInimeshoin h he over N X ) I loing. lictca ost thie n llas ba liince is based
on1 a c(inljl1arisoin of a cmi imnlete unldegradedc plunie vs,. a degraded pltiniv, a iniitll area li-lngthI
tit 8AX) ft would lxt required tor lMt S( REFN to conipuin)tf the niiuse bialance calculation.

'Iheirefore two nruns would be needed to C0iniplete the Simu11lation: I ) J nomI wVith a mo1deled
I'legthl Ot l'TSt feet lii c.lilirat,' and evalute thet match fto existing data, and 2) a nuin with a

U n~ielelet length of FtNXt it to do thelt' s balance. [he resuilts of thet- scondf rui (chlange Ot
model artea length fromn 1450 ft to KMXXt ft) indicate that Over 99PX, of thet miass, that hias left
thle souirce has himt'dgraded by thet time groind water has travele-d 1450 ft.

6W
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