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FOREWORD

As environnental controls becone nore costly to inplenment and the penalties of
judgment errors becone nore severe, environnmental quality managenent requires
nore efficient nanagenent tools based on greater know edge of the

envi ronnental phenonena to be nanaged. As part of this Laboratory's research
on the occurrence, novenent, transformation, inpact and control of

envi ronnental contami nants, the Assessnent Branch devel ops nmanagenent or

engi neering tools to help pollution control officials assess the risk to human
health and the environnent posed by | and di sposal of hazardous wastes.

This report describes a conputer nodel for sinulating the transport and
transformati on of contam nants rel eased froma hazardous waste di sposa
facility into the nultinmedia environnment. The MJILTI MED nmodel sinmul ates

release to air and soil, including the unsaturated and saturated zones, and
possi bl e interception of the subsurface contam nant plunme by a surface stream
It further simulates novenent through the air, soil, groundwater and surface

wat er nedia to humans and ot her potentially affected species. MJILTIMED is
i ntended for general exposure and risk assessnments of waste facilities and for
anal yses of the inpacts of engineering and managenent controls.

Rosemari e C. Russo, Ph.D

Director

Envi ronnental Research Laboratory
At hens, GA



ABSTRACT

The Environnental Protection Agency's Miltinedi a Exposure Assessnent Mode
(MULTI MED) sinulates the novenent of contaminants | eaching froma waste

di sposal facility. The nodel includes two options for sinulating | eachate
flux. Either the infiltration rate to the unsaturated or saturated zone can
be specified directly or a landfill nodule can be used to estinmate the
infiltration rate. The landfill nodule is one-dinmensional and steady-state,
and sinulates the effect of precipitation, runoff, infiltration,
evapotranspiration, barrier |ayers (which can include flexible nenbrane
liners), and | ateral drainage. A steady-state, one-di nensional, seni-

anal ytical nodule sinulates flow in the unsaturated zone. The output from
this nmodul e, water saturation as a function of depth, is used as input to the
unsaturated zone transport nodule. The latter simulates transient, one-

di rensional (vertical) transport in the unsaturated zone and includes the
effects of |ongitudinal dispersion, |inear adsorption, and first-order decay.
Qutput fromthe unsaturated zone nodul es--i.e., steady-state or tinme series
contami nant concentrations at the water table--is used to couple the
unsaturated zone transport nodule with the steady-state or transient, sem -
anal ytical saturated zone transport nodule. The latter includes one-

di mensi onal uniformflow, three-dinensional dispersion, |inear adsorption
first-order decay, and dilution due to direct infiltration into the
groundwat er plunme. Contamination of a surface streamdue to the conplete

i nterception of a steady-state saturated zone plune is simulated by the
surface water nodule. Finally, the air enissions and the atnosphere

di spersi on nodul es sinulate the novenent of chemicals into the atnosphere.

The fate of contaminants in the various nedia depends on the chenical properties
of the contaminants as well as a nunber of nedia- and environnent-specific
paranmeters. The uncertainty in these paraneters is quantified using the Mnte
Carl o simulation technique.

To enhance the user-friendly nature of the nodel, separate interactive pre- and
post processi ng software have been devel oped for use in creating and editing input
and in plotting nodel output.

This report provides the conceptual and theoretical details of the various
nmodul es and the Mnte Carlo sinulation technique. A user's nmanual for
i mpl enmenting MULTIMED is currently in progress. In addition, an application
manual describes the use of MITIMED in nodeling Subtitle D |and disposal
facilities.

This report was subnmitted in partial fulfillnment of Wrk Assignnment Nunber 32,
Contract Nunber 68-03-3513 by Aqua Terra Consultants, under the sponsorship of
the U S. Environnental Protection Agency. This report covers the period March
1990 to July 1990, and work was conpl eted as of August 1990.
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SECTI ON 1

I nt roducti on

1.1 Overview of the Model

Thi s chapter provides an overview of the U S. Environnental Protection
Agency's Miultinmedi a Exposure Assessnent Mbdel (MJULTINMED). The nodel sinmul ates
the fate and transport of contam nants rel eased froma waste disposal facility
into the nultinedia environnent. Release to either air or soil, including the
unsaturated and the saturated zone, and possible interception of the
subsurface contanm nant plunme by a surface streamare included in the nodel.
Thus, the nodel can be used as a technical and quantitative nmanagenent tool to
address the problem of the |land disposal of chemicals. At this time, the air
nodul es of the nodel are not linked to the other nodel npdules. As a result,
the estimted rel ease of contamnants to the air is independent of the
estimted contam nant rel ease to the subsurface and surface water

MULTI MED utilizes analytical and sem -anal ytical solution techniques to solve
the mat hemati cal equations describing flow and transport. The sinplifying
assunptions required to obtain the analytical solutions limt the conplexity
of the systems which can be represented by MIULTI MED. The npdel does not
account for site-specific spatial variability, the shape of the |and di sposa
facility, site-specific boundary conditions, nultiple aquifers, or punping
wells. Nor can MJLTI MED sinul ate processes, such as flow in fractures and
chemi cal reactions between contaninants, which can have a significant affect
on the concentration of contaminants at a site. In nore conplex systens, it
may be beneficial to use MILTIMED as a "screening |evel" nmobdel which would
allow a user to obtain an understanding of the system A nunerical nodel
could then be used if there are sufficient data and necessity to justify the
use of a nore conpl ex nodel .

1.2 The Physical Scenario

The physical scenario sinulated by the nodel is a |land disposal facility that
rel eases pollutants into the air, soil, and/or groundwater. |In response to a
nunber of conpl ex physical, chenmical, and biological fate and transport
processes, the pollutants nmove in the nultinmedia environment (air, water, and
soil), resulting in potential toxic exposure to humans and ot her receptors.
Note that the processes affecting air enissions are not linked in the nodel to
the processes affecting subsurface transport. 1In other words, the
concentration calculated in the one nediumis not affected by the rel ease of
the contani nant to the other medi um

The sources of pollutants considered in the current version are either the

| eachate froma waste disposal facility or air enissions during the post-
closure period. Inadequate long-termfunctioning or failure of the facility's
engi neering controls (i.e., the caps and liners) are assuned to occur after
closure and result in the release of |leachate to soil or groundwater beneath
the facility and enission of vapor to the atnosphere. Note that the use of
the air-em ssions nodule is nost appropriate for high concentrati ons of waste
inthe facility. Also, the npodel does not include fate processes, such as
conpl exation and solids precipitation, that affect the transport of netals.






1.3 MODEL CAPABI LI TI ES

During the devel opnent of this nodel, enphasis has been placed on the creation
of a unified, user-friendly, software framework, with the capability to
performuncertainty analysis, that can be easily enhanced by addi ng nodul es
and/ or nodi fyi ng existing nodul es.

The major functions currently perfornmed by this nodel include:

Al'l ocation of default values to sone input paraneters/variables.
Readi ng of the input data files.

Echo of input data to output files.

Derivation of some paraneters, if specified by the user

Dependi ng on user-sel ected options:
simul ati on of |eachate flux emanating fromthe source
simul ati on of unsaturated zone flow and transport
simul ati on of saturated zone transport only
conput ati on of in-stream concentrations due to contani nant | oadi ng
assum ng conplete interception of a plune in the saturated zone
» conputation of the rate of contaninant enission fromthe waste
di sposal unit into the atnosphere
» simulation of dispersion of the contami nants into the atnosphere

v v v Yy

@® GCeneration of random nunbers for Monte Carl o sinulations.
® Performance of statistical analyses of Monte Carlo sinulations.

® Witing the concentrations at specified receptors to output for
determ nistic runs. In the Monte Carlo node, witing the cunul ative
frequency distribution and sel ected percentil es of concentrations at
receptors to output.

® Printing the values of randomy generated input parameters and the
conput ed concentration values for each Monte Carlo run

The fate and transport of contami nants critically depends on a nunber of
medi a- speci fic parameters. Typically many of these paraneters exhibit spatia
and tenporal variability as well as variability due to measurenent errors.
MULTI MED has the capability to analyze the inmpact of uncertainty and
variability in the nodel inputs on the nodel outputs (concentrations at
specified points in the multinmedia environnment), using the Monte Carlo
simul ati on techni que.

To enhance the user-friendly nature of the nodel, separate interactive
preprocessi ng and post processi ng software has been devel oped, using the ANNIE
Interaction Devel opnent Environment (AIDE) (Kittle et al., 1989), for use in
creating and editing input and in plotting nodel output. The pre- and

post processors have not been integrated with MJLTI MED because of the size
[imtations of desktop conputers. Therefore, after using the preprocessor to
create or nodify input, the nodel is run in batch node. Afterwards, the

post processor can be used to produce plots of the Monte Carl o output or
concentration versus tine.

Finally, nodel results can be used to manually 'back-cal cul ate' the nmaximum

source concentration (for a steady-state, infinite contam nant source) of a
cheni cal which ensures protection of human health and/or the environment at a

3



down- gradi ent point of exposure (see Section 9.6). Details of the back-
cal cul ation procedure for an unsteady-state (finite contani nant source) case
have been di scussed by Mul key and Allison (1988).

1.4 Report Generation

This report includes the theoretical background and ot her infornmation
necessary to understand MJLTI MED. Chapter 2 describes the landfill source
nodul e, which can be used to estinmate | eachate rates froma waste di sposa
facility. Chapter 3 contains a description of the steady-state, one-

di rensi onal, unsaturated zone flow nmodul e, which conputes saturation as a
function of depth. This information is used by the landfill nodule and the
unsaturated zone transport nodule, which is described in Chapter 4. The
saturated zone transport nmodule and its coupling with the unsaturated zone is
described in Chapter 5. Chapter 6 discusses the surface water nodul e, which
conputes in-stream concentrations of a contam nant based on the assunption of
conplete interception of a steady-state saturated zone plunme. The em ssion of
contanminants fromthe facility into the atnosphere and their transport and

di spersion are described in Chapters 7 and 8, respectively. Chapter 9
contains a discussion of the Monte Carlo simulation technique that is

i ncorporated into the nodel. Each of these chapters presents the necessary
mat hemati cal equations and relationships, limtations, and major assunptions
of the nodul es and details of the required i nput paraneters.

A user's manual for inplenenting MILTIMED is in progress at this time. 1In
addition, a MJLTIMED Subtitle D application manual has been witten (Sharp-
Hansen et al., 1990). The nmnual explains how to use the unsaturated and
saturated zone nodul es of MITIMED to study and design Subtitle D | and

di sposal facilities. Installation of the code, the use of the pre- and

post processors, the format of the input and output, paranmeter estinmation, and
exanpl e problens are addressed in the Subtitle D application nanual .



SECTI ON 2

The Landfill Modul e
2.1 Introduction
This section presents the details of the landfill modul e included in MJLTI MED
The landfill nodul e provides a physically-based estimte of the amount of
| eachate that may be generated at a RCRA Subtitle Cor D landfill. The nodul e

i s one-di nensional and steady-state. It uses a water bal ance approach to
simul ate the effects of hydrol ogi c processes including precipitation,
evapotranspiration, runoff, infiltration, and | ateral drainage. A schematic

di agram of a typical hazardous waste landfill is shown in|[Figure 2.1| The
desi gn conponents shown in this figure have been used to develop e
conceptual basis of the landfill nodule. The user can adapt these components

to his specific problem by assigning varying |ayer thicknesses and hydraulic
properties, by rearranging layers, and by omitting or adding |ayers. Thus, a
variety of climatic conditions and typical landfill designs nmay be specified
by the user. Note that the landfill nodule was initially devel oped as a
"stand-al one" code and was later integrated into MIULTIMED. Details of the
stand al one code are presented in Meeks et al. (1988).

In general, two options are available in the code for the sinulation of

| eachate flux fromthe source. Under option 1, the landfill nodule is not
used and the user specifies an infiltration rate and chenical concentration
The unsaturated zone flow nodul e (described in Section 3) then sinulates the
nmovenent of the |leachate to the water table. Under option 2, the infiltration

rate is not specified. Instead, the |eachate flux is calculated by the
landfill nodul e described in this section. Because the |eachate flux depends
strongly on underlying soil npisture conditions, the landfill nodule nust be

coupled with the unsaturated zone flow nmodule. These two nodul es are sol ved
iteratively in a sequential manner until the percolation rates estinated by
the two nodul es agree. The landfill nopdul e does not estinmate the chenica
concentration in the | eachate. Thus, a chemical concentration nust be

speci fied by the user for either option

This chapter is organized into four sections. Section 2.2 describes the
governing equations and the iterative solution technique used to estimate a
| eachate flux that satisfies both the surface water bal ance and the

unsaturated zone flow nodule. The nmmjor assunptions and |imtations inherent
in the nmodule are identified in Section 2.3

o The data required in the landfill nodule are described in Section 2.4.

2.2 GOVERNI NG EQUATI ONS AND SOLUTI ON TECHNI QUES
The volunme of | eachate generated froma landfill is governed by:
® The availability of water
® Underlying soil and refuse conditions
The amount of water available for |eachate generation froma landfill is

controlled by climtic conditions, surface conditions (e.g., soil and
vegetation type, soil moisture conditions), groundwater influx, and |iquids



i nherently associated with the waste. |In this nodule the contributions to
| eachate from groundwater influx and liquids inherent in the waste are
consi dered negligible. The ambunt of water available fromother sources is
estimated using an event-based surface water bal ance techni que described in
Section 2.2.1.

The underlying soil and refuse conditions include 1) the hydraulic properties
of subsurface materials, and 2) the design and functioning of engineering
controls. These conditions affect the amobunt of infiltration that can

percol ate through the landfill l|ayers and the unsaturated zone. The
unsaturated zone flow nodul e described in Section 3 cal cul ates percol ation
based on a sem -analytical solution to the Richard's Equation. The coupling
of the unsaturated zone flow module with the landfill nmodule for the | eachate
calculation is discussed in Section 2.2.2. Effects of engineering controls
(i.e., synthetic liners and | ateral drains) are described in Section 2.2.3.

Under steady-state conditions, the water available for infiltration nmust equa
the lateral drainage flux plus the percolation rate through the unsaturated
zone bel ow the drainage layer. That is, the water nade avail able for |eaching
nmust pass through each of the landfill layers and out of the |ateral drains or
through the bottomof the landfill. This is necessitated by the fact that no
change in storage of water within the landfill can occur in the steady-state
formul ation of the problem Section 2.2.4 describes how the landfill nodule
uses the prescribed equality of these fluxes to calculate the steady-state

| eachate rate

The landfill nodule solves for the steady-state |eachate rate based on
representative steady-state climatic data, which nust be estimted from actua
data for precipitation, storminterval, etc. Because climatic variables, such
as evapotranspiration rates and precipitation characteristics, nay have strong
seasonal variability, the code includes the option to consider seasona
variability in precipitation events and evapotranspiration while retaining the
assunption of steady-state (see Section 2.2.1.2). This option should not be
used to estimate transient | eaching rates because information is not passed
from one season to the foll owi ng season

2.2.1 Surface Water Bal ance

A surface water balance is used to estimate the water available for
infiltration into the landfill. The water bal ance is based on an event
approach. That is, the water balance is evaluated for the period of tine from
the beginning of a precipitation event, and through the period of no
precipitation which follows. The calculation period ends at the onset of the
next precipitation event. depicts the event approach. The
algorithmused in the landfill nodule partitions precipitation into runoff,
evapotranspiration, and infiltration. Changes in surface water storage (e.qg.
snow nmelt) are not included. Because the nodule is steady-state, changes in
soil npoisture are precluded and do not need to be considered in the water

bal ance. Infiltration (volume per unit area) into the soil during a
precipitation event can then be expressed by (Dass et al., 1977):
INFIL = PRECIP - RO - ET (2.1)

wher e

INFIL = water available for infiltration during an event [cn]

PRECIP = storm precipitation [cni

RO = runoff during an event [cm

ET = evapotranspiration during the event interval [cm






The procedures used to estimate the volune of runoff and of actua
evapotranspiration are described individually in the foll ow ng sections.
Based on the calculated infiltration volune, the average steady-state
infiltration rate is given by:

| = | NFI LY DEVENT (2.2)
wher e
I = infiltration rate [cm d]
DEVENT = event duration [d]

2.2.1.1 Calculation of Runoff

Sone fraction of the incident precipitation runs off the landfill and is | ost
to overland flow before it has a chance to infiltrate. The landfill nodule
conmput es runoff by the SCS runoff curve nunber nethod in the manner descri bed
in the HELP nodel docunentation (Schroeder et al., 1984b). The SCS procedures
wer e devel oped from observed runoff-rainfall relationships for large storns on
smal | wat er sheds.

The rel ati on between precipitation, runoff, and retention for a particular set
of environnental conditions was found to be:

_ (PRECIP - 0.25)2
RO~ IPrEGP + 0.89) (2.3)

wher e
RO = runoff during an event [cm
PRECIP = storm precipitation [cni
S = retention paranmeter [cni
The retention paranmeter, S, for a given soil varies as a function of the soi
noi sture in the underlying soil (Schroeder et al., 1984b):
SM- WP
wher e
S = maxi mum val ue of the retention paraneter [cni
SM = soil water content in the upper soil layer [dinmensionless
fraction]
uL = upper limt noisture content in the upper soil layer
[ di mensi onl ess fraction]
WP = wilting point noisture content in the upper soil |ayer

[ di mensi onl ess fraction]



The upper limt of soil npisture content is the nmoisture content at saturation
and is nunerically equal to the effective porosity. The wilting point

noi sture content is the lowest naturally occurring soil water content and is
equal to the effective porosity nultiplied by the residual saturation. Since
soil water is not distributed uniformy throughout the soil profile and since
the soil npisture near the surface influences infiltration nore strongly than
that | ocated el sewhere, the retention paraneter is depth-weighted in the
[andfill nodule (Meeks et al., 1988). The soil profile in the uppernost soi

| ayer is divided into seven segnents. The thickness of the top segnent is set
equal to one thirty-sixth of the total upper layer thickness and the thickness
of the second segnment is five thirty-sixths of the layer's thickness. The

t hi ckness of each of the bottom five segnents in the uppernost soil |ayer is
defined as one-sixth of the total layer thickness. The depth-weighted
retention paraneter is conputed with the follow ng equation (Knisel, 1980):

SM -we
Sme([lfz;VY(W)] (2.5)
wher e
SM = soil noisture content of segnent j [fraction]
w = weighting factor for segnent j [dinensionless]
The weighting factors decrease with the depth of the segnent. |n accordance

with the devel opnent of CREAMS (Knisel, 1980), the weighting factors for
segnents 1, 2, 3, 4, 5, 6 and 7 are 0.111, 0.397, 0.254, 0.127, 0.063, 0.032,
and 0.016, respectively.

The maxi mum val ue of the retention paraneter, S,, is the value of S at the
| owest soil noisture content and is calculated fromthe SCS curve nunber for
average noi sture conditions (CN,).

2.2.1.2 Calculation of Evapotranspiration

Evapotranspiration froma landfill is a function of clinmatic conditions,
vegetation, soil mpisture, and the ability of the soil to transmt water and
wat er vapor. A two-step approach is taken to cal cul ate actua

evapot ranspirati on.

First, the potential evapotranspiration during the interval between stornms is
cal cul ated fromthe seasonal potential evapotranspiration i nput by the user
This cal cul ation takes the form

wher e
_ DEVENT
EPET =PET( 35571 5ER) (2.6)
EPET = event potential evapotranspiration [cm
PET = seasonal potential evapotranspiration [cni
DEVENT = event duration [d]

| SEA nunber of seasons in a year [dinensionless]



The second step involves estimating the availability of water, stored as soi
noi sture in the shallow subsurface, to neet the evapotranspiration denand.

The available soil nmoisture is estimated as a function of the noisture content
above the wilting point in the upper soil layer. The user nust take care in
defining the thickness of this layer so that its depth accurately reflects the
dept h over which evapotranspiration takes place. 1In general, the zone of
evapotranspiration extends only a few feet or less fromthe surface. |If the
top of the landfill is vegetated, it is suggested that the uppernopst |ayer

t hi ckness correspond to the root zone depth. The nmpdul e assunes that at the
top of the uppernost |ayer the soil npisture can be depleted to the wilting
point and that at the bottom of the uppernost |ayer the soil nmoisture is not
af fected by evapotranspiration. The soil npisture | evel above which soi

noi sture is available is linearly interpol ated between these two depths as
shown in That is, a triangular distribution is assunmed fromthe
surface to e pottom of the uppernost layer with the nmaxi num soil noisture
taken fromnear the surface. This approach is sinmlar to that taken in the
PRZM nodel (Carsel et al., 1984). The avail able noisture for
evapotranspirati on can be expressed as:

_ _ Zj (2.7)
AW 1002; (SM - [WP + THICK(SI\/H/\P)]) NZ;
wher e

AW = water available for evapotranspiration [cn

THICK = the thickness of the uppernost |ayer [ni

WP = wilting point noisture content in the upper soil |ayer
[ di mensi onl ess fraction]

SM = soil water content in the upper soil layer [dinensionless
fraction]

AZ; = thickness of segment | [ni

SM = soil water content in segnent j [fraction]

z; = depth to the center of segment j [n

The potential evapotranspiration and the available soil noisture are conpared
and the |l esser of the two anmounts is assigned as the actua

evapotranspiration. Thus, the actual evapotranspiration for an event during a
specific season is:

wher e

ET = nin (EPET, AW (2.8)

ET = evapotranspiration during an event in a specific season [cn]

10



Finally, the evapotranspiration rates for all of the seasons are aggregated to
estimate a representative steady-state val ue.

2.2.2 Percolation through the Landfil

Percol ation rates through the landfill are deternined by treating the |andfil

| ayers and the unsaturated soil |ayers as one continuous system and appl yi ng

t he one-di nensional Richard's Equation for unsaturated flow. The governing
equations and sol ution procedure are described in Section 3.2. The results of
the unsaturated flow nodul e cal cul ations are the soil moisture and pressure
head profiles in the landfill and the unsaturated zone for a given percolation
rate. The soil noisture values are used as input into the runoff and

evapot ranspiration cal cul ati ons, described in Section 2.2.1. Thus, the soi

noi sture val ues inpact the surface water bal ance and the | eaching rate

predicted by the landfill nmodule. Section 2.2.4 provides a step-by-step
description of how the unsaturated zone nodule and the landfill nmodule are
coupl ed.

2.2.3 Landfill Control Features

Engi neering controls can be used in landfill design to reduce the anount of

| eachate emanating fromthe base of the landfill. The two inportant types of

engi neering controls that may be sinulated using this nodul e are:
® Low perneability synthetic liners
® Lateral drainage systemns

The user may indicate the presence of synthetic liners and a drai nage | ayer at
any location within the landfill as shown in One synthetic Iiner
per landfill |ayer may be included; however, only one Tateral drainage |ayer
can be simulated. |In addition, the user can elect to specify failure of the
synthetic liners. The techniques used to inplenment the effects of liners and
drains are discussed in the follow ng paragraphs.

2.2.3.1 Lowperneability Liners

Low-perneability liners are thin sheets of rubber or plastic material used as
barriers to vertical flow Liners are generally installed i medi ately above
or within barrier soil layers and together with the barrier soil |ayer reduce
vertical flow. Because the liner itself is too thin to treat nunerically as a
separate layer, its hydraulic properties are conbined with those of the soi

| ayer below it and both units are treated as one |ayer by the nodule. That

is, the effective hydraulic conductivity of the soil layer below is reduced
when using a synthetic liner. According to Freeze and Cherry (1979), the
ef fective hydraulic conductivity of the liner and adjacent soil |ayer is:
(T + Ty
&5‘*‘T:———f; (2.9)
_t —_—
Ko K
wher e
Kis ef fective conductivity of the liner and soil layer [nlyr]
K. hydraulic conductivity of the liner [myr]

A
T TIRTEL

hydraulic conductivity of the soil layer [nfyr]
T t hi ckness of the liner [m
Ts t hi ckness of the soil layer [m

11



The user can elect to specify the degree of failure of the synthetic liner
system To inplenent a liner failure, the user selects a percent failure (0
to 100 percent). The hydraulic conductivity of the liner/soil systemis

i ncreased by the selected failure percentage. That is:

FPERC

Ke = &5"16675 (Kis — K9 (2.10)
wher e
FPERC = percent liner failure [dinensionless]
K = hydraulic conductivity of failed liner and soil |ayer [myr]

Note that the maxi num hydraulic conductivity (at 100 percent failure) is the
hydraul ic conductivity of the soil |ayer alone.

2.2.3.2 The Drai nage System

Lateral drains are conmonly utilized in landfill design to renpve excess water
whi ch may accunul ate above barrier soil layers. Therefore, they serve to
reduce percolation through the landfill. The landfill nodule is capabl e of

simulating the effect of one drai nage system placed anywhere in the |andfil
profile. GCenerally, such a drainage system would be placed i nmedi ately above
or bel ow the refuse | ayer.

The presence of lateral drains affects the surface infiltration rate, the
percolation rate to the water table, and the rate of lateral drainage. These
three effects are sinulated by an al gorithmwhich is based on the assunption
that the steady-state pressure head at the drain is |l ess than or equal to
zero. That is, the drains operate at full efficiency and renpve all ponded
infiltration above the drainage |ayer.

The first step in the lateral drainage algorithmis the simulation of the

nmoi sture distribution within the landfill and unsaturated zone w t hout
considering the effect of the drainage system The pressure head at the
i ntended drain location is checked. |If the pressure head indicates

unsaturated conditions, the nmodul e assigns zero as a |l ateral drainage rate.

If the pressure head val ue indicates saturated conditions at the drain

| ocation, the pressure head at the drain is reduced to zero, and the systemis
resimul ated. The zero pressure head at the drainage | ayer serves as a
boundary condition, that is:

y(LD =0.0 (2.11)
wher e
LD = location of the lateral drain [cn].
This boundary condition allows the landfill and the unsaturated zone to be

broken into two i ndependent unsaturated flow systens--one above the drainage
| ayer and the other bel ow the drai nage | ayer

The system above the drain is solved in the sane manner as the unsaturated

fl ow system which was described in Sections 2.2.1 and 2.2.2. The only change
in the solution procedure is that the location of the bottom boundary
condition is changed fromthe water table to the drainage |ayer. The result
of this calculation is the infiltration rate into the top of the landfill.

12



This rate is generally larger than it would be in the absence of the drainage
system

The system below the drain is solved in a simlar manner, but Equation 2.11 is
used as a top boundary condition. Therefore, the surface water bal ance

cal cul ati on described in Section 2.2.1 is not used in the calculation. That
is, the percolation rate under the drainage |ayer is not significantly

i mpacted by surface water hydraulics and the unsaturated fl ow equations in
Section 3 are solved directly. The calculated percolation rate underlying the
drai nage systemis less than or equal to what it would be in the absence of

t he drai nage system

The rate of |ateral drainage is cal cul ated based on a mass bal ance approach
The |l ateral drainage rate plus the rate at which percol ation reaches the water
table (Q) nust be equal to the infiltration (lI) rate into the top of the

landfill. Solving for the |ateral drainage results in:
QAT =1 -Q (2.12)
wher e
QAT teral drainage rate [cm d]

Q

2.2.4 Solution Method for ldentifying Steady-State Leaching Rate

a
nfiltration rate [cn d]
e

I
[
percol ation rate [cn d]

Section 2.2.1 describes the estimation of the infiltration rate (1) into the

landfill, based on a water bal ance nmethod. Section 2.2.2 describes the
estimation of the percolation rate (Q through the landfill, using the

unsat urated zone nodul e described in Section 3. Section 2.2.3 explains how
andfill control features (liners and drains) affect the surface infiltration
rate and percolation rates fromthe bottomof the landfill. At steady-state
the percolation rate fromthe bottomof the landfill plus the lateral drainage
rate nust be exactly equal to the infiltration rate into the landfill as there

can be no net change in noisture storage within the landfill.

The infiltration and percolation rates are coupled through the soil npisture

content of the upper portion of the landfill. This section describes the
iterative procedure used to estimate the steady-state |eachate rate (and the
soi|l nmoisture profile) starting with an initial estimte of percolation. |If

the calculated infiltration rate is different than the estinmated percol ation
the estimate of percolation is adjusted, and the npisture content profile and
infiltration rate are recalculated. This procedure is repeated unti
sufficient agreement between the percolation and infiltration rates is
attained and a solution which satisfies the surface water budget and the
unsaturated flow equations is found.

The procedure to calcul ate | eachate rates consists of 10 iterative steps:

1. Calculate the effective hydraulic conductivity of the synthetic
liner/soil layers. Find the layer with the smallest hydraulic
conductivity in the landfill profile. Estimate an initial
percolation rate (Q which is equal to the saturated vertica
hydraulic conductivity of this layer. This initial estimate is not
critical to the final solution, but sinply allows the nodule to
start conmputations with a reasonabl e val ue.

13
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10.

Cal cul ate the pressure head in each of the landfill and unsaturated
| ayers between the water table and the soil surface. Convert the
cal cul ated pressure heads to soil saturation. These calculations
are both perfornmed in the unsaturated zone nmodul e described in
Section 3.

Calculate the soil npisture using the relationship that soi
noi sture is equal to soil saturation nmultiplied by effective
porosity.

Cal cul ate the depth weighted retention parameter from Equati on 2.5.
Cal cul ate the surface runoff (RO using Equation 2.3.

Cal cul ate the actual evapotranspiration (ET) using Equations 2.6 to
2.8.

Cal cul ate the surface water infiltration rate (1) using Equations 2.1
and 2. 2.

Conpare the infiltration rate (1) and the percolation rate (Q assuned
in Step 1.

a. If |l - Q/Q< the convergence criteria, proceed to Step 9. The
convergence criterion is 10* cm day.

b. If I >Q increase Q This corresponds to a case where
infiltration fromprecipitation is sufficient to create perched
wat er above the | east conductive |layer so that nmore percol ation
is forced through the layer. Portions of the profile wll
remai n saturated under these conditions.

c. If 1 < Q decrease Q This corresponds to case where
infiltration fromprecipitation is so |low that even the | east
conductive | ayer becomes unsaturated and | ess percol ati on noves
through it.

Wth the new updated estimate of Q apply Steps 2 through 8
iteratively until convergence is achieved or the maxi mum nunmber of

iterations is exceeded. |f the maxi mum nunber of iterations is
exceeded without neeting the convergence criteria in Step 7, check
the rel ative convergence between Qand |I. If *I-Q</Q < the relative

convergence criteria proceed to Step 9. The relative convergence
criteriais 103 Oherwise, print a convergence error message and
st op.

Check the lateral drainage flag. |If there is an active latera
drain in the profile, recalculate the percolation rate using the
| ateral drain option.

Repeat the entire procedure for each of the seasons. Qutput results
for each season and convert the cal cul ated seasonal infiltration
rates to a steady-state average.

15



2.3 Assunptions and Linitations

The inmportant sinplifying assunption nmade in developing the landfill nodule
i ncl ude:
a) Lateral inflow, surface run-on, and transient climtic conditions

b)

c)

d)

e)

f)

are considered negligible. Degradation or aging of design
conponents is not considered. However, the degree of failure of the
liners may be specified.

The seasonal potential evapotranspiration rates are assuned to
adequately characterize the dynanic variability of actua
evapot ranspi rati on demand.

The event-averaged infiltration rate is an adequate representation
of the long-termaverage infiltration rate.

Groundwater is assuned to be bel ow the bottom of the landfill.

No liquid is generated fromthe deconposition of waste or codi sposa
of wastes and sl udges.

Lateral drains are fully efficient and renove all ponded water above
t he drai nage | ayer.

2.4 Data Requirenents

The landfill nodule has relatively npdest data requirements. Table 2-1 lists
the paraneters required.
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TABLE 2-1. PARAMETERS REQUI RED FOR THE LANDFI LL MODULE

Par aret er s Units

Climatic Data

For each season:
Typi cal storm precipitation anpunt [cm
Typi cal interval between storms [ d]
Pot enti al evapotranspiration [cm

Desi gn Specifications
SCS Curve Nunber 11 [ di mensi onl ess]
Nunber of liners [ di mensi onl ess]
Nunber of |ayers [ di mensi onl ess]
Nunber of porous naterials [ di mensi onl ess]
Nunber of seasons [ di mensi onl ess]
Location of the drainage |ayer [ di mensi onl ess]
Thi cknesses of the |ayers [ M

For each liner:

Percent liner failure
Thi ckness of |iner
Hydraulic conductivity of liner

For each porous nmmterial:

Saturated hydraulic conductivity
Porosity
Resi dual water content
Ei t her:
van Genuchten al pha coefficient
van Genuchten beta coefficient
or
Brooks and Corey exponent
van Genuchten al pha coefficient
van Genuchten beta coefficient

[cn hr]

[ di mensi onl ess]
[ di mensi onl ess]
1

di mensi onl ess]
di mensi onl ess]
1
d

i mensi onl ess]

23333333333331333333333333311333333333333131333333333333311))))))))

17



SECTI ON 3
The Unsaturated Zone Fl ow Modul e

3.1 Introduction

When the bottom of a waste disposal unit is |ocated above the water table,

| eachate can migrate through the unsaturated zone and into a saturated
aquifer. In such situations it is inportant to include the unsaturated zone
in the analysis of contaminant fate and transport. A schematic diagram of the

| eachate mgration is shown in|Figure 3. 1.

This chapter presents details of the senmi-analytical unsaturated zone flow
nodul e included in MIULTIMED. The flow nodul e conputes the water saturation
val ues within the unsaturated zone which are used by the unsaturated zone
transport nodul e (described in Section 4) to conpute one-di nensional vertica
seepage vel ocities.

Two options, previously described in Section 2, are available for the

simul ati on of | eachate percolation through the unsaturated zone. Under Option
1, the user specifies the | eachate rate, and the unsaturated zone nodul e

simul ates the percolation of |eachate to the water table. Under Option 2, the
| eachate rate is not specified, rather it is calculated by the landfill nodule
(see Section 2). This calculation is dependent on the results of the

unsat urated zone nodule. Therefore, an iterative schenme is used to calculate
a leaching rate which satisfies both the surface water bal ance included in the
landfill nodul e and the unsaturated zone water saturation profile estinmted by
t he unsaturated fl ow nodul e.

This chapter is organized into four sections. Theoretical details of the flow
nodul e and the underlying assunptions are presented in Sections 3.2 and 3. 3.
Section 3.4 discusses the data requirenents for this nodule. Note that the
unsaturated flow and transport nodul es can not be run independent of each
other. In addition, whenever the unsaturated fl ow and transport modul es of
MULTI MED are used, the saturated transport nodul e nust al so be used.

3.2 GOVERNI NG EQUATI ONS AND SOLUTI ON TECHNI QUES

The unsaturated zone flow nodul e sinul ates steady downward flow to the water
tabl e. The governing equation is given by Darcy's | aw

K ke (2L -1) - Q (3.1)
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wher e

] = the pressure head [ni

z = the depth coordinate which is taken positive downward [nj
K, = the saturated hydraulic conductivity [myr]

Kew = the relative hydraulic conductivity [dinmensionless]

Q = the percolation rate [myr]

The boundary condition at the water table is:

w(L) =0 (3.2)
where L is the thickness of the unsaturated zone [n.

To solve the above equations, it is necessary to specify the relationships of
rel ative hydraulic conductivity (k,,) versus water saturation (S,), and of
pressure head (y) versus water saturation. The relationship of pressure head
to water saturation is described in the nodel by the follow ng equation (van
Genuchten, 1976; Mialum 1976):

(L1 + (oxw - u*) 7l U< U,
= (3.3)
L1 U = U,
wher e

S = the residual water saturation [dimensionless fraction]

B,y = soil-specific enmpirical parameters [di nensionless]

o = soil-specific enpirical paraneter [1/mM

I = the air entry pressure head, subsequently assunmed zero [nj

S. = the effective saturation [dinmensionless fraction]

and where S, is related to the water saturation, S, as follows:

The paranmeters «o, B, and v are enpirical coefficients defined by van
Genuchten. The paraneters p and y are related through:

(S, - Su)
s, (34
v=1- 18 (3.5)
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Hence, the paraneter y need not be specified. Note that Equations 3.3 and 3.4
are not valid for p < 1.0 and v < 0.0 because the effective saturation, S
can not be greater than one.

er

Two alternative functional expressions can be specified by the user to
describe the relationship between relative hydraulic conductivity and water
saturation. The van Genuchten relationship is:

K., = SY2[1- (1 -S¥n1? (3.6)

Alternatively, the k,(S,) relationship presented by Brooks and Corey (1966)
may be used. This relationship is given by:

K., =S (3.7)

where n = soil specific paraneter [dinensionless].

As a first step in the solution of Equations 3.1 and 3.2, the soi

constitutive relations in Equations 3.3 and 3.6 are conbined. Using van
Genuchten's constitutive equations and assuming y, = 0, leads to the follow ng
expression for k. [ (u):

(1 v >0

Ko, =1 (3.8)
.{l - ('O(UJ) B-l[l + (-O(IJJ) B] 1/3-1}2
L))))))))))))))))))))));%2%?)))))) ¥ <0

[+ (o)

Next, Equation 3.8 is substituted into Equation 3.1 and the derivative oyl oz
is replaced by a backward finite difference approximation. This yields, after
some rearrangi ng:

Kv Uy = U o
N O +1) -1=0 v =0
Q NZ
_ . (3.9)
Kv {1 - ('O“U B-1[1 + ('O(LU) B] 1/8-1}2 Uy = U _
DI IIIIIIIIIID)) (OO +1) -1=0 wv<o0
Q [1 + ('O“U) B] (1/2-1/2p) AZ
where | is the representative pressure head for the soil |ayer between z and
z-NzZ.

I f the Brooks and Corey (1966) relationship is used, the expression for
relative hydraulic conductivity becones:

(1 v =0

(1 + (-oa) )™ V<0
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Substituting Equation 3.10 into Darcy's law (Equation 3.1), the resulting
expression equivalent to Equation 3.9 is:

Kv Uy = U -

» OMMMMN +1) - 1=0, v >0
(3.11)

Q Nz

Kv o Uy = U _

g) (1 + (-ou)®) ™ ()))))))M)))) +1) - 1 =0, Uy <0

P can be witten as a wei ghted average of vy, and v, ,,:

T=oy,_, +(1-wuy, (3.12)

where o is a weighting coefficient (0 < o < 1). A value of w equal to unity
was found to give accurate results.

Using Equations 3.9 or 3.11 and 3.12 together with the | ower boundary
condition Equation 3.2 allows the solution for vy, = y,.,,- This value for vy, is
then used in the place of vy, in Equation 3.9 or 3.11 and 3.12 and the equation
is solved for the pressure head at the next desired distance upward fromthe
water table. In this sequential manner, the pressure head at any depth in the
unsaturated zone is conputed. The Newt on- Raphson nethod is used to solve the
nonl i near root-finding problem (Equation 3.9 or 3.11). 1In the event that the
Newt on- Raphson net hod does not converge, the bisection nethod is used. The
latter method is conmputationally slower but ensures convergence.

After the pressure head distribution in the unsaturated zone has been found,

t he corresponding saturation distribution, S z), is conputed using Equations
3.4 and 3.5). In principle, the saturation distribution can be found wi thout
first solving for y(z) by substituting Equation 3.3 or 3.7 rather than
Equation 3.8 or 3.10 into Equation 3.1. The di sadvantage of this approach is
that it beconmes nmore difficult to acconmpdate nonuniform material properties.
VWereas the y-profile is continuous in the unsaturated zone, the S,profile is
di scontinuous at the interface of soil layers with contrasting hydraulic
properties.

3.2.1 Spatial Discretization in the Unsaturated Fl ow Modul e

When the thickness of the unsaturated zone is specified as a constant (i.e.
it is not a Monte Carlo parameter), up to 20 layers having unique flow
properties may be sinmulated. Regardless of the nunber of layers, the finite-
el ement grid used by the code is generated automatically. The code uses the
follow ng rules for generating the grid:

(a) If the depth is less than or equal to 50 m the nunber of nodes is
set equal to 50 and all layers are of equal thickness.
(b) If the generated value of depth lies between 50 mand 200 m the

nunber of nodes is obtained by rounding up the depth. Thus, if

t he generated value of the depth is 98.4 m the number of nodes is
99. The nodes are all evenly spaced at 1 minterval s except for

t he di stance between the first and second node, which equals a
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di stance necessary to obtain the proper depth. Thus, in the above
exanpl e, the di stance between nodes 1 and 2 would be 0. 4.

The m ni mum nodal spacing is 0.1 m |If the distance between nodes
1 and 2 is less than 0.1 m then the total number of nodes is
decreased by one and the distance between nodes 1 and 2 is
increased by 1 m

(c) If the depth is greater than 200 m the nunber of nodes is set
equal to 200 and all |ayers are of equal thickness.
(d) If multiple |ayers are used, an additional node is inserted to

define the bottom of each | ayer.

Note that if the depth of the unsaturated zone is generated randomy for each
run, the unsaturated zone is considered honbgenous and composed of only one
material. Thus, only one layer and one naterial can be specified in both the
unsaturated fl ow and unsaturated transport nodul es.

3.3 ASSUMPTI ONS AND LI M TATI ONS
The maj or assunptions on which the flow nodel is based are:

(a) Flow of the fluid phase is considered isothermal, one-di nensional
and governed by Darcy's | aw.

(b) The flowfield is considered to be steady.

(c) The sinultaneous flow of the second phase (i.e., air) can be
di sregar ded.

(d) Hysteresis effects are neglected in the specification of the
characteristic curves.

3.4 DATA REQUI REMENTS

The data required by the unsaturated zone flow nodule are listed in Table 3-1.
Note that the van Genuchten paraneters are required by the nodel to describe
the pressure head versus water saturation relationship. The user can specify
one of two options for describing the relationship between relative
permeability and water saturation: the van Genuchten or the Brooks and Corey
equation. |f the Brooks and Corey option is used, a Brooks and Corey exponent
must be input in addition to the van Genuchten al pha and beta coefficients.
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TABLE 3-1. Paraneters required for the Unsaturated Zone Fl ow Modul e

Par amet er Units

Source-Specific Data
Percolation rate fromthe facility [myr]
Unsat urat ed Zone Dat a

Nunber of |ayers

[ di mensi onl ess]
Nunmber of porous naterials [

[

[

i mensi onl ess]
Thi ckness of each | ayer

Mat eri al associated with each |ayer di mensi onl ess]
For each material:

Air entry pressure head [
Porosity [ di mensi onl ess]
Saturated hydraulic conductivity [c

[

Resi dual saturation (water content) di mensi onl ess]

Ei t her:

van Genuchten al pha coefficient [1/cm

van Genuchten beta coefficient [ di mensi onl ess]
or

Brooks and Corey exponent [ di mensi onl ess]
van Genuchten al pha coefficient [1/cm
van Genuchten beta coefficient [ di mensi onl ess]

Not e: The nodel provides the option to use either van Genuchten's or Brooks
and Corey's constitutive relationship for relative perneability versus
wat er saturation. However, the relationship between pressure head and
wat er saturation is expressed in terms of van Genuchten paraneters.
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SECTI ON 4

Unsat urated Zone Transport Modul e

4.1 Introduction

This section presents the details of the unsaturated zone transport nodul e

i ncluded in MULTIMED. As nentioned in Section 3, transport within the
unsaturated zone is inportant only when the bottom of the waste disposal unit
is |ocated above the water table. Al so, when the unsaturated zone nodul es are
used, the saturated zone nodul e nust al so be used.

The theoretical basis of the unsaturated zone transport modul e and the
underl yi ng assunptions are discussed in Sections 4.2 and 4.3. Section 4.4
addresses the data requirenents for this nodule.

4.2 Governing Equations

4.2.1 Unsteady-State Transport

The transport of contaninants in the unsaturated zone is treated as a one-

di rensi onal problem Inportant fate and transport nmechani sns consi dered by
the nodel include dispersion in the vertical direction, |inear adsorption, and
first-order decay of the contanminant. Wth these constraints, the transport
equation can be expressed as:

aC _ 9°C aC
Rat "Bz Wi MR (44
wher e

C = the dissol ved phase contam nant concentration in the
unsat urated zone [ng/ (],

D, = the dispersion coefficient in the unsaturated zone [nf/yr]

Ay = the first-order degradation rate within the unsaturated zone
[I/yr]

R, = the unsaturated zone retardation factor [di nensionless]

v, = the steady-state unsaturated zone seepage velocity [myr]

t = time [yr]

z = the vertical coordinate which is positive downwards [nj
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The retardation factor in Equation 4.1 is computed using:

Pov Kdv
=1 +
R, S, (4.2)
wher e
Py = the bulk density of the unsaturated zone [g/cc]
Kay = the contam nant distribution coefficient for the unsaturated
zone [cc/g]
S, = the porosity of the unsaturated zone [dinensionless fraction]
S = the saturation within the unsaturated zone [dinensionless

fraction]

The overall first-order degradation rate, X, which is cal culated using
Equation 5.3 in Section 5, includes the effect of both bi odegradation and
chemnical hydrolysis reactions. The latter is discussed in Section 5.5.2.

Further, the unsaturated zone seepage velocity in Equation 4.1 is conputed
usi ng:

v, - e_(&g»w (4.3)

where Qis the steady-state percolation rate within the unsaturated zone.
Note that Qis assumed to be steady in MILTIMED. Also, the saturation, S
conputed by the unsaturated zone fl ow nodul e, as discussed in Section 3.

is

W

Sol ution of the above differential equation requires two boundary conditions.
The first boundary condition describes the source concentrati on and may be of
the followi ng form

oQt) -C, (4. 4a)
or
QO't) - C, exp( Aat) (4. 4b)
or
O, t) = Cl1-s(t-T)] (4. 4c)
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wher e

t he source concentration decay rate [1/yr]

the unit step function with a value of unity for t>T and zero
for t<T [t and T are in years]

C = the initial (or steady-state) concentration at the top of the
unsat urated zone [ng/ (]

Note that Equation 4.4(a) represents a constant source concentration
condition, Equation 4.4(b) an exponentially decaying source boundary
concentration, and Equation 4.4(c) a finite (constant concentration) pulse
source condition. The second boundary condition, applied at a |arge distance
fromthe source, is:

(=, t) =0 (4.5)

Background concentrations of the contaminant in the unsaturated zone are
assuned to be negligible. Therefore, the initial condition is

Q(z,0) -0 (4.6)

The anal ytical solution for the above system of equations has been presented
by Marino (1974) and Van Genuchten and Alves (1982). Using the constant
concentration boundary condition, Equation 4.4(a), the solution can be
expressed as:

(V,+1) z Rz

(v, Tz
Jerfc[ ——] + =exp[

2, JORT 2

Usi ng the exponential ly decayi ng concentrati on boundary condition, the
solution to Equation 4.1 becones:

c 1 Rz-Tt 1
Eo = 73Xp[ >

] (4.7)

C _ 1 B Z(VV *1—‘1)
T - 5 exp (-At) {exp [ —55——] erfc |

2D 2/ORT
' 4/, (4.8)

z(V, + Fl)] erfc | Rz + 1Tt |

2D, 2 fD_t—R;V

+exp [

where 1" is given by:

r = (V2 + 4D Y2

r, =[V2+4D,(x, - AR]Y? (4.9)

The effect of variations in the degradation rate, dispersion coefficient, and
seepage velocity is accounted for by dividing the unsaturated zone into a
nunber of horizontal layers, each of which is assuned to be honogeneous. This
is schematically shown in Equation 4.1 is sequentially solved for
each layer. For the first Tayer, any one of the source boundary conditions
(see Equations 4.4a, 4.4b, and 4.4c) can be specified. For the remaining

| ayers, the follow ng source boundary condition, which ensures continuity of
concentration, is applied:
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C(f,t) -C.(01t) (4.10)
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where ¢ = the thickness of a layer and the subscripts i and i+1 refer to
successive |layers. Equation 4.10 inplies that the source concentration at the
top of any layer i+1 is set equal to the concentration conmputed at the bottom
of the previous layer i. Note that the layers can be of different thickness.

The solution to the | ayered unsaturated zone is derived using Laplace
transformtechni ques to transformthe governing partial differential equation
(Equation 4.1) and the boundary conditions to an ordinary differentia
equation in the Laplace domain. The ordinary differential equation is solved
in the Laplace donmain and then inverted using either the convol ution theorem
or the Stehfest algorithm (Stehfest, 1970; Mench and Ogata, 1981). The
latter is a numerical inversion schene. Both these solution schenes are
included in the nmodel. In general, the Stehfest algorithmis conputationally
faster. At very high Peclet nunbers, however, there is a possibility that
this numerical solution may not converge. For such cases, the convol ution

i ntegration method may be used. Details of the solution scheme are presented
by Shamir and Harl eman (1967) and Hederman (1980).

4.2.2 Steady-State Transport

For the case of a steady-state continuous contam nant source, the governing
Equation 4.1 can be sinplified to yield:

0°C

Ele
L g AR 0 (4.11)

For this case the boundary conditions are:

q(z-0) = C, (4.12a)

g_;:(z:‘”) -0 (4. 12b)

The anal ytical solution to the above system of equations is:

V, z
Qz) = C, exp {Z\E) - z(NR/D, + V4 4D} V3 (4.13a)
\

or

qz) =C, exp{zzz zi%(1+%)1’2} (4. 13D)
AL
EC - exp (— &) (4. 14)
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In the event that dispersion within the unsaturated zone is neglected, the
above equation reduces to:

where L = the depth of the unsaturated zone [ni.

For a |l ayered unsaturated zone, Equation 4.14 can be expressed as:

Cc _ Nl R,
T exp (2; V—) (4.15)

Vi

where n = the nunber of honpbgenous | ayers within the unsaturated zone.

4.3 Assunptions and Limtations

The maj or assunptions on which the unsaturated zone transport nodel is based
are:

(a) The flow field within the unsaturated zone is at steady state.

(b) The seepage velocity and other nodel paraneters (e.g., the
di spersion coefficient, partition coefficient) are uniformin each
layer. |In other words, each layer is honbgeneous and isotropic.

(c) Transport is assuned to be strictly one dinensional. Lateral and
transverse advection and di spersion are negl ected.

(d) Adsorption and decay of the solute nmay be described by a linear
equilibriumisothermand a first-order decay constant respectively.
The daughter products of chemi cal and bi ochemi cal decay are
negl ect ed.

(e) Each layer is approximted as being infinite in thickness. This
assunption is valid and introduces negligible errors if the ratio
of dispersivity to the |layer thickness is small (<< 1.0).

4.4 Data Requirenents

Table 4-1 lists the paraneters required by the unsaturated zone transport
nodul e. These i ncl ude:

(a) Three source-specific paraneters. Note that the nodel is |inear
with respect to the source concentration. Thus, if the source
concentration is set to unity, the nodel conmputes nornmalized
downgr adi ent well concentrations.

(b) Five chemcal -specific paraneters. Note that the overall decay
coefficient and the distribution coefficient for the unsaturated
zone can not be input directly. Rather they are computed from
ot her paraneters as discussed is Sections 4.4.1 and 4.4.2.

(c) Seven unsaturated zone transport paranmeters. Renenber that the
seepage velocity is conputed using Equation 4.3, with the
saturation val ues supplied by the unsaturated zone fl ow nodul e.
The conputation of the dispersion coefficient by the code is
di scussed in Section 4.4.3.
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(d) Two aquifer parameters. The pH and tenperature of the unsaturated
zone is assunmed to be the sane as for the saturated zone.

4.4.1 The Chemical Transformati on Rate

The |i qui d- phase and sorbed- phase chem cal decay coefficient are conputed
using the hydrolysis rate constants. The equations used are shown in Section
5.5.2.1. Note that the pH and tenperature of the unsaturated zone can not be
i nput; rather, the corresponding values for the saturated zone are used. The
overall decay rate is then conputed using Equation 5.3 in Section 5.

4.4.2 The Distribution Coefficient

The distribution coefficient is conmputed as the product of the nornmalized
distribution coefficient and the fractional organic carbon content. However,
the fractional organic carbon content is replaced by the percent organic
matter divided by a conversion factor, using the follow ng rel ationship
(Enfield et al., 1982):

f o= __om (4.16)

foc fractional organic carbon content [dinensionless]

fom percent organic matter content [di nensionless]

172.4 = conversion factor from percent organic matter content to
fractional organic carbon content

30



TABLE 4-1. Paraneters Required for Unsaturated ZOne Transport Modul e

Par anet er s Units

Sour ce- Speci fic Paraneters

Sour ce decay constant [1/yr]
Source concentration at top of unsaturated zone [ mg/ 0]
Pul se duration (for unsteady state sinulation) [yr]

Unsat ur at ed Zone- Specific Paraneters

Nunber of |ayers used to sinulate transport [ di mensi onl ess]
Porosity of the unsaturated zone (specified in
the unsaturated flow input) [cc/cc]

For each | ayer:

Thi ckness [
Longi tudi nal dispersivity [
Bul k density of the soil [ 9/ cc]
Bi odegr adati on rate, [1/yr]
Percent organic matter [ di mensi onl ess]
Sat ur at ed Zone- Specific Paraneters
Tenmperature of the aquifer? [ °C
pH of the aquifer? [ pH uni ts]
Cheni cal - Speci fic Paraneters
Normal i zed distribution coefficient (i.e., K) [cc/q]
Ref erence Tenperature [°]
Acid and base hydrolysis rates at reference
tenperature [ ol e-yr]
Neutral hydrolysis rate at reference tenperature [1/yr]

* Note that the tenperature and pH used in calculating the unsaturated zone
overall decay rate are the tenmperature and pH specified for the aquifer

4.4.3 The Longitudinal Dispersion Coefficient

Longi tudi nal di spersion is conputed using the relationship:

D, = oV, (4.17)
wher e
D, = the longitudinal dispersion coefficient [nf/yr]
V, = the seepage velocity in the unsaturated zone [ yr]
Oty = the longitudinal dispersivity [ni

The | ongitudi nal dispersivity, o, can be either input directly by the user or
derived by the code. The equation used in the nodel to derive dispersivity
val ues i s based on an analysis of data presented by Gel har et al. (1985) and
shown in Table 4-2. Using regression analysis, the followi ng relation was
devel oped:
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a, = .02 +.022L, R? - 66% (4.18)

where L is the thickness of the unsaturated zone. To avoid excessively high
val ues of dispersivity for deep unsaturated zones, a maxi mum di spersivity of
1.0 mis used. Thus, for all depths greater than 44.5 m «, is set equal to
1.0 m Additional details of the above regression are presented in Sal hotra
(1988).

TABLE 4-2. Conpilation of Field Dispersivity Values (Gel har et al., 1985)

Longi t udi na

Type of Vertical Scale Di spersivity
Aut hor Experi ment of Experinment (m o, (M
Yul e and Gardner Laborat ory 0.23 0. 0022
(1978)
Hi | debrand and Laborat ory 0.79 0. 0018
Hi mrel bl au (1977)
Kirda et al. Laborat ory 0. 60 0. 004
(1973)
Gaudet et al. Labor at ory 0.94 0.01
(1977)
Brissaud et al. Field 1.00 0. 0011
(1983) 0. 002
Warrick et al. Field 1.20 0. 027
(1971)
Van de Pol et al. Field 1.50 0. 0941
(1977)
Bi ggar and N el sen Field 1.83 0. 05
(1976)
Ki es (1981) Field 2.00 0.168
Jury et al. (1982) Field 2.00 0. 0945
Andersen et al. Field 20. 00 0.70
(1968)
Cakes (1977) Field 20. 00 0. 20
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SECTI ON 5

The Saturated Zone Transport Nbdul e

5.1 | nt roducti on

This chapter presents details of the nodule used to simulate contam nant fate
and transport within the saturated porous zone. Recall that the contam nant
can enter the saturated formation by direct |eaching froma source (in the
absence of an unsaturated zone) or by percolation through the unsaturated
zone. MJULTIMED allows either option to be specified. In both cases the
governi ng equations and the seni-analytical solution for transport in the
saturated zone are the sane. Flow in the saturated zone is assuned to be

st eady.

The foll owi ng sections describe the governing equations, boundary and initia
conditions, nodel limtations, and paranmeters associated with the saturated
zone transport nodul e.

5.2 Governing Equations

The three-di nensional solute transport equation on which the nodel is based
can be witten as:

2 2 2
b 0C o &#C,  &C

oC oC C
5 D57 DgE Ve R TRMCIR g (5.1)

wher e

x

, Y, z = spatial coordinates in the longitudinal, lateral and vertica
directions, respectively [nj
= di ssol ved concentration of chenmical [mg/¢, g/n7
D,, D, = dispersion coefficients in the x, y and z directions
respectively [nf/yr]
one di mensi onal, uniform seepage velocity in the x direction
[myr]
retardation factor in the saturated zone [di mensi onl ess]
el apsed tinme [yr]
effective first-order decay coefficient in the saturated zone
[1/yr]
net recharge outside the facility percolating directly into and
diluting the contami nant plune [nmyr]
t he t hickness of the saturated zone [n
ef fective porosity for the saturated zone [di nmensionl ess]

o0

e w Q w>/ '—"(;U w<
P | TR TR

In Equation 5.1, the retardation factor and the effective decay coefficient
are defined as:

&:1+pfd (5.2)
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and

MO+ A Ky .

As = oK, Ap (5.3)
wher e
[ = bul k density of the porous nedia [g/cc]
Ky = distribution coefficient [cc/(g]
™ = first-order decay constant for dissolved phase [1/yr]
Ay = first-order decay constant for the sorbed phase [1/yr]
Ay = first-order |unped biodegradation rate in the saturated zone

[1/yr]

The flow domain is regarded as senm-infinite in the x direction (0 < X < ),
infinite in the y-direction (-» <y < «) and finite in the z-direction (0 < z
< B).

Sol ution of Equation 5.1 requires two boundary conditions in each of the x, vy,
and z directions and an initial condition. At the source (downgradi ent edge
of the waste disposal unit) the nodel allows a choice between two boundary
conditions with respect to the distribution of contani nant al ong the vertica
source plane. The first boundary condition specifies the contani nant
concentration as a gaussian distribution in the lateral direction and uniform
over the vertical mxing or source penetration depth, H A schematic
description of the flow domain and this source boundary condition is shown in
|[Figure 5.1(a)] Mathematically, the boundary condition can be expressed as:

(C, exp[-yzl(ZO?] O<z<H
C(0,y,z,t) = (5.4)
0

H<z <B

In Equation 5.4, C, [mg/ (] is the maxi mum di ssol ved concentration of the
solute at the source and occurs at the center of the gaussian distribution.
The standard deviation, o, is a nmeasure of the width of the source.
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Changes in the maxi nrum di ssol ved concentration, C,, over tinme are nodel ed
using one of three options. The value of C, can be constant for all time
(steady-state):
G =GC t>0 (5.5)
or a finite pulse, T, years in duration, of constant concentration
C =G O<t <T, (5.6)

or finally, an exponentially decaying pul se given by:

C, = Cexp(at) t>0 (5.7)
wher e
G = user-specified | eachate concentration [ng/ (]
A = source decay rate constant [1/yr]

The second, alternative source boundary condition allowed by the nodel is a
rectangul ar patch source of thickness H and width 2y,., A schematic di agram of
this boundary condition is shown in[Figure 5. I(b).] It can be nathematically
expressed as:

(G, -Vo<Y<Yy, and 0<z<H

c0,y,z,t) =9 (5.8)
0 (Yo<y or y<-y,) and H<z<B

In Equation 5.8, C, [mg/ (] is the dissolved concentration of the solute at the
source. It is assuned to be uniformover the effective width of the facility
and the depth of the source and varies in tine as shown in Equations 5.5

t hrough 5.7.

C(x,y,2,0) -0 (5. 9a)
Q(x, t=,2,t) -0 (5. 9¢)
Q= y, 2, t) -0 (5. 9b)
%(x,y, B t) -0 (5. 9e)
%:(x, y,0,t) =0 (5. 9d)
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In addition to the source boundary condition, the initial and additional
boundary conditions used by the npdel can be expressed as:

cx,y,z,t) :gcf(x,y,t) +ACp(x,y,z,t) (5.10)

Equation 5.9a inplies that background concentrations of the contam nant in the
aquifer are zero. Equations 5.9d and 5.9e inply that there is zero flux of
contam nant at z = 0 and z = B.

5.2.1 Solution to the Gaussi an Source Boundary Condition

Huyakorn et al. (1987) and USEPA (1985) have presented anal ytical solutions
for the systemof Equations 5.1 to 5.4 and Equation 5.9. The general solution
can be expressed as:

where G and AGC, are functions given by:

G(xy.t) = ¢ "F(x,y, ) exp(-n1) du (5.11)

2t v 1 nmz . niH,
nGy (X, y, z, t) 7?2; FCOS(T) sm(T) (5. 12)
fot F(x,y, 1) exp (-B,1) dt
in which
£ - C,ox exp ( Vs*x)
Sz 2 P 2 (5.14)
1 X 2 y?
F(x,y, = ~exp (- -
( y T) _[3/2( 202 + 4Dy*_[)l/2 p( 4DX*_[ 4Dy*_[ + 2 2) (5 13)
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\YAG
n= oot A (5. 15)
X

wher e

D., D), and D, = the retarded dispersion coefficients (D/R, D/R,
D/R) inthe x, y and z direction

the retarded solute (seepage) velocity [V, = VJR]

the variable of integration

T

Note that in the event that H= B (i.e., the source fully penetrates the
saturated formation), AC, = 0 in Equation 5.10. At any distance, x, fromthe
source, the maxi mum contami nant concentration occurs at the centerline of the
pl ume and can be represented as:

C(x,0,0,t) =

wl T

G(x,0,1) +ACp(X, 0,0,1) (5.17)

where G(x,0,t) and AG/(x,0,0,t) are given by Equations 5.11 and 5.12 with
arguments y and z set equal to zero, and the function F(x, 0, 1) defined as:

F(x, 0, 1) - exp (-x? 4D;1) (5. 18)
! ! _[3/2 (202 + 4Dy*_[) 1/2 .

As t approaches infinity, a steady-state condition is reached. The steady-
state concentration along the plune centerline can be expressed as:

* H * *
C'(x,0,0) = ¢ G'(x,0) +1G(x 0,0 (5.19)
wher e
2 u?n’
(%, 0) - ¢ [Texp [~ Tph - x (2= yv2yau (5.20)

G (x, 0,0 = 22 % %sin(”i"'

P B (5.21)
2 u?D” .
-f‘”exp[fcj2u Cx (—x o Bywz gy
0 2 D; D;
and
2C,0 A o
A
(2m) 1z P ZDX* (5. )
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The solution for the transient state (i.e., Equations 5.10 to 5.16) in

MULTI MED i s achi eved by incorporating a pre-existing code, EPATMOD ( Huyakorn
et al., 1986). Simlarly, the steady-state solution (i.e., Equations 5.19
through 5.22) in MJLTI MED nakes use of a pre-existing code named EPASMOD
(Huyakorn et al., 1986).

Note that for large pulse durations, the transient solution is identical to
the steady-state solution. However, the steady-state solution is
significantly faster than the transient solution and should be used for

st eady-state conputations. Finally, note that the nodel uses the principle of
superposition to conpute the plunme concentration for a pulse source, i.e., a
contanmi nant source of finite duration, T..

5.2.2 Solution to the Patch Source Boundary Condition

Sudi cky et al. (1988) have presented the analytical solution to the system of
Equations 5.1 through 5.3, 5.8, and 5.9. The general solution can be
expressed as:

x(z,-2,) . (x-V1)2

C(x,vy,z,t) =C, —m—_ expt{ - —=—_ -A(t

( y ) o 4B( HDX*) 1/2 fo P 4DX*_[ ( )

—%3 [erfc{——zlzﬂﬂg} ferfc{——zizﬂﬁg ]d=

T 2(D)1) 2(D)1)

x-Vr1)?
+ G, _x ft exp { - S————iil— -At-1) - At) ;2 (5.23a)
ZEQUﬁf’Z 0 AD/t T

“[erfc (Y Yo} erfe {&}] . Zw: %

2( Dy*_[) 1/ 2 2( Dy*_[) 1/ 2 o1
nmz nmz n2m?D’
-[sin{HBZ}fsin{HBl}] cos(n—gz) exp{—%}d’
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2, - 0 (5. 23b)
and
Z, = H (5. 23c)

If the solution is desired along the plane y = 0, Equation 5.23a can be
sinmplified by noting that the term

y-y yry
erfc{——=° _} -erfc{——=2
2( Dy*_[) 1/ 2 2( Dy*_[) 1/ 2 ( 5. 24a)

reduces to:

Yo

2 -2erfc{—2__}
2(Dy*_[) 1/ 2

(5. 24b)

Wen z = 0, the termcos(nnz/B) becomes 1. A nore substantial sinplification
results in the case of a fully penetrating source (i.e., z, = 0 and z, = B).
In this case, the entire second integral termin Equation 5.23 vani shes.

Simlarly, for the steady-state case the solution is:

C(x,y,z) =C ﬂ()\ V2’1 4D) Y2 exp VsX
A o HB( D)l/2 ZD*
1
.f_i’/o Kl[()\JrV/4D)( (y[g/*) )12 dy
c X2, (yy9? D,
D? D;
ZCOX - 1 . Hzl n z
+ — — [sin 5.25
2 (DX"Dy")”2 2 : X; n (- B 8 ) (5 29)
© (N + VZ/4D] + n?pD;/ BY) V2 [0 1
Yo 2 R 2
xZ . yy"
D D;
-Kl[\'()\+VS*ZI4DX*+n 22D/ B?) ( (yDy*) )] dy*
X
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where K, is the nodified Bessel function of the first kind and first order
Note that the second integral termin Equation 5.25 vanishes again in the case
of a fully penetrating source.

An alternative formulation of the steady-state solution for the case where y =
0 is:

C(z,-z)) x ) V"X .
=2 X (A+V¥/4D)) V2 exp (=—
2(uD)) V2B ( 2 P 2DX*) fo

2
ma berf (

41 2_[1/2

1
32

C(x, 0,2) =

exp{ -1 -

' (5. 26)
Cox Vs 1 . nmoz, . nnz, nz
+H(T;)1,ZGXP(ZD*)§F[S|n( 5—) ~sin(—g=)1 cos (%)

mya®
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(A + V4D; + n?n?D;/ B?) V2 fo“’ exp{ -1 - berf ( ) dt

a? = (5.27)

_ MV 4D,

D

m 2 (5.28)

_ MVF4D, %D,/ B?,

D

m, (5. 29)

As before, for the case of a fully penetrating source and/or when z = 0, this
solution can be further sinplified. The above solutions, Equations 5.23 to
5.26, were earlier progranmmed in a code named PATCH3D. This code has been

i ncorporated i nto MIULTI MED

5.2.3 Receptor Well or Stream Location

A schematic of the receptor location relative to the waste facility is

presented in Figure 5.2. The location of a well is determ ned by specifying
in the input the radial distance to the well, the angle between the plune
centerline and the radial l|ocation of the well neasured countercl ockw se, and
the depth of penetration of the well. The code conputes the cartesian
coordi nates of the well |ocation as:

X, = RCos v (5.30)
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y, =RSiny (5. 31)

wher e
R = the radial distance to the well [m
] = the angl e neasured countercl ockwi se fromthe plume centerline
[ degrees]
X;, ¥, = the cartesian coordinates of the well location [nj
The z coordinate of the well is specified in the input as a fraction of the

total depth of the aquifer, neasured fromthe water table downward. Based on
the input, the code calculates the z-distance in nmeters fromthe water table
to the well. The well is assuned to have a single slot at that depth.

When the surface water nodule is used, a streamis the receptor instead of a
well. The streamlocation is determ ned fromthe radial distance to the
receptor alone (i.e., the angle off-center and z-distance are not used).

5.2.4 Tinme Values for Saturated Zone Concentrations

VWen operated in transient node, MJILTIMED requires that tine values for

cal cul ati ng the groundwater concentration at the well be entered by the user
(The steady-state nodel does not require time values.) The source termfor
the transient nodel can be either a square wave pul se, formed by a constant

| eachate concentration of finite duration, or an exponentially decaying pul se,
formed by specifying a source decay rate. In either case, the concentration
at the well builds gradually, reaches sone peak val ue, and declines as the

di spersed pul se passes the well. The user must enter the tine values that
capture the various conmponents of the pulse as it passes the well, such as the
break-through time or the time of nmaxi mum concentration. An analytica
technique to exactly predict when the pulse will reach the well or when the
maxi mum concentration wll occur has not been devel oped. However, the
foll owi ng equati ons may provide a reasonable estimate of the tinme, T,, when
maxi mum concentration will be reached:

T. = XR/V, + 0.5T; (5.32)
wher e
x = x-distance to the well
R, = retardation factor in the saturated zone
V, = groundwat er seepage velocity

T, duration of the |eakage pul se

Using this as a starting time, the user can begin a search that should | ead
quickly to the tine values of interest. A good tine step, Ty, tO use in the
search is given by:

Tstep = 0. 4T, (5.33)

If the unsaturated zone is included in the sinulation, T, should be set to the
ti me when the unsaturated zone concentration has passed its maxi numand is
about half way back to zero. This can be found by making an initial nodel run
and exam ning the resulting unsaturated zone tine series found in the output
file VTRNSPT. OUT.
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5.3 Assunptions and Linitations

Following are the list of assunptions inherent in the saturated zone transport
nodul e:

(a) A single aquifer with uniformthickness is nodel ed. The saturated,
por ous nedi um properties are isotropic and honogeneous. The nodul e
cannot be used to sinulate transport in fractured nmedia unless the
fractured nediumis represented as an equival ent porous fornmation.

(b) The ground water flow velocity is steady and uniform This inplies
that the recharge through the facility and into the groundwater
plume is small conpared to the natural (regional) flow

(c) Contam nant degradation/transformation follows the first-order rate
law and is restricted to biodegradati on and hydrolysis. The latter
is a second order process fromwhich the first order rate is
obt ai ned using the existing environmental pH.  This assunption is
conservative since it neglects degradation due to other mechani sns
such as oxidation, reduction, etc. Further, the npodel does not
i ncl ude by-products of degradation

(d) Contami nant sorption follows a |inear adsorption isotherm
Adsorption takes place instantaneously and the adsorbed phase is in
| ocal equilibrium

(e) The initial contam nant concentration in the aquifer is zero.
Assunptions regarding the source boundary conditions and the extent
of the formati on have been discussed in Section 5.2.

5.4 Coupling of the Unsaturated and Unsaturated Zone Modul es

When nodeling the transport of contam nants through the unsaturated and the
saturated zones, an inportant requirenent is that the principle of
conservation of mass be satisfied (i.e., the mass flux of contam nant that

| eaches fromthe bottom of the unsaturated zone (or out of the facility in the
absence of an unsaturated zone) nust be equal to the nass flux that enters the
saturated zone). This mass flux consists of the sum of advective and

di spersive mass fl uxes.

5.4.1 Steady-State Coupling

The mass that reaches the water table fromthe facility can be expressed as:
M-=AQCG (5. 34)

wher e

the mass that | eaches out of the facility [g/yr]

the area of the facility [nf]

percol ation rate [myr]

concentration in the |l eachate fromthe facility [g/n¥] if
attenuation within the unsaturated zone is neglected or the
unsaturated zone is absent. Alternatively, C is the
concentration at the bottom of the unsaturated zone.

0OP=
nnoun
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The mass flux that is advected into the saturated zone is cal cul ated by
integrating the source concentration in the y direction from-« to +~ and over
the depth z = 0 to z = H Thus the nmass flux advected into the aquifer is:

M= [" [* ax =0y 2) Vo dydz (5. 35)

=—co

wher e

M, = mass flux advected into the aquifer [g/yr]

C(x=0,y,z) = concentration as a function of y and z at the source [g/n?,
ng/ (] as expressed by Equation 5.4 or 5.8

t he seepage velocity in the saturated zone [nfyr]

ef fective porosity of the saturated zone (cc/cc)

V, =
6} =
Simlarly, the mass flux that enters the saturated zone due to di spersion can
be expressed as:

wher e

My
D}

mass flux dispersed into the aquifer [g/n?
di spersion coefficient in the x direction [n¥/ yr]

5.4.1.1 The Gaussian Source Boundary Condition--

Substituting Equation 5.4 into Equation 5.35 and integrating, with C, assuned
uni form over the source depth H, vyields:

Ho [+ oC
M, = fbo fm 6 D, = | odydz (5. 36)

Ungs (1987) has evaluated the integral in Equation 5.36 to yield:

M, = (2m) Y20V,6HC, (5.37)
42 R.D
M, = (2m)Y20V,6HC[ -1/2 + 1/2 (1 + %)1/2] (5. 38)
S
wher e

As = the first-order decay coefficient [1/yr]
R = the linear retardation factor [dinmensionless]
D, = the longitudinal dispersion coefficient [nf/yr]

Note that in the event, that D, = 0, the dispersive flux, M, is zero.

The total flux into the saturated zone is given by the sum of advective
(Equation 5.37) and dispersive (Equation 5.38) fluxes:

M = (2m) Y2 oV, 6HC, ¢, (5. 39)
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As = the first-order decay coefficient [1/yr]
R, = the linear retardation factor [dinmensionless]
D, = the longitudinal dispersion coefficient [nf/yr]

Note that if ¢, is set equal to unity, it inplies that the dispersive flux is
negl ect ed.

42 ,R.D

(1 + V—Szx)llz] (5.40)

JN
lw]

I
N|
+
N|

Equating Equations 5.34 and 5.40 yields the followi ng expression of the mass
bal ance:

AQGC, = (2m) Y2 0V,0HC, ¢ (5. 41)

The above equation is used to couple the unsaturated and the saturated zone
nodel s under steady-state conditions.

Equation 5.41 can be rearranged to yield:

AQ
G = (2972 Vohoi, G (5.42)
or
G = (NWF)C (5. 43)

The factor NMF can be thought of as representing a near-field dilution effect
or the effect of mxing belowthe facility. Based on purely physica
consi derations, this factor should be |l ess than or at npbst equal to unity.

5.4.1.2 The Patch Source Boundary Condition
Substituting Equation 5.8 into Equation 5.35 and substituting Equation 5.23a

into Equation 5.36 and integrating, the total nmass entering the saturated zone
can be expressed as:

2
s

42 R.D
M = 2y V,6HC, + 2y V,0HC {-1/2 + 1/2 (1 +-—%;il)”4 (5. 44)
or letting

) V7] (5. 45)

JN
lw]
|
N|
+
Nl
—~
|_\
+

45



t hen,

Mr - 2yo\/s,e|_K:o<D (5. 46)

In Equation 5.44 the first termrepresents the advective mass flux and the
second termrepresents the dispersive mass flux entering the saturated zone.
Equating Equation 5.46 to Equation 5.34 yields the mass bal ance expression
used to couple the unsaturated and saturated zone (patch source) nodel under
st eady-state conditions:

_ AQ
R (5:47)

5.4.2 Unsteady-State Coupling

For the case of unsteady-state transport in the unsaturated zone, the nmmss
flux at the water table varies in tinme and the above approach for coupling the
unsaturated and the saturated zone is no longer valid. |In the unsteady state,
concentrations in the saturated zone are deternined using the convol ution

i ntegral approach that superinposes the effects of source changes over tine as
fol |l ows:

_ [t oC” B
ax,y, zt) 7f0 = | f(xy, 2zt - 1) d (5. 48)
wher e
C(t) = the concentration at the water table at tinme t [ng/]

f(x,y,z,t) = the normalized (with respect to source concentration)
solution of the saturated zone anal ytical solution [ng//(]

In Equation 5.48, the value of f(x,y,z,t) is obtained using Equations 5.10 to
5.16 (with C, = 1) for the case of a gaussian source boundary condition or
Equation 5.23a (with C, = 1) for a patch source boundary condition. |In the
conputer code, the integral is nunerically evaluated using the trapezoida

rul e.

5.5 Data Requirenents

Table 5-1 lists the primary input paraneters required to conpute the
contam nant concentrations in the saturated zone. These paraneters are
classified into the followi ng groups:

) Source-specific parameters
) Chemi cal -specific paraneters
) Aquifer-specific paranmeters

—~~—
WN -

A nunber of the paraneters listed in Table 5-1 can be derived using ot her
variables (presented in Table 5-2) and a set of enpirical, sem -enpirical or
exact relationships. The derivation of paraneters by the code is discussed
bel ow

5.5.1 Source-Specific Paraneters
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The source-specific paraneters which can be derived are the spread of the
source, the source width, the source | ength, and the source thickness (which
is actually classified as an aquifer paraneter in the input). These are

di scussed below in terns of the Gaussian and the Patch boundary conditions.

5.5.1.1 The Gaussi an Source Boundary Condition

As described in Section 5.2, the gaussian source boundary condition is

uni quely specified when o (the standard deviation of the gaussian source), H
(the thickness of the source) and C, (the maxi num gaussi an concentration) are
specified. Note that in the event of a finite duration source, an additiona
paranmeter, T, (the duration of the source), is necessary.

Sour ce Thi ckness (M xi ng Zone Depth) -- Percolation of water through the
facility (and unsaturated zone, if it exists) results in the devel opnment of a
m xi ng zone below the facility. This is shown in Figure 5.2. 1In the

saturated zone nmodule, this mxing zone is the "source" of the contami nants,
hence the term source thickness is used interchangeably with the term m xing
zone depth. The thickness, H, of the m xing zone depends on the vertica

di spersivity of the nedia. If a value for His not known, it can be derived
using the followi ng relationship:
LQ
H:(ZO(VL)lIZJrB(l*EXp(*@)) (5.49)

wher e

Oty = the vertical dispersivity [n]

L = the length scale of the facility--i.e., the dinmension of the

facility parallel to the flow direction [n]
B = the thickness of the saturated zone [nj

In Equation 5.49, the first termrepresents the thickness of the mxing zone
due to vertical dispersion and the second termrepresents the thickness of the
m xi ng zone due to the vertical velocity below the facility resulting from
percol ation. The derivation of the second termis presented in Appendix A
VWile inplenenting this alternative, the code checks that the conputed val ue
of the thickness of the source, H, is not greater than the thickness of the
aqui fer, B.

The Spread of the Gaussian Source -- The standard devi ation of the gaussian
source is a neasure of the spread of the source. It can be derived by the
code using:
o=W6
wher e
W = the width scale of the facility--i.e., the dinmension of the
acility orthogonal to the groundwater flow direction

t
f
[MDividing by 6 inplies that 99.86 percent of the area under
t he gaussian source is flanked by the width of the facility.

The Length Scale and the Wdth Scale--1f the length, L, or the width, W of

the source is not known, they can be derived by assuming that the waste
di sposal facility has a square shape and taking the square root of the area:
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L= (A)Y? (5.51)
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are specifi ed.

5.5.1.2 The Patch Source Boundary Condition

The patch source boundary condition is uniquely specified when the w dth of
t he source, 2y, the source thickness, H, and the uniform concentration, C,

The first two of these paraneters can be derived.

Over al |

TABLE 5-1. Primary Paraneters Used in the Saturated Zone Transport Nbdul e
Par anet er s Units
Sour ce- Speci fi ¢ Paraneters
Area of the |and disposal facility [ ]
Leachate concentration at the waste facility [mg/1, g/nf
Ei t her:
St andard devi ation of the source (Gaussian) [m
or
W dt h of source (Patch) [m
Infiltration rate myr]
Recharge rate into the plune myr]
Duration of the pul se yr]
Sour ce decay constant 1/ yr]
Aqui f er-Specific Paraneters
Porosity cc/ cc
Thi ckness of the aquifer n
Thi ckness of source n
Seepage velocity myr]
Di spersivities (longitudinal, transverse, vertical)
Ret ardati on coefficient di mensi onl ess]
Radi al distance fromthe site to the receptor
Angl e between the plune center and the receptor degr ees]
Well vertical distance fraction]
Ti me val ue at which concentration is required yr]

Cheni cal - Speci fic Paraneters

Ef fective first-order decay coefficient
Di stribution coefficient

Cheni cal Decay Coefficient
Solid phase decay coefficient

Di ssol ved phase decay coefficient
Bul k density

Di stribution coefficient
Porosity
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TABLE 5-2. Paranmeters Used to Derive Other Saturated Zone Transport Modul e

Par anet er s

Par anet er s Units
Solid and Di ssol ved Phase Decay Coefficients
Ref erence tenperature [°C]
Aqui fer tenperature [°C
Second- order acid-catal ysis hydrolysis rate
constant at reference tenperature [ ol e-yr]
Second- order base-catal ysis hydrolysis rate
constant at reference tenperature [ o ol e-yr]
Neutral hydrolysis rate constant at reference
tenperat ure [1/7yr]
pH of the aquifer [ pH uni ts]
Ret ar dati on Coef fi ci ent
Bul k density [g/cc]
Distribution (i.e., adsorption) coefficient [cc/q]
Porosity [cc/cc]
Bul k Density
Porosity [cc/cc]
Porosity
Mean particle dianmeter of the porous nedium [emM
Particle Dianeter
Porosity [cc/cc]
Di stribution Coefficient
Normal i zed distribution coefficient
for organic carbon, K [cc/gl]

Fractional organic carbon content

Seepage Vel ocity
Hydraul i c gradi ent

Hydraul ic conductivity
Porosity
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TABLE 5-2. Paraneters Used to Derive Ot her Saturated Zone Transport Modul e
Par anet ers (concl uded)
Par amet er s Units

Hydraul i ¢ Conductivity

Porosity [cc/cc]
Mean particle dianeter of the porous nedi um [cm

Thi ckness of the Source (M xi ng Zone Depth)

Length of the land disposal facility [ M
Thi ckness of the aquifer [ M
Seepage vel ocity [myr]
Porosity [cc/cc]
Infiltration rate through the facility [myr]
Vertical dispersivity [ m
St andard Devi ation of the Source
Wdth of the |and disposal facility [ M
Length and Wdth of the Facility
Area of the land disposal facility [ n¥]
Di spersivities
Radi al distance fromthe site to the receptor [m

Source Thi ckness (M xi ng Zone Depth)--If the source thickness is not specified
directly, it is derived in the sane way as for the Gaussi an source.

W dth of the Patch Source--The width of the patch source should be input as a
user-specified value. However, the width of the source can be derived as the
square root of the area using Equation 5.51.

5.5.2 Chenical -Specific Parameters

Two chemi cal -specific paraneters shown in Table 5-1 can be derived from ot her
paraneters: the overall chenical decay coefficient and the distribution
coefficient. Two additional chenical-specific paraneters (shown in Table 5-2)
can be derived as well. They are the solid phase and the |iquid phase decay
coefficients.

5.5.2.1 The Overall Chenical Decay Coefficient

The overall chem cal decay coefficient for the saturated zone can be input
directly. Wen it is not known, it can be derived by the code using the first
termin Equation 5.3. |If the solid-phase and the |iquid-phase decay
coefficients are unknown, they too can be derived fromtenperature-corrected
val ues for hydrolysis rates, as described below. Note that chenica
degradation within the saturated zone is limted to hydrolysis and the by-
products of hydrolysis are assuned to be non-hazardous.
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The aci d-catal yzed, neutral and base-catal yzed hydrolysis rates are all
i nfluenced by groundwater tenperature. This effect is quantified in the code
usi ng the Arrhenius equation, that vyields:

T _ T, 1 B 1
I<d,n,b - I<d,r'|,bexp[Ea/Rg(-I-r +273 T+273)] (552)
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wher e

KI', and K[, = the second-order acid- and base-catalysis hydrolysis rate
at tenperature T, and T respectively [/ ol e-yr]

K' and K = the neutral hydrolysis rate at tenperatures T, and T
respectively [1/yr]

T = tenperature of the groundwater [ °C

T, = reference tenperature [ °C

R, = universal gas constant [1.987E-3 kcal /deg- nol e]

E, = Arrhenius activation energy [kcal/nole]

Note that, using the generic activation energy of 20 kcal/nole recomended by
Wlfe (1985), the factor E/R, has a val ue of about 10, 000.

The acid catal yzed, base catal yzed and neutral hydrolysis rate constants are
conbined (M|l et al., 1981) to yield the conposite, first order, dissolved
phase hydrolysis rate:

A= KITHT + KT+ KT O] (5.53)

wher e

t he hydrogen ion concentration [nole/(]

[ OH! t he hydroxyl ion concentration [nole/(]
Note that [H] and [OH! are both conputed fromthe pH of the aquifer, i.e.,
[H] = 107" (5. 54)
[OHT] = 107(*4»9 (5. 55)

For the case of sorbed phase hydrolysis, evidence suggests that base
neutralized hydrol ysis can be neglected and that the acid neutralized
hydrol ysis rate is enhanced by a factor of o Thus, the effective sorbed
phase decay rate is expressed as:

Ny = akTHT + KT (5. 56)

where o is the acid-catalysis hydrolysis rate enhancenment factor for the
sorbed phase with a typical value of 10.0.

5.5.2.2 The Distribution Coefficient

The rel ationship npst suited for relating the chem cal distribution
coefficient, K;, to soil or porous nedium properties is discussed in detail by
Kari ckhoff (1984). |In the absence of user-specified values, hydrophobic

bi nding is assuned to domi nate the sorption process. For this case, the

di stribution coefficient can be related directly to soil organic carbon
content using:

Ky = Koe Foc (5.57)
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wher e

Koe = nornmalized distribution coefficient for the chemical on organic
carbon [ m/ g]

foc = organic carbon content in the saturated zone [di nensionless
fraction]

5.5.3 Aquifer-Specific Paraneters

O the 12 aquifer-specific input paranmeters shown in Table 5-1, six can be
either input directly or derived. |In addition, some of the paraneters used to
derive these primary paraneters (see Table 5-2) can al so be derived.

5.5.3.1 Retardation Coefficient

The retardation coefficient can be derived in the code using Equation 5.2.
5.5.3.2 Porosity and Mean Particle D aneter

In the absence of a user-supplied value for porosity, 6, it can be cal cul ated

fromthe particle dianeter using the follow ng enpirical relationship (Federa
Regi ster, Vol. 51, No. 9, pp. 1649, 1986):

6 - 0.261 - 0.0385 | n(d) (5. 58)

wher e

d = the mean particle dianeter [cn].
Using the sanme relationship, the mean particle dianeter can be derived froma
user-supplied value for porosity. Thus, only one or the other nay be derived
in a given sinulation
5.5.3.3 Bulk Density
The soil bulk density directly influences the retardation of solutes and is
related to the soil structure. An exact relationship between the soi
porosity, particle density, and the bulk density can be derived (Freeze and
Cherry, 1979). This relationship is used in the code to derive bul k density.

Assuming the particle density to be 2.65 g/cc, the relationship is expressed
as:

Pp = 2.65(1 - 6) (5.59)

wher e
[ = the bulk density of the soil [g/cc].
5.5.3.4 Seepage Velocity
The seepage velocity is related to aquifer properties through Darcy's Law

Assuming a uniform saturated porous nedium the seepage velocity can be
derived in the code using the follow ng relationship:
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wher e

K = the hydraulic conductivity of the formation [myr]
S = the hydraulic gradient [mn
S, = porosity [dinensionless]

Note that in general, the hydraulic gradient is a function of the loca

t opogr aphy, groundwater recharge volune and | ocation, and the vol une and

| ocation of groundwater withdrawals. Further, it nay also be related to the
porous nedi a properties.

5.5.3.5 Hydraulic Conductivity
In the absence of site-specific neasurements, a hydraulic conductivity val ue
can be derived using approxi mate functional relationships. One such

rel ationship, the Kozeny-Carman equation (Bear, 1979), is included in the
nodel :

(5.61)

wher e
K = the hydraulic conductivity [cns]
o) = the density of water [kg/nf]
g = accel eration due to gravity [m s?
Il = the dynami c viscosity of water [N s/nf]
d = nmean particle dianeter [cm

In Equation 5.61 the constant 1.8 includes a unit conversion factor. Both the
density of water, p, and the dynamic viscosity of water, u, are functions of
tenperature and are conputed using regression equations presented in CRC
(1981). Note that at 15°C, the value of [pg/1l.8u] is about 478. After using
Equation 5.61 to derive a value for hydraulic conductivity, the code converts
the value to units of neters per year

The only use of the hydraulic conductivity parameter in MILTIMED is to conpute
t he seepage velocity. Therefore, if the user chooses to input the seepage
velocity directly, instead of specifying it as a derived paraneter, the
hydraul i c conductivity value is not needed.

5.5.3.6 Dispersion Coefficients

The nodel conputes the longitudinal, lateral and vertical dispersion
coefficients as the product of the seepage velocity and longitudinal (o),
transverse (o), and vertical (o) dispersivities. |In the absence of user

specified values for dispersivities, the nodel allows two alternatives.

Al ternative one is based on the values presented in Gel har and Axness (1981).
Di spersivities are calculated as a fraction of the distance to the
downgr adi ent receptor well, as follows:

o - 0.1x, (5.62)
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) (5.63)
oy = 0. 0560 (5.64)
where x, = the distance to the receptor well [m. Option one is sumarized in
Tabl e 5-3(a).
Alternative two allows a probabilistic formulation for the I ongitudina
di spersivity as shown in Tables 5-3(a) and 5-3(b) [CGel har (persona
conmuni cation), 1986]. The longitudinal dispersivity is assumed to be uniform
within each of the three intervals shown in Table 5-3(b). Not e that the

val ues of |ongitudinal dispersivity shown are based on a receptor well
di stance of 152.4 m For other distances, the follow ng equation is used:

a(X,) = a(x, - 152.4)(x,/152. 4)°5 (5. 65)

TABLE 5-3(a). Alternatives for Including Dispersivities in the Saturated
Zone Fl ow Modul e

Alternative 1 Al ternative 2
Di spersivity Exi sting Val ues Gel har's Recomrendat i on
o [m 0.1 x, Probabilistic Formulation
(See Table 5-3(b))
or [ M 0. 333 o o/ 8
oy [ M 0. 056 o o/ 160
oy o 3 8
o/ Oy approx. 18 160
TABLE 5-3(b). Probabilistic Representation of Longitudinal Dispersivity for
a Distance of 152.4 m
Cl ass 1 2 3
o (m 0.1-1 1-10 10- 100
Probability 0.1 0.6 0.3
Cumul ati ve 0.1 0.7 1.0
Probability

The transverse and vertical dispersivity are assunmed to have the foll ow ng
val ues:

Oy = O(L/8 (5.66)

o, = o/ 160 (5.67)
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5.5.3.7 Source Thickness (M xi ng Zone Dept h)

The derivation of this aquifer-specific paraneter is discussed in Section
5.5.1.1.

SECTI ON 6

The Surface Water Mbdul e

6.1 Introduction

This chapter presents details about the fate and transport of a toxic chem ca
[ nt in rface streamas included in MILTIMED. As illustrated in
Figure 6.1(a and b)|, the nodule is based on the assunption that contani nation
of the streamoccurs due to the conplete interception of a steady-state
groundwater plunme. Interception of a finite pulse source can not be
simul ated. Also, the case of partial penetration of the plune is not
considered. Further, the case of stream contam nation due to direct overl and
runoff froma 'failed waste containnent facility is not discussed. This

route of exposure has been anal yzed and di scussed in detail by Anbrose et al
(1985).

The techni cal approach presented in the follow ng sections is based on the
surface water exposure assessnent nodel devel oped by Anmbrose et al. (1985),
and an enhanced version of that surface water nodel, termed SARAH2
(Vandergrift and Anbrose, 1988).

6.2 Mathematical Description of the Surface Water Mbdul e

The surface water nodel assunmes conplete interception of a contani nant plune
by a stream perpendicular to the streamas shown in|Figures 6-1(a) and 6-1(b).|
Further it is assuned that at x=0 (the downstream edge of the near-field

m xing region), the river is laterally as well as vertically mxed. Wth
these assunptions, the foll owi ng mass bal ance equation can be witten:

M -G (Q+Q) (6. 1)
wher e
M, = contam nant mass flux entering the stream [g/yr]
C = the near-field fully m xed contani nant concentration in the
stream [g/ n? or ng/ (]
Q = groundwat er discharge [n¥/ yr]
Q = stream di scharge [nm¥/ yr]

The stream discharge is supplied by the user. The groundwater discharge, Q,
is calculated as:

Q - Vo0 (H + 2/ax)) (3.920 + 2,/0X,) (6.2)
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wher e

V, = the steady-state retarded seepage velocity [nfyr]

S, = the porosity [cc/cc]

H = the depth of penetration of the source [ni

Oy, O = the vertical and transverse dispersivity [m

Xs = the distance of stream fromthe downgradi ent edge of the waste
di sposal unit [n]

o = the standard deviation of the source [M

Equation 6.2 calculates the volunetric flux fromthe groundwater, Q, using a
steady-state retarded seepage velocity and an estimte of the cross-sectional
area of the plune that intercepts the stream The cross-sectional area is
estimted based on the vertical and lateral spread of the plunme under uniform
flow conditions. Note that in Equation 6.2, the factor 3.92 accounts for 95%
of the area of the initial gaussian source. |In the event that the patch
source boundary for the saturated zone nodel is used, the term3.92c in
Equation 6.2 is replaced by W the width of the patch source.

For a continuous, steady source of contami nant at the waste disposal facility,
the mass | oading to the stream M, for steady-state conditions is:

wher e

M - M exp (- 2 exp (- 22X (6.3)
v V.

v

M = mass flux of contam nant |eaching fromthe | and di sposal
facility [kg/yr] (also see Equation 5.34)

Ay = the overall decay coefficient in the unsaturated zone [1/yr]

d, = the distance travel ed by the contami nant within the unsaturated
zone [mM

Vv, = the retarded seepage velocity in the unsaturated zone [myr]

Asey X5, V. = the corresponding quantities for the saturated zone

In the event that the unsaturated zone is sinmulated as a | ayered system
consisting of n layers, Equation 6.3 can be nodified as:

d
M- Moexp [~ 3 (200, ] exp [~ 22 (6.4)

Conbi ni ng equations 6.1 and 6.3 or 6.4 gives the concentration of the

contam nant in the fully mxed portion of the stream at the downstream edge of
the near field m xing zone. At a downstream |l ocation within the stream the
cont ani nant concentration [ng/( is reduced due to degradation. Assuning a
first order degradation rate, the downstream concentration is:

Ci(xp = C, exp ( 7}\\/RXR

R

) (6.5)
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wher e

C(xg) = contam nant concentration in the stream [ng/ (]

AR = the in-streamdecay rate [1/yr]

Xgr = the distance fromthe downstream edge of the nixing zone to the
point of interest [ni

Vi = the mean in-streamvelocity of flow [nfyr]

The npdel estimates the in-stream decay rate, A and the nmean in-stream
velocity of flow, Vg by nmethods described bel ow

6.2.1 Conputation of the In-Stream Decay Coeffi cient

The in-stream fate processes of volatilization and hydrolysis are included in
t he nodel and assunmed to be first order reactions. The overall decay
coefficient is represented as:

wher e

Mg = (Kg + KD X 3.15E7

K'g = the hydrolysis rate constant at the in-streamtenperature, T
[1/yr]
Kk = the volatilization rate constant [1/yr]

The factor 3.15E7 changes the units of Xz from[1l/s] to [1/yr]. The nomi nal
hydrol ysis rate constant is calculated fromthe acid-catal yzed, neutral and
base-catal yzed hydrolysis rate constants (Burns et al., 1982; MII| et al.,
1981):

K = KW [HT (of g o+ F) + Kr v KT [OH] f

wher e
KI' and K" = the second-order acid-catalysis and base-catal ysis
hydrolysis rate constant at the reference tenperature, T,
[ o nol e-yr]
o = the neutral hydrolysis rate at tenperature, T, [1/yr]
[ H] = hydrogen i on concentration
o = sorption catalysis hydrolysis rate enhancenent factor for the
sorbed conpound [ di nensi onl ess]
K, = neutral hydrolysis rate constant at the reference tenperature
[1/yr]
fe = fraction of the chenical that is sorbed [di nensionless]
fo = fraction of the chenical that is dissolved [dinmensionless]
[OH] = the hydroxyl ion concentration [nole/(]

Note that [H] and [OH] can be conputed fromthe pH of the stream

The hydrolysis rate constants can be expressed as a function of tenperature by
usi ng the Arrhenius equation:

Kir = Aexp [ -E/R;T] (6.8)
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wher e

E, = the Arrhenius activation energy [kcal/nol]
= the gas constant [1.987E-3 kcal /deg-nol]
T = the tenperature [K]

The pre-exponential factor, A has the sane units as the hydrolysis rate
constant. Using the above equation, the hydrolysis rate constant is corrected
to anbient streamtenperature by using the follow ng expression:

E
Kk - KEexp LR (1g7g ~ 17 (6.9)

where Tz and T are the reference tenperature and in-streamwater tenperature in
°C. Note for the case when the activation energy is 20 kcal/nole, the value
of E/R, is 10,000. This value is used in the nodel.

The second transformation pathway considered is volatilization. The
vol atilization rate constant is calculated fromthe Witmn, or two-resistance
nodel (Whitman, 1923; Burns et al., 1982):

21 1
Kk = TZ ?{—:Tg fo (6.10)
wher e
Kk = the volatilization rate constant [1/s]
D, = nean stream depth [n]
R = liquid phase resistance [s/n]
Rs = gas phase resistance [s/ni

The second termin Equation 6.10 represents the conductivity of the conpound
through a liquid and a gas boundary | ayer at the water surface. The liquid
phase resistance to the conpound is assuned to be proportional to the transfer
rate of oxygen, which is linmted by the |liquid phase only:

R = —— 6.11
Ko, Doy 32T WV (6.11)
wher e
Koz = reaeration rate constant [1/s]
MV = nol ecul ar wei ght of the conpound [ g/ nole]
32 = nol ecul ar wei ght of oxygen [ g/ nol e]

The gas phase resistance to the conpound is assuned to be proportional to the
transfer rate of water vapor, which is linmted by the gas phase only:

1

Re  THTRD VaT(18/ Wy

(6.12)
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wher e

WAT = vapor exchange constant [ nTf sec]

H = Henry's | aw constant [atm ni/ nol e]

R = ideal gas constant [8.206 x 10° ni-at m nol °K

T = stream water tenperature [ °K]

18 = the nol ecul ar wei ght of water [g/nole]
The reaeration and water vapor exchange constants will vary with streamreach
and time of year. They can be cal cul ated using one of several empirica
formulations. |In this nmodel the reaeration rate constant is calculated by the

Covar method using streamvelocity, Vg and depth, D,, corrected for
tenmperature (Covar, 1976). The water vapor exchange constant is cal cul ated

using wi nd speed and a regression relation proposed by Liss (1973):

WAT = 5.16 x 10™° + 3.156 x 10° W (6.13)

where W= nmean wi nd speed at 10 cm above surface [m sec].

W nd speed neasured above 10 cmis adjusted to the 10 cm hei ght assuming a
logarithmic velocity profile and a roughness height of 1 mm (Israel sen and
Hansen, 1962):

W= W log (0.1/0.001)/1 og(z/0.001) (6.14)
wher e
W = wi nd speed at height z [nfsec]
z = wi nd neasurenment height [m

6.2.2 Calculation of the Mean In-Stream Vel ocity

The nean in-streamvelocity, Vg is estimated in MILTI MED as:

V. - (D,) ?3(SLOPH n) V2 (6. 15)

wher e

D, = nean streamdepth [n]
SLOPE = channel sl ope [dinensionl ess]
n = Manni ngs roughness coefficient [di nensionless]

6.3 Exposure Due to Surface Water Contamination
6.3.1 Routes of Exposure

Three routes of exposure to toxic substances in surface streams are considered
in the nmodel. These are human exposure due to drinking contan nated water,
human exposure due to the consunption of fish exposed to the contani nated
water, and exposure to aquatic organisns. |Figures 6.2(a)| [6.2(b) and 6.2(c)|
show fl ow charts of the various stages between failure of the waste

contai nnent facility and these exposure routes. MJILTIMED uses the
concentrations, C; and C, to predict the concentration of a contam nant in
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drinking water, fish, and/or aquatic organisns. Based on these results and
usi ng procedures discussed in Section 9.6, the user can manual |y back-

cal cul ate the maxi num al | owabl e concentrati on of the contami nant in the waste
di sposal facility that is protective of human health and toxic aquatic

ef fects.

6.3.2 Human Exposure to Toxics through Drinking Water

Human exposure to dissolved chemcals in drinking water is assuned to occur

t hrough water obtained froma treatnent plant |ocated downstream fromthe
initial mxing zone. The water is assuned to be treated by a primary settling
process all owi ng suspended solids and adsorbed chenmicals to settle. The

i nfluent concentration, C;is reduced to a concentration of C,, in the effluent
drinking water fromthe water treatment plant. This concentration is
represented by:

Cow = fpCo (6.16)

where f, is equal to the fraction of the contaminant that is dissolved. It can
be expressed as:

&K
fDA,?:::TZ; (6.17)

where C,4 = sorbed concentration [ng/¢]. The dissolved aqueous concentration
C,, and the sorbed concentration, C, can be related by:

_ Cad
K, - Toic (6.18)
wher e
S = sedi ment concentration [ng/ (]
K, = the equilibriumdistribution coefficient [ ng]

Further, it can be shown that for the sorption of hydrophobic organic
conpounds:

Ky = Koe Foc (6.19)

wher e

Ko
f oc

the organic carbon partition coefficient [ kg]
organi ¢ carbon content of suspended solids [fraction]

Substituting Equations 6.18 and 6.19 into Equation 6.18, f, is expressed as:

1

fD: KocfocS+1 (629
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and the fraction of sorbed contaninant is (1 - f).
6.3.3 Human Exposure to Toxics Due to Fish Consunption

Di ssol ved neutral organic conmpounds in the water can be taken up by fish

t hrough exchange across the gill and gut nenbranes, and through the skin.
Cont am nated food can be ingested, resulting in further exchange of conpounds
across the gut nenbrane. Concentration levels in the fish rise until the
activity of a conmpound in the blood equals the activity of that conmpound in
the water. This condition represents chenical equilibrium Further uptake of
t he conpound, which results in higher blood concentrations, will |lead to net
exchange out of the fish through the gill, gut, kidney and skin. The whol e-
fish concentration of the pollutant can be expressed as:

C- =K. fyC (6.21)

where K: equals the entire fish partition coefficient or the bioconcentration
factor. Note that the use of the near-field, in-streamconcentration, C,, in
Equation 6.21 rather than the downstream attenuated concentration, C; assunes
that the fish reside continuously within the nost polluted reach of the stream
and, hence, is a conservative assunption.

If the fish is exposed to a steady aqueous concentration over a |ong period of
time, the distribution of the compound within the lipid and non-lipid tissues
of the fish will equilibrate so that:

C =KG (6.22)
and
G = K G (6.23)
wher e
G = the |ipid phase biomass concentration [ ng/kg]
G = the concentration in the bl ood[ ng/ ]
K, = the lipid phase partition coefficient [ kg]
C. = the non-lipid (blood, nuscle) phase bi onass concentration
[mo/kg] o o
Kae = the non-lipid phase partition coefficient [ kg]
Negl ecti ng bi oaccunul ation, the equilibriumconcentration in the blood will
not exceed the dissolved concentration in the river, i.e.,
G =G (6. 24)

The average whol e fish concentration, C. [ng/kg], can be expressed as the
wei ghted sum of the tissue concentrations:

G =f,C+(1f) C, (6.25)
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where f, = lipid fraction of the fish biomss [di nensionless].

Conbi ni ng Equations 6.22 to 6.25 with Equation 6.21, C. can be expressed as:

G=[fK +(11) K] f5C (6.26)

Conparing Equation 6.21 and Equation 6.26, the entire fish partition
coefficient can be expressed as:

Ke = [T + (1-F) K (6.27)

For | ess hydrophobi c conpounds, K, may contribute significantly to K.. Non-
lipid tissue is conposed primarily of water along with protein and
carbohydrates. By replacing K, with the octanol-water partition coefficient
and assunming that partitioning to non-lipids is less than or equal to 1% of
the partitioning to lipids, the nodel cal culates a conservative estimte of K
as:

K. - K, (f, +0.01) (6. 28)

The octanol water partition coefficient, K,, is approximted using the
correlation with K, devel oped by Karickhoff et al. (1979):

Koe = 0.41 K, (6.29)

6.3.4 Exposure of Aquatic Organisns to Toxics

Aquatic organi snms are exposed to contaminants present in the stream Only

di ssol ved speci es of a conpound cross the nmenbranes of aquatic organisns and
cause internal exposure. There is sonme evidence, however, that the presence
of suspended contani nant solids can enhance the rate of uptake and the

i nternal exposure to a conpound. Also, the Criterion Continuous Concentration
(CCC), which is set to protect against toxic effects to aquatic organisns, is
usual ly referenced to the total concentration of the contami nant in the
stream Therefore, exposure to aquatic organisns is estimted by using the
total concentration of the compound in the stream

6.4 Assunptions and Linitations

Following is a list of inportant assunptions on which the surface water nodul e
i s based:

(a) The surface stream nodel considers the case of conplete plune
i nterception only.

(b) The nodul e considers only the case of a steady-state continuous
source at the landfill.

(c) The streamis laterally and vertically well mxed. This inplies
that the streamis relatively small
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(d) The only in-streamtransport process considered is |lunped first
order decay due to volatilization and hydrol ysis.

(e) The nunicipal water treatnent plant assunes renoval of contam nants
by adsorption onto particles that are renoved by sedi nentation or
filtration processes.

(f) The concentration of the contaminant in fish is assuned to be at
equilibriumwith the near-field, in-streamconcentration

6.5 Data Requirenents

Table 6-1 lists the surface water and chenical input parameters required to
conpute the in-stream concentration, as well as concentrations in drinking
wat er, fish, or aquatic organisns. The surface water nodule rmust be run in
conjunction with the saturated transport nmodule (and the unsaturated zone
nodul es, if needed). The saturated zone paraneters are listed in Tables 5-1
and 5-2. Note that the location of the streamis specified using saturated
zone paraneters (see Section 5.2.3).

TABLE 6-1. Paraneters Required for the Surface Water Modul e

Par anet er s Units

Surface Stream Specific Data

St ream di schar ge [ n¥/ sec]
Di stance to drinking water plant intake
Mean stream depth
Manni ngs roughness coefficient di mensi onl ess]
Channel sl ope di mensi onl ess]
Sedi ment concentration g/ (]
Organi ¢ carbon fraction of suspended solids di mensi onl ess]
pH of the stream pH units]
I n-stream tenperature °C]

Fraction of fish that is lipid di mensi onl ess]
W nd speed ' s]
Hei ght at which wi nd speed is neasured ni

Cheni cal Specific Data

Ref erence tenperature [°C
Second- order acid catalysis hydrolysis rate

constant at reference tenperature [ nol e-yr]
Second- order base catal ysis hydrolysis rate

constant at reference tenperature [ ol elyr]
Neutral hydrolysis rate constant at reference

tenperat ure [1/yr]
Henry's | aw const ant [ at m ¥/ nol e]
Mol ecul ar wei ght of the contani nant [ g/ mol €]
Normal i zed partition coefficient (i.e., K,) [ M/ g]

For Monte Carlo sinulations, the paraneters shown in Table 6-1 nay be input as
constant values or as distributions. The values of sone of these paraneters
can be conputed indirectly using the paraneter estimation nmethods discussed in
the MULTI MED user's manual .
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SECTION 7

The Air Eni ssions Mdul e

7.1 Introduction

This chapter describes the algorithmused to estinate the air em ssion of
toxi ¢ substances from | and-based waste disposal facilities. The current
version of the air emnissions nodule includes an algorithmto simulate the

em ssions from Subtitle Cfacilities. Algorithms to estinmate enissions from
i mpoundnents and Subtitle D facilities are currently not included in

MULTI MED s air enissions nodul e

The nodel accounts for diffusive transport through porous nmedi a based on
Fick's law. The effect of atnobspheric pressure fluctuations and other
transport processes is accounted for by enpirical factors. Approxi mate val ues
of these paraneters, based on avail able nunerical and anal ytical studies, are
i ncl uded.

The current version of the air em ssions nodul e assunmes that the wastes
contained in the facility are suitably segregated into cells so that there is
no chem cal or biochenical activity within the facility. The case of co-

di sposal with nmunicipal or liquid wastes is not considered here. This
suggests that the possibility of gas generation within the landfill is highly
unlikely. Further, the waste is considered to be covered with soil. Thus,
the conpl ex process of enissions fromuncovered wastes is not included in the
nodel .

The nodel's air emissions estinmates are i ndependent of predictions of
unsaturated/saturated transport. Therefore, in the current version of the
code, the air emni ssion and dispersion sinulations are run separately from
subsurface transport sinulations.

This chapter is restricted to the air-em ssions nodule only and does not
i ncl ude any di scussion of near field or far-field dispersion or transport
processes. The latter is discussed in Section 8.

7.2 Governing Equations
7.2.1 The Air Em ssions Diffusion Mde

The nodel described bel ow was first devel oped by Farmer et. al. (1978) for
conmputing the vapor flux of hexachl orobenzene through a dry soil cover froma
landfill. This nmethod treats the waste volatilization or vapor |oss of the
chemical froma landfill as a diffusion controlled process using Fick's Law
for steady-state diffusion. The diffusion into the atnosphere is assuned to
emanate froma plane surface with a constant concentration. The emi ssion rate
i s expressed as:

E - A\TN D, (C, - C,)TSEC (7.1)
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wher e

E = the enission rate of chemical i [g/yr]

L = nean depth of the soil cover [cn

D, = effective diffusion coefficient for chemical i in soil [cn¥ s]
Cii = pore space concentration of chemical i [g/cc]

C. = concentration of the chemcal i in air [g/cc]

A, = area of the land disposal facility [cn¥]

TSEC = the number of seconds in a year [s]

7.2.2 The Effect of Atnospheric Pressure Fluctuations

The nodel, as presented above, accounts for only the diffusive transport of
vapors through the porous media. The effect of atnmospheric pressure
fluctuations that 'punp' chenical vapors fromthe waste disposal facility is
not considered. Typical ranges of atnospheric pressure fluctuations are
presented in Table 7-1

The occurrence of large baronmetric changes is associated with the passage of
weat her fronts, typically 4 to 8 days in duration. Clenents and W1 kening
(1974) investigated the effect of large scale atnospheric changes in ?Rn flux
across a soil-air interface. Field data show that pressure changes of 1 to 2
percent associated with the passage of frontal systems produce changes in the
22Rn flux from 20 to 60 percent, depending on the rate of change of pressure
and its duration. This finding was confirnmed in a | aboratory experiment using
a vertical colum of ?*Ra-bearing sand. Lu and Matuszek (1978) observed
sim |l ar atnospheric pressure-induced gas flow of tritiated conpounds from
waste in a conmmercial radioactive-waste |land burial site.

TABLE 7-1. General Characteristics of Atnobspheric Pressure Fluctuations’

Par anet er Frontal Passage Di urnal Variation Local Gustiness
Pressure 10- 20 1-3 0.1-0.2
Ampl i tude

(nm Hg)

Dur ati on 4-8(d) 24(h) 10- 30(s)

"Springer et al. (1986)

The punping effect of diurnal baronetric variations in extracting gases and
vapors from subsurface porous formations apparently has not been investigated

in detail. Fukuda (1955) investigated air and vapor noverment in soil due to
wi nd gustiness. The soil depth to which air can penetrate as a result of w nd
gustiness is very small. It was found that in sandy soil with nmean particle

di ameters of 0.25 to 0.5 nm air penetrates only about 5 nm bel ow the surface.

Model s that sinulate the effect of pressure fluctuations (Thibodeaux, 1982)
have not been sufficiently calibrated and verified. However, this effect has
been incorporated into MILTI MED by using an enpirical factor, eg  Thi bodeaux
(1982) conputed a value of 1.13 for this factor using a numerical sinulation
nodel and two weeks of atnospheric pressure data.

7.2.3. Oher Transport Processes

Thi bodeaux et al. (1986) conpared the flux estimted using Equation 7.1 with
experimental data (w thout atnospheric pressure fluctuations). Their results
i ndicate that Equation 7.1 underestimtes fluxes by a factor of approxi mately
three . This anonmaly between the nmeasured and conputed val ues has been
ascribed to the process of surface diffusion (Cussler, 1983) that occurs on
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the walls of soil grains. This is a relatively fast process and could
account, in part, for the enhanced fl uxes.

In the absence of detail ed physical understanding of this process, it is best
to incorporate its effect as an enpirical enhancenent factor, e;.

I ncorporating the two enpirical factors, e and eg, into Equation 7.1, the
nodel equation can be expressed as:

E - A\TN D, (C,; - C;) ey & TSEC (7.2)

The concentration of the chemical in air, C;, is assunmed to be zero in the
code. This is valid for the case of high wind velocities at the surface that
rapidly transport vapor emnissions away fromthe | and di sposal unit.

7.2.4 Conputation of the Diffusion Coefficient

The effective diffusion coefficient for a chemical in soil, D, is conmputed in
the code using a general, enpirical relationship proposed by Currie (1961).
The rel ationship, which is based on a hydrogen di ffusion experinment, accounts
for the effect of npisture content:

D, = vD, 677 (6)° (7.3)
wher e
D, = diffusion coefficient for chemical i in air [cn¥ s]
0, = air-filled porosity of soil [cc/cc]
6 = total porosity of soil [cc/cc]
o = exponent which is 4.0 for granular material subject to npisture
testing
\% = factor which varies with soil type (0.8 to 1.0)
Il = exponent which varies with soil type (1.4 for spherical grains

(sand), 2.6 for kaolin (clay) and 11.0 for plate m nerals)

The effect of tenperature on the diffusion coefficient is considered in the
code using:

T
DoT = DoR(T_R)l.S (74)

where Dy and D, = the diffusion coefficients at the reference tenperature, T
and tenperature of the waste disposal unit, T, respectively.

7.2.4.1 Effect of Engineering Controls

The current version of MILTIMED can not account for the effect of engineering
controls. |If the effect of conposite engineering controls, such as vegetative
soil, a synthetic nmenbrane, or a drain layer, is inportant to results,
Equation 7.2 can be solved by manual cal cul ati on using the resistances-in-
series concept. The total effective diffusion for the cover can be conputed
as:
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D o total
total,i Z( Ln) (7.5)
N Deni
wher e
L, = the thickness of each |ayer [cn]
D.ni = the effective diffusion coefficient for chemical i in layer n
[ cnt/ sec]
N = total nunber of |ayers
Lista = sum of thickness of the N layers [cni

7.2.5 Conputation of Vapor Concentration, C

The accuracy of the emnission estinates obtained using the above nodel
significantly depends on the accuracy with which the vapor concentration in
the pore spaces of the waste disposal unit is conputed. This concentration
depends on the properties of the chenical species, the chemcal quantity in
the cell, and the state of the chenmical with respect to the other materials in
the cell. Table 7-2 (Thi bodeaux, 1982) shows a categorization of the various
states of chenical substances in landfills and the equilibriumlaws that can
be used to deternine the pore space chemi cal concentration. Further details
about these nethods is available in Goves et al. (1984).

Application of these eight different theories to conpute the pore space
concentration requires detailed information that is typically not avail able
for a waste facility. MJILTIMED air em ssion nmodul e assunes that the
information is not available and therefore adopts a conservative approach
Maxi mum vapor phase chemi cal concentrations of solid wastes in pure formor as
m xtures of solid flakes and granul es are considered. For such conditions, it
is safe to assune that a chemical will exert pure conponent vapor pressure.
Thus, the saturation vapor concentration for a chemical in the waste can be
determ ned using the ideal gas |aw

X Py M
R (7.9
wher e
M = nol e wei ght of chemi cal i [gm nole]
R = nol ar gas constant (nm Hg-cn¥/ <K- nol e)
T = tenperature of the landfill [ °K]
X = nole fraction of chemical i in the mxture [dimensionless]
P, = vapor pressure of chemical i [mmof mercury]

7.3 Assunptions and Linitations

Following is the list of assunptions on which the air enissions algorithmis
based:

(a) The air emissions algorithmis not applicable to the case where
landfill gas is generated within the facility.
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(b)

(¢)

(d)

Far field atnospheric dispersion of the contaminants is treated
separately as discussed in Section 8.

Enhancenent in the rate of em ssions due to baronetric punping and
ot her, as yet undefined processes, is included using enpirica
factors.

The vapor phase contam nant concentration within the | and di sposa
unit is conmputed assuning that the unit contains chenicals in pure
solid state. This is a conservative approach in that it tends to
overpredict the eni ssion of contam nants.

7.4 Data Requirenents

The data required for the air em ssions nodel are shown in Table 7-3.

TABLE 7-3.

Par anmeters Required for the Air Enm ssions Mdul e

Par amet er s Units
Air Em ssion-Specific Paraneters
Ef fective depth of the soil cover [cm
Wat er content of the soil [cc/cc]
Total porosity of the soil [cc/cc]
Empirical coefficients to conpute diffusion Y, H, O
coefficient in soil froma known diffusion [ di mensi onl ess]
coefficient in air
Fl ux enhancenment factor due to baronmetric
pressure fluctuations [ di mensi onl ess]
Enhancenment factor due to other transport
processes [ di mensi onl ess]
Tenmperature of the |andfill [ °C
Cheni cal - Speci fic Paraneters
Mol e wei ght of the cheni cal [ g/ mol €]
Mol e fraction of chemical in landfill [ di mensi onl ess]
Vapor pressure of chem cal [ M of nmercury]
Di ffusion coefficient for chenmical in air
at a reference tenperature [ cnt/ s]
Ref erence tenperature for air diffusion [°]

Sour ce- Speci fi ¢ Paraneters

Area of the land disposal facility (converted
to cnf in program [ n?]
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SECTI ON 8

Air Dispersion Mdule

8.1 Introduction

This section describes the air dispersion nodule used to cal culate the
at nospheric transport of vapor enmissions froma Subtitle Clandfill. It nust
be run in conjunction with the air em ssion nodel described in Section 7.

Pollutants emitted fromlandfills will be transported by advection due to the
mean wind field and by di spersion due to vertical and horizontal turbulent

wi nd fluctuations. During devel opnment of MJULTI MED, over 60 air dispersion
nodel s that sinulate these transport processes were reviewed and classified
into the follow ng five categories:

Grid nodel s

) Traj ectory nodel s

i) Gaussi an nodel s

) Screeni ng | evel nodels
M scel | aneous nodel s

As will be discussed in subsequent sections, the nodel selected for inclusion
is a long-termgaussian plunme nodel simlar to the VALLEY nodel (U.S. EPA
1977). This type of nodel has been verified through extensive use, accounts
for long-termvariations in neteorological conditions, and involves a |evel of
conput ational effort appropriate for MILTIMED. 1In the current version of the
nodel, the air dispersion nmodule has received only limted testing.

8.2 CGoverning Equations
8.2.1 The Gaussian Di spersion Equation
The general gaussian equation for the ground-level concentration of a

pol lutant at a receptor |located at a distance, x, froma point source (Wark
and Warner, 1981) is:

__RD IRVRAY
c MEXP[ i(?)] (8.1)
v~z y
wher e

C = ground | evel pollutant concentration at distance, x, fromthe
source [ng/ (]

Q = source enission rate [g/s]

R = termthat accounts for vertical plume dispersion and
refl ection, conmputed using Equation 8.2

D = termthat accounts for chem cal decay, conputed using
Equation 8.3

U = wi nd speed [m s]

Oy = horizontal (transverse) dispersion coefficient [mn

o, = vertical dispersion coefficient [m
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y = transverse di stance fromthe plune centerline [ni

This equation is derived by solving the one-di nensi onal, advecti on-di spersion
equation and assunming a gaussian distribution of pollutant in the transverse
and vertical directions. Note that the horizontal and vertical dispersion
coefficients are functions of atnospheric stability and the distance between
the source and the receptor.

The term R, that accounts for vertical dispersion and the reflection of the
plume at the ground surface and at the top of the atnospheric mxing |ayer, is
conput ed usi ng:

= 2nL - 2nL +
R = Z {eXp[f%(nTHa)z] Jrexp[—%(nTHa

N=-« 7 7

)21} (8.2)

wher e

H,

hei ght of the plune centerline above ground [m
L t

= t hi ckness of the atnmpospheric mixing layer [m
Further, in Equation 8.1, Dis an exponential decay termused to account for
the transformati on and cheni cal degradation of pollutants:

D = exp (fk-é) (8.3)

wher e
k = a first-order decay rate constant (1/s)

Equation 8.1 assunes constant neteorol ogi cal (w nd speed, direction
stability) and source em ssion conditions in level terrain, and is valid only
for cal culating steady-state ground-Ilevel concentrations. To estimate the
long-term (i.e., seasonal, annual) average concentrations for periods during
whi ch neteorol ogi cal conditions change, a frequency-wei ghting approach, which
cal cul ates concentrations for all possible conbinations of wind direction,

wi nd speed, and stability class, is used.

The distribution of neteorol ogical conditions over time is described by a
joint frequency distribution of wind direction, wind speed, and stability.
The range of possible wind directions in an area is represented by dividing
the areal x-y plane into 16 equal w nd direction sectors each subtending an
angl e of 2n/16 radians at the location of the point source (see.
W nd speeds are simlarly described by dividing the range of possible w nd
speeds into six equal intervals, with each interval represented by a single
average wi nd speed. The six average w nd speeds comonly used for reporting

nmet eorol ogi cal data are supplied as defaults in the MJLTI MED preprocessor
They can be nodified by the user, if desired.

At mospheric stability is a nmeasure of the turbulence in the atnosphere. The
two types of turbulence present in the environnent are convective and
mechani cal . Convective turbul ence describes the turbul ence caused by

di fferences between tenperature at different heights (i.e., heat flux).
Mechani cal turbul ence describes the m xing caused by wind shear. Atnospheric
stability is represented by the Pasquill-Gfford (PG classification schene,
conposed of the six discrete categories A through F defined in Table 8-1.
Stability Class A the npst unstable class, is dom nated by convective
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activities typical of a sunny day with light winds. Stability Class D, or
neutral stability, describes a well-m xed atnbsphere and is domni nated by
mechani cal turbulence. Stability Cass F, the nost stable class, describes a
stratified atnosphere where tenperature increases with height and winds are
light. This is typical of a clear calmwi nter evening. Pollutant rel eases
di sperse the nobst under unstable conditions and the | east under stable

condi tions.

To account for the variability of wind direction, pollutant concentrations are
averaged in the y-direction across each wind direction sector

16 QRD
G - 25, U, y2n (8. 4)
wher e
C = average ground | evel pollutant concentration in sector

i [ng/1]
di stance fromthe source to the receptor along the plune
centerline [n]

x
o
1

Note that the transverse dispersion terns in Equation 8.1 have been repl aced
by the inverse of the sector width (2mx, /16).

The | ong-term average concentration is then conputed by wei ghting
concentrations for each conbination of wind speed, wi nd direction, and
stability class by the corresponding joint frequency of occurrence. Thus the
| ong-term average concentration froma point source is expressed as (U S. EPA,
1977):

16 RS D
= == fool—"
Q 21 iil ji;; Z; "k[ Ujgzxd/ZE] (8.5)
wher e
C = long-term average ground-Ilevel pollutant concentration [ng/(]
fiik = the joint frequency of occurrence of the i'" wind direction,
j'™™ wind speed, and k'" stability class [di mensionless]
S = a smoot hing function conputed using Equation 8.6

[ di mensi onl ess]
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TABLE 8-1. Atnospheric Stability Categories

Cat egory Descri ption

A Extrenely unstable
Moder at el y unstabl e
Slightly unstable
Neut ra

Slightly stable

m m O O W

Moderately stable

In Equation 8.5, S is a smoothing function used to elimnate discontinuities
in concentrations cal cul ated near the boundaries of the wind direction
sectors. Frequencies for a wind direction sector may be very different from
those in the two adjacent sectors, resulting in unrealistic discontinuities at
the sector boundaries. To avoid this effect, the receptor concentrations are
cal cul ated as wei ghted averages of concentrations in the wind direction sector
in which the receptor is located and the two adjacent sectors. The weighting
(or snoothing) factor is the normalized distance of the receptor from sector

centerlines as shown in Thus:

w -y,
S = = ' (8.6)
wher e
w = the distance between sector centerlines at the receptor [ni
Yi = the distance of the receptor fromthe centerline of sector

i [m

Equation 8.5 is the key equation used by the air dispersion nodule to

cal cul ate ground-| evel concentrations at various distances fromthe waste

di sposal facility. The follow ng sections describe the application of the
gaussi an equation to area sources, the estimation of plume rise, nethods for
cal cul ating vertical dispersion coefficients, and terrain corrections.

8.2.2 Area Source Approximations

Area sources are used to represent enmissions fromlandfills and from areas
where point sources are too numerous to sinulate individually. Emssions from
t hese sources are expressed as mass fluxes per unit area. Concentrations
resulting fromarea sources are calculated fromthe gaussi an point source

di spersion equation using the virtual point source approximtion. The

| ocation of the virtual point source is determ ned such that the horizonta

pl ume di spersion at the centroid of the area source is equal to the w dth of
the area source. For long-term sector averagi ng nodels, the virtual point
source is located such that the distance between the wind direction sectors at
the centroid of the area source is equal to the width of the area source

-
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Thus, the distance, X, used in Equation 8.5 is the distance fromthe virtua
poi nt source to the receptor along the sector centerline. However, the

di stance used in calculating the decay term (Equation 8.3) is the distance
fromthe centroid of the area source to the receptor (i.e., the actua

di stance travel ed by the pollutant).

The air dispersion nodul e has an additional correction to the virtual source
approxi mati on to account for receptors very close to the source. Receptors
near the source will not be affected by the entire area source, since
contributions fromportions of the area will be carried past the receptor. In
these cases the effective source area is reduced as shown in The
em ssion rate used in Equation 8.5 is then the product of the effective source
area and the landfill emi ssion rate per unit area.

8.2.3 Plune R se

Gaussi an plune nodels cal cul ate dispersion after the plume has stabilized to
its initial height of rise. During enmission the plune nay rise vertically due
to initial buoyancy and monmentum  However, em ssions fromlandfills and ot her
area sources will often have negligi bl e buoyancy or nonentum These em ssions
occur by diffusion through the landfill cap naterial and will in general have
a tenperature close to the anbient tenperature. Area sources are therefore
usual | y nodel ed by assum ng that the plunme centerline does not rise above the
el evation of the source during enission. An option is available, however, to
estimate initial plune rise by assuming that the height of rise fromarea

sources is linearly proportional to wind speed (Irwin et al., 1985):
U
h = (%) ahs (8.7)
wher e
h hei ght of plune rise [nj

Ahg = height of rise at U=5 nls [n
In the above relationship, aAh; is a nodel input parameter which must be
determ ned by the user fromfield studies or other estimation nethods.

8.2.4 Estimation of Vertical Dispersion Coefficient

The vertical dispersion coefficient determnes the vertical distribution of

pollutant in the plume and is a critical paraneter in estinmating ground |eve
receptor concentrations. The vertical dispersion coefficient increases with
turbul ence and with distance fromthe source. The nodel allows the user to

sel ect between two options for estimating this paraneter. The first is the

Pasquill-G fford fam |y of curves derived using the expression

o,=ax”+c (8.8)

where a, b, and c are experinentally derived constants associated with the six
nmet eorol ogi cal stability classes. The values of a, b, and ¢ for the six
stability classes, which are listed in Table 8-2, are included in the code as
data statements
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TABLE 8-2. Constants for PASQUI LL- G FFORD Curves for each Stability C ass

X > 1000 m
Stability = A B C D E F
a . 001 . 0476 . 1192 . 615 2.63 3.6
b 1.89 1.1 1.91 5.4 5.1 5.14
c 9.6 2.00 -25 . 5- 126. -75
100 m < x 1000 m
Stability = A B C D E F
a . 001 . 0476 . 119 . 187 . 1345 . 362
b 1.89 1.11 . 915 . 755 . 745 .55
c 9.6 2.00 -1.4 -1.1 -2.7
X < 100 m
Stability = A B C D E F
a . 1742 . 1426 . 1233 . 0804 . 06 . 0434
b . 936 . 922 . 905 . 881 . 854 . 814
c 0 0 0 0 0 0
Source: U. S. EPA (1977).
The Pasquill-G fford curves were derived froma series of experinments on
di spersion in flat terrain, and may not be applicable to all locations. |If

data on wind turbul ence are available for the site, the vertical dispersion
coefficient can be cal culated by the nodel fromthe standard deviation of the
wi nd el evation angle. This is the second option:

20,1
O =
z In[ge(XJrro) + h (8.9)
O(x -1, +h
wher e
Oe = the standard deviation of the wind elevation angle [radians]
ro = radi us of source [n]

Note that the standard deviation of the wind elevation angle, o, is also
referred to as the vertical turbulence intensity and is defined as the
standard devi ation of vertical wind velocity fluctuations divided by the nmean
wi nd speed. The radius of the source is calculated as the square root of the
area of the facility divided by two.

8.2.5 Terrain Effects

No gaussian nmodel explicitly sinulates the effects of terrain on neteorol ogy
or on the trajectory of the plune (i.e., trapping in valleys, obstruction by
hills, etc.). However, MILTIMED does account for the effect of elevation on
t he height of the plunme centerline above the ground surface. The plune
centerline is assunmed to remain at a constant el evation; the effective hei ght
of the plunme is then nodified for receptors higher or |ower than the source:
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(Z, - Z)=<h
(Zr - Zs)>h

(8. 10)



wher e

H, = effective height of plune centerline above receptor [nj

h = the hei ght above ground of the plune centerline at the source
Z = el evation of the receptor [ni

Z, = elevation of the ground at the source, assunmed zero in the

nmodel [m

When (Z, - Z) > h, the nodel assunes that the plunme centerline is at the
ground surface.

The nodel al so has two options for using a terrain correction, which is a
function of the atnospheric stability. Under stable conditions, the terrain
correction is calculated as described above. For unstable and neutra
conditions the npdel assunes that the plune always remains at the initia

hei ght above the ground surface. Under these conditions the plume centerline
essentially parallels the ground surface.

8.3 Assunptions and Linitations

The foll owi ng assunptions and limtations apply to the air dispersion nodule
of MUILTI MED:

(a) The concentration profile of the pollutant is assuned to be
gaussi an in the transverse and vertical directions.

(b) Calculated concentrations are |long-term averages and w |l not
i ndi cate the nmaxi mum concentrations which night result fromextrene
nmet eor ol ogi cal conditions.

(c) The nodel does not account for the effects of terrain on the shape
of the plune or the trajectory of the plune.

(d) The pollutant is assuned to be a non-buoyant vapor which neither
rises nor settles out of the plunme due to gravitational forces.

(e) Sources are assuned to be square areas with constant eni ssion
rates.

(f) Chenmical transformation of the pollutant is nodel ed by | unped
first-order decay; no nechanistic descriptions of processes such as
photol ysis are included in the nodel.

8.4 Data Requirenents

I nput data for the air dispersion nmodul e i nclude paraneters describing the
receptor, the source, and the |local nmeteorology. The data requirenents are
listed in Table 8-3. Note that in MJULTIMED the source enission rates are
estimted by the air em ssions nodul e, described previously in Section 7.

The code allows the user either to assign a constant wind and stability
condition or to use a wind-stability frequency-wei ghting approach. For the
first condition, Equation 8.5 is solved using a constant wi nd speed and
constant stability condition, supplied in the input. The direction of the
wind is assunmed to be the sane as the direction of the receptor
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For the second approach, a separate input file of joint frequency
distributions is required to solve Equation 8.5. This joint frequency
distribution of stability, w nd speed, and wind direction is used to conmpute
seasonal average concentrations. For the usual configuration of 16 w nd
direction sectors, 6 wind speeds, and 6 stability classes, 576 (16 x 6 X 6)
joint frequency entries are required. Typically this joint frequency
distribution is available as STAR (Stability Array data) sunmaries for
airports but may be difficult to find for other | ocations.

TABLE 8-3. Paraneters Required for the Air Dispersion Mdule

Par anet er s Units

Sour ce- Speci fic Paraneters

Area of the land disposal facility
(converted to cnf in the code) [ n¥]

Air Dispersion-Specific Paraneters

Hei ght of plune rise at a wind speed of 5 nis [m

M xi ng | ayer thickness [m

St andard devi ation of wind el evation angle [ radi ans]

Recept or el evation [m

Recept or distance fromthe source [m

Receptor angle fromthe source [ radi ans]

Decay coefficient for pollutant in air [s7]
Ei t her:

Const ant wi nd speed [ m s]

Constant stability condition [ di mensi onl ess]
or

W nd speeds for 6 cl asses [m s]

Joint frequency distribution for each w nd

speed, direction, and stability cl ass [ di mensi onl ess]
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SECTION 9

Uncertainty Analysis

9.1 Introduction

As described in the previous sections, MILTIMED sinul ates the novenent of
contami nants emanating froma waste disposal facility. The nodel includes
algorithms that sinulate the novenent of the contaminant within the
unsaturated zone, the saturated zone, a surface stream and the atnosphere
based on a nunber of user-specified paraneters. These include chemical -
speci fic, nedia-specific, source-specific and receptor |ocation-specific
par amet er s.

Typically the val ues of these paraneters are not known exactly due to

measur enent errors and/or inherent spatial and tenporal variability.
Therefore, it is often nore appropriate to express their value in terns of a
probability distribution rather than a single determnistic value and to use
an uncertainty propagation nodel to assess the effect of the variability on
t he nodel output.

This section presents the uncertainty propagation method inplenented in the
MULTI MED code. The nethod allows a quantitative estimate of the uncertainty
in the concentration at a downgradi ent receptor |ocation due to uncertainty in
t he nodel input paraneters.

9.2 Statenent of the Problem and Techni cal Approach

The objective of the uncertainty anal ysi s/ propagati on approach is to estimate
the uncertainty in the receptor concentration given the uncertainty in the

i nput parameters. |In other words, the objective is to estimte the cunmul ative
probability distribution of the downgradi ent well concentration given the
probability distribution of the input paraneters. As an exanple, C, represents
t he downgradi ent well concentration

G = 9(X) (9.1)

where X represents the vector of nodel inputs and g represents the
conput ati onal algorithms for transport in the unsaturated and the saturated
zones. Sone or all of the components of X may vary in an uncertain way (i.e.

Fe(C") - Probability(C,<C") (9.2)

they are random vari abl es defined by cumul ative probability distribution
functions). The goal is to calculate the cumulative distribution function,
Fc (C), given a probabilistic characterization of X. Note that F%JCQ is
diined as:

where C,is a given downgradient well concentration.
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Fi ve nmet hods of evaluating F. (C,) were examined in order to select the nost
appropriate nethod for NULTI@%D (WCC, 1986). The nethods are:

1. First-Order and First-Order-Second- Moment Anal ysis (FO FOSM;
2. Mnte Carlo Simulation (M);

3. Discretization of Probability Distributions (DPD)

4. Response Surface Analysis (RS); and

5. Rackwitz-Fiessler Method and its variants (RF).

The selection criteria included:

1. Conputational efficiency, nmeasured by the nunmber of response
calcul ations required to achieve a given |level of precision in
estimation of an output statistic (in this case, the 90th percentile
of the output distribution).

2. Accuracy in evaluation of the output statistic (e.g., a specified
percentil e val ue).

3. Cenerality of application, so that a number of modul es and i nput
conditions, and all sources of uncertainty, can be accomrodat ed by
t he sane uncertainty-propagati on net hod.

4. Sinplicity of usage, neasured by the nunber of paraneters that nust
be specified by the user for each application

5. Conpl eteness of the information produced, which may include only the
mean and variance of the output distribution or may be the whole
di stribution, and which may or may not contain information useful
for uncertainty deconposition

6. Flexibility with respect to input distributions, so that the nethod
woul d be able to accommdate a nunber of different input
di stributions.

Using the above criteria, a qualitative conparison of the various uncertainty-
propagation nmethods is included in Table 9-1. Based on the evaluation of the
met hods and a know edge of MJLTI MED, the Monte Carlo sinulation nmethod was

sel ected. This approach is sinple, unbiased and conpletely general. Further
the nmethod is especially attractive when there are nmany input variabl es that
are randomy distributed, because the efficiency does not depend on the

di nensionality of the input vector. Further, because the nodel is analytical
it is not very expensive to run a |large nunber of independent executions of
the nodel to achieve satisfactory confidence linmits on the downgradi ent wel
concentration. Details of the Monte Carlo nethod are discussed bel ow
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TABLE 9-1. Qualitative Conparison of Uncertainty-Propogati on Methods

Criterion FO, FOSM MC DPD RS RF
Conput at i onal
Ef ficiency * ok * % - - ** *
Accur acy * * * *x *x
Generality * % * ok * * *
SI rrp||C|ty * k% % * k% % * k% % * % *
I nformation
Pr OdUCBd * % * * % * % * k%
Variation of Fy ** ** ** * ok *
-- - criteria not satisfied
* - criteria partially satisfied
** - criteria satisfied in genera

*** _ criteria satisfied

9.3 The Minte Carl o Anal ysis Techni que

Figure 9.1]illustrates the Monte Carlo nethod used in MILTIMED. G ven a set
0

determ ni stic values for each of the input paraneters, X, X, . . . X, the
conposite nodel conputes the downgradi ent receptor concentration, C, i.e.
G =9 (X X X ... X) (9.3)

Application of the Monte Carlo sinulation procedure requires that at |east one
of the input variables, X, . . . X, be uncertain, with the uncertainty
represented by a cumul ative probability distribution. The method involves the
repeat ed generation of pseudo-random val ues of the uncertain input

vari abl e(s). The pseudo-random val ues are drawn fromthe specified

di stribution and are within the range of any inposed bounds. Then the nodel
is applied, using these values, to generate a series of nodel responses (i.e.
values of C,). These responses are statistically analyzed to yield the

cunul ative probability distribution of the nmodel response. Thus, the various
steps for the application of the Monte Carlo simulation technique involve:

(a) Selection of representative cumulative probability distribution
functions for the relevant input variables.

(b) Generation of a pseudo-random nunber fromthe distributions
selected in (a). These values represent a possible set of val ues
for the input variabl es.

(c) Application of the nodel to conpute the derived inputs and
out put (s).

(d) Repeated application of steps (b) and (c).

(e) Presentation of the series of output (random) val ues generated in
step (c) as a cumul ative probability distribution function (CDF).
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(f) Further analysis and application of the cunulative probability
distribution as a tool for decision naking.
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9.4 Uncertainty in the Input Variables

The vari abl es required by MILTI MED can be broadly classified into two
different sets that exhibit different uncertainty characteristics. These are:

(a) Variables that describe the chenical, biochemcal, and
t oxi col ogi cal properties of the hazardous constituent. Exanples of
these variables include the Henry's | aw constant, the acid,
neutral, and base catal yzed hydrolysis rates, and the soi
adsorption coefficient.

(b) Variables that describe the environnmental properties of the various
medi a and i npact the fate and transport of the pollutant within
each nedium Exanpl es of these variables include the hydraulic
conductivity, porosity, organic carbon content, and dispersivity
val ues.

Uncertainty in the first set of variables primarily arises due to |aboratory
measurenent errors or theoretical analysis used to estimate the nunerica
values. |In addition to experinental precision and accuracy, errors nmay arise
due to extrapolations fromcontrolled (laboratory) neasurenent conditions to
uncontrol l ed environnental (field) conditions. Further, for sone variables,
sem -enpirical nmethods are used to estinate the values. |In this case, errors
in using the enpirical relationships also contribute to variability in the
nodel out puts.

Uncertainty in the second set of variables may include both nmeasurenent and
extrapol ation errors. However, the doninant source of uncertainty in these is
their inherent natural (spatial and tenporal) variability. This variability
can be interpreted as site-specific or within-site variation in the event that
the nodel is used to anal yze exposure due to a specific |and-disposal unit.
Alternatively it can represent a |larger scale (regional/national) uncertainty
if the nodel is used to conduct exposure analysis for a specific chemcal or
speci fic disposal technology on a generic, nation-wi de or regional basis.

Note that the distributional properties of the variables may change
significantly depending upon the nature of the application

What ever the source of uncertainty, the uncertainty preprocessor devel oped for
the nodel requires that the uncertainty be quantified by the user. This
inmplies that for each input paraneter deened to be uncertain, the user selects
a distribution and specifies the paranmeters that describe the distribution.

Currently, the user can select one of the follow ng distributions:

(a) Normal

(b) Lognornal

(c) Uniform

(d) Log uniform

(e) Exponentia

(f) Enpirica

(g) Johnson SB distribution.

The first two distributions require the user to specify the mean and the
variance. The third and the fourth require m ni mum and nmaxi num val ues. The
fifth distribution requires only one paraneter--the nean of the distribution
For the enpirical distribution, the user is required to input the coordinates
of the cunulative probability distribution function (mninum2 pairs, maximm
20 pairs) which is subsequently treated as a piece-wi se linear curve.
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Finally, the Johnson SB distribution requires four parameters--nean, variance,
the | ower and upper bounds.

In all cases, MILTIMED requires the upper and | ower bounds for all the
distribution types. |f a value which is randomy generated during any Mnte
Carlo run is outside the user-specified bounds, it is rejected by the code and
a new nunber is generated.

O the seven distributions, the characteristics of the first six are readily
available in literature (Benjanin and Cornell, 1970). Details of the Johnson
system of distributions are presented in McGrath and Irving (1973) and Johnson
and Kotz (1970). The distribution types are briefly sunmarized in Section 9.5
bel ow. Note that Section 9.5 is copied, with slight nodifications, from

Vol une 1 of the RUSTIC docunentation (Dean et al., 1989).

9.5 Description of the Paraneter Distributions

This description of the distributions which can be specified in the MJILTI MED
Monte Carlo option includes: 1) the paraneters of the distributions, 2) the
equations for the probability and cunul ative density functions, and 3) a brief
di scussion of the properties of each distribution

9.5.1 Normal Distribution

The term "nornmal distribution" refers to the well known bel | -shaped
probability distribution. Normal distributions are synmetrical about a nean
val ue and are unbounded, although values further fromthe nean occur |ess
frequently. The spread of the distribution is generally described by the
standard deviation. The normal distribution has only two paranmeters: the
mean and the standard deviation. Although the distribution is unbounded, the
user nust enter mni mum and maxi num val ues for individual paraneter
distributions. GCenerated val ues outside these bounds are not used by the
nodel .

The probability density function of x is given by:

1 [ (x - nﬂﬂ
f.(x) =)N) exp 0.5 RN (9. 4)
S, Vo [ s’ )

where S, is the standard deviation, and m is the mean of x. The cumnul ative
distribution is the integral of the probability density function:

Fa(X) =_G[X f (%) dx (9.5)

The above integration nust be perfornmed nunerically, but tables of
nunerical ly-integrated values of F,(x) are widely available in the statistical
literature.

9.5.2 Log-Normal Distribution
The [ og-normal distribution is a skewed distribution in which the natural |og

of variable x is normally distributed. Thus, if y is the natural |og of x,
then the probability distribution of y is normal with mean, m, and standard
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deviation, S, and a probability density function simlar to Equation 9.4. The
mean and standard deviation of x (m and S)) are related to the | og-nornal
parameters m, and S, as foll ows:

m = exp[m + 0.5(S,)7 (9.6)
SZ2 = m? [exp(S?) - 1] (9.7)

To preserve the observed nean and standard deviation of x, the paraneters of
the [ og-normal distribution (m and S)) are therefore selected such that the
above rel ationships are satisfied. Note that m and S, do not equal the
natural logs of m and S, respectively. Log-normal distributions have an

absol ute | ower bound of 0.0 and no absol ute upper bound, and are often used to
describe positive data with skewed observed probability distributions. As
stated above, within the absol ute bounds, the user nust input m ninmm and
maxi mum bounds for individual paraneters.

Note that when a | ognormal distribution is selected in MILTIMED, the user
shoul d i nput the nean and standard deviation of the data (arithnetic space).
The transformati on to the nmean and standard deviation in | ognormal space is
performed by the code.

9.5.3 UniformDistribution

A uniformdistribution is a symetrical probability distribution in which al
values within a given range have an equal chance of occurrence. A uniform
distribution is conpletely described by two paraneters: 1) the mninum val ue

(1 ower bound), A, and 2) the nmaxi mum val ue (upper bound), B. The equation for
the uniform probability density distribution of variable x is given by:

f(x) = 1/(B - A (9.8)

where f (x) is the value of the probability density function for x. The
cunul ative distribution F(x) is obtained by integrating Equation 9.8. This
yi el ds the probability distribution

Fu(x) = (x - A/ (B - A (9.9

where F(x) is the probability that a value |l ess than or equal to x will occur
9.5.4 Log-uniformDistribution

The log-uniformdistribution type requires only a |l ower and an upper bound;
the mean and standard deviation are not used. This distribution results in
val ues between the | ower and upper bounds having equal probability of
occurrence (as in a standard uniformdistribution) but with relative

magni tudes that follow a logarithnic scale.

9.5.5 Exponential Distribution

The probability density function for an exponential distribution is described
by an exponential equation
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exp(-x/m)
fe(x) = ))))R)))) (9.10)
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where m, is the nean of x. The cunulative distribution is given by:
Fo(x) =1 - exp(-x/m) (9.11)

The exponential distribution is bounded by zero; the probability density
function peaks at zero and decreases exponentially as x increases in
magni t ude.

9.5.6 Enpirical Distribution

At times it may be difficult to fit a standard statistical distribution to
observed data. |In these cases it is nore appropriate to use an enpirica

pi ecewi se-linear description of the observed cunul ative distribution for the
variabl e of interest.

Cunul ative probabilities can be estinated from observed data by ranking the
data fromlowest (rank = 1) to highest (rank = nunber of sanmples) value. The
cunul ative probability associated with a value of x is then calculated as a
function of the rank of x and the total number of sanples. The cunmulative
probabilities of values between observed data can be estimted by |inear

i nterpol ati on.

9.5.7 The Johnson System of Distributions

The Johnson systeminvolves three nmain distribution types, one of which, the
SB (Log-ratio or bounded), is included in MILTIMED. The Johnson SB

di stribution basically represents a log-ratio or bounded transformation
applied to the random variable such that the transfornmed variable is normally
di stri buted.

X-A)
SB v - in( 9.12
((fo)) ( )
wher e

In = natural logarithmtransfornmation

X = untransfornmed variable with limts of variation fromA to B

Y = the transforned variable with a normal distribution

To determine if the Johnson SB distribution is appropriate for a sanple data
set, the skewness and kurtosis of the sanple data should be plotted as shown
in If the sanple point is located in the region for the SB

di stribution, it can be used for the sanple data. For additional details
about the Johnson system of distributions, the reader is referred to McGath
et al. (1973) and Johnson and Kotz (1970).

9.6 The Random Nunber GCener at or

Havi ng selected a distribution for each of the input parameters to be Monte
Carl oed, the nmodel generates random val ues of these parameters. This requires
t he use of pseudo-random nunber generating al gorithns. Numerous non-
proprietary subroutines exist that can be used to generate random nunbers. A
nunber of these are conparable in terns of their conputational efficiency,
accuracy and precision. The specific routines included in this code are those
described by McGrath et al. (1973).

The performance of these algorithns has been checked to ensure that they
accurately reproduce the paraneters of the distributions that are being
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sanpled. In order to test the algorithns two sets of runs were nmade. For Run
1, 500 random nunbers were generated; for Run 2, 1000 random nunbers were
generated. For the five distributions tested, the input paraneters and the
results are shown in Tables|9-2(a) |and [(b).| In each case, the output
statistics for the randony generated variables closely match the input

val ues.

For Run 2, the randomy generated variables were arranged in ascendi ng order
and the cunul ative probability distributions were plotted. The results are
shown in [Figures 9.3|to(9.7.] Visual inspection of these figures further
testifies to the accuracy of these al gorithns.

Note that nore rigorous statistical tests could be used to further test the
accuracy of the algorithns. However, the above sinplified analysis and the
additional testing perfornmed by Marin (1988) has provided sufficient proof of
the accuracy of the results and indicated that these algorithns satisfactorily
reproduce the input statistics and distributions of the variabl es.

9.7 Analysis of the Mddel Qutput

Usi ng the randomy generated paraneter values, the nodel is used to estimate
val ues of concentrations at a point |ocated downgradi ent fromthe waste
facility. |If C, represents the nornalized, steady-state concentration at the
receptor location calculated by the nodel when the | eachate concentration at
the waste disposal facility is unity, and C; is the (health based nmaxi num

al  owabl e) threshold concentration for the chemical at the receptor, the

maxi mum al | owabl e | eachate concentration at the waste facility can be back-
cal cul ated by hand usi ng:

C - — (9.13)

The maxi mum al | owabl e | eachate concentration defined by Equation 9.13 is the
| eachate concentration for which the downgradi ent receptor concentrati on does
not exceed the threshold concentration

Al ternatively,

1 .G (9. 14)
. G

Equation 9.14 states that the reciprocal of the conputed normalized

concentration represents the maxi num all owable ratio of |eachate concentration

to the threshold concentration. Thus, for a sinulated nornalized
concentration of C, = 0.05 ng/(, Equation 9.14 inplies that the nmaxi nmum

al l owabl e | eachate concentration fromthe landfill could be 20 tinmes the
threshold value for the chemical. Note that both C, and C; are chenica
specific.

Conbi ni ng the above back cal cul ation procedure with the Monte Carl o anal ysis
al l ows the maxi num | eachate concentration to be couched in a probabilistic
framewor k. For each chemical, application of the Monte Carlo nethod results
in an array of values for nornmalized concentration, each representing a
feasible result for the waste disposal facility-environmental scenario. These
val ues are statistically analyzed to derive the cunulative probability
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distribution function as shown in|Figure 9.8, The cunulative probability
h e a

distribution, F. (C,) together wit owabl e threshol d value, C; and the
back cal cul ati oﬁ’vpr ocedure (Equations 9.13 and 9.14) provide the information
necessary to cal cul ate the maxi num al | owabl e | eachate concentration. In
particul ar, the value of |eachate concentration, C, that |leads to p% of the
realizations in conpliance--i.e., the receptor well concentration is |ess than
or equal to the threshold concentration, is:

G - % (9.15)

where C, is the p-percentile concentration obtained fromthe cunul ative
di stribution function of the downgradi ent well concentration.

9.8 Confidence Bounds for the Estinmated Percentile

As described above, the Monte Carlo sinulation provides an estimate of C, the
p-percentile concentration obtained froma sanple of n nodel sinulations.
Since the sanple size is finite, estimates of C, will be uncertain, with the
degree of uncertainty decreasing with increasing sanple size.

A quantitative estimate of the uncertainty in the estimate of C, can be
obt ai ned by conputing a confidence interval around the estimate C,. The upper
and the | ower bounds of this confidence interval are defined such that:

Probability (G <G <C) =1 -« (9.16)
wher e
C = the | ower bound of the confidence interval [ng/(]
(of = the upper bound of the confidence interval [ng/(]
o = significance | evel [dinensionless]

The interval C to C,is usually referred to as the 100(1 - «) confidence
interval and inplies that the true value of the estimte of the quantile C,
lies within the interval C to G, with a probability of 100(1 - «). The
confidence interval is estimated using the binonial distribution as described
bel ow.

Define an indicator (Bernoulli) random variable, |, such that:
1 if C<C,
| = { (9.17)
0 if G>C

Al so, define a random variable, K, equal to the nunber of trials for which | =
1 fromthe Monte Carlo sinmulations. The randomvariable Kis then binonmally
distributed with a nean of np and a variance of np(1 - p), i.e.,

L. B _ n! k _ n-k
Probablllty{igIi fk}*mp (1-p) (9.18)
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where n is the nunber of independent realizations of C, (by Monte Carlo
si mul ati ons) corresponding to n independent realizations of |

The probability that Kis less than a given positive integer is also the
probability that G, < C, where Gy is the K" smallest sinmulated value of the
concentration. Thus a confidence interval on K, based on the binonial

di stribution, can be used to establish the confidence interval, C,.
Conover (1980) describes a procedure for obtaining a confidence interval for C,
that essentially involves |ooking up values in a table of cumulative
probabilities of the binomial distribution (i.e., Prob {K < k}) to find the k
val ues corresponding to probabilities of /2 and 1 - o/ 2. For sanple sizes
greater than 20, he provides an alternate procedure based on the normal

approxi mation to binom al probabilities for large n. This sinple
approxi mati on requires the cal culation of two values, r and s:

-
|

=np +z,,[np(l - p)]Y? (9.19)

s =np+z,_,[np(l-p)]Y? (9. 20)

where z,, and z, ,, are quantiles of the standard normal (mean = 0, variance =
1) distribution (note that z,, = -z, ,,). Conover recomends roundi ng up these
values of r and s to the next higher integers and estimate the correspondi ng
values of C,, and Cy, as the r'" and s'" smallest values of C, The confidence
interval is then of the form

Pr ob {C <Cng

(r) = (s} = (1 - ) 100% (9.21)

Thi s approach was used by Carsel et al. (1985) and WCC (1986, Appendix C) and
is incorporated in the current version of MJLTI MED

9.9 The Nunber of Monte Carlo Sinulation Runs

Unfortunately, there is no way to a priori calculate the number of Monte Carlo
sinmulations required to establish a confidence interval on C, with a given
width without first having a very good estimte of the shape of F. (C,) in the
region of C. It is easy, however, to calculate the number of reéV4zations
required to bring the ranks r and s as close together as desired. For
realistically large n (typically in the hundreds or nore for sinulation
applications), the normal approximation applies and n can be found by fixing
(s - r) tothe width desired and solving for n using Equations 9.19 and 9. 20.
Thus,

_ (s -r)?
NS ST (9.22)

Notice that the smaller the specified range (s - r), the smaller the nunber of
realizations required. This should not be counterintuitive, because a fixed
confidence interval on the C, scal e should naturally contain nore simulated
val ues (and thus a large value for s - r) if nore simulations are perforned.
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An alternative criterion for specifying n m ght
of sinulated ranks to be covered by the confidence

_f - Zzl-q/z[np(lfp)]llz
n n

or, solving for n:

4p(1 - p) (21-0(/2)2
f2

be the fraction of the range
i nterval .

(9. 23)

(9. 24)
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APPENDI X A

Sinplified Estimation for the M xing Zone Depth

The m xi ng zone depth of a solute plune under a waste facility can be

estimated by adding the contributions due to advection and di spersion, i.e.:
H = hadv + hdi sp (A. l)
wher e
H = the total depth of penetration [n]

h.ay = the vertically advected conponent of the penetration depth [m
hgs, = the vertically dispersed conponent of the penetration depth [m

The advected depth, h,, is the depth to which a particle would be transported
under the influence of vertical advection and is given by:

adv ' Vzdt (A. 2)

t=0

wher e
v, the vertical seepage velocity [myr]
time of travel [yr]

—

If the vertical seepage velocity is constant with depth, then:

hadv - Vzt (A' 3)

However, a better assunption is that the vertical seepage velocity varies
linearly with depth, with a maxi nrum value at the water table and zero at the
bottom of the aquifer. This variation can be mathematically expressed as:

V, =V, (1-z/B) (A 4)
wher e
B = the saturated aquifer thickness [m
z = the depth fromthe top of the water table [m
Vo = the maxi num vertical seepage velocity [myr]

V,, can be estimated fromthe net vertical recharge rate.
Equation 2 cannot be integrated since V, is not an explicit function of tine.

Consider the following differential equation for the vertical seepage
vel ocity:
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dz

dt
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Rearrange terns in Equation 5 and integrate to depth h,,:
hadv L — T
L V.(2) Jit (A 6)

Substitute Equation 4 into Equation 6 and integrate to get:

B
o In(1-hy/B) =1 (A7)

z0

Solve for h,, from Equation 7:

Vaot (A 8)

h,y =B(1-e 5)

The tine of travel, 1, can be estimated as the time it takes for a particle to

be advected horizontally under the facility of length, L, i.e.
_ L
T*VX (A. 9

where V, is the horizontal seepage velocity and is assuned to be a constant.

Prickett, Naym k, and Lonnqui st (1981) estimate the nmagnitude of the effect of
di spersion on particle transport as:

AI ong — SR (A. 10)

By, = [TV (A 11)
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wher e

o, oy = the longitudinal and vertical dispersivities [n

\% = the magnitude of the seepage velocity [myr]

Nongr Dverr = the longitudinal and vertical dispersed distances that
correspond to one standard devi ation of randomtransport
[

If the effect of the horizontal seepage velocity is assuned to be nuch | arger
than that of the vertical, then the dispersed depth is estimted from Equation
11 as:

h

disp ~ \/ZO(VVXT (A. 12)

Hence, the total depth of penetration is the sumof the vertically advected
and di spersed conponents. Substitute Equations A .8 and A 12 into Equation A 1
to obtain the total estimated depth of penetration

-V,oT

H:B(lfe—rr) +\/'2m (A 13)

The solution to Equation A 13 needs to be checked when eval uati ng any
particul ar case so that a value of H greater than the aquifer thickness, B, is
not used. |If the conputed His greater than B, set H equal to B
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TABLE 9-2(b).

RESULTS OF RANDOM NUMBER GENERATOR TEST FOR 1000 VALUES

Normal

LogNormal

Exponential

Empirical%*

Uniform

*Cumulative Probability

Values

Expected Mean
**Minimum Value

*%*Maximum Value

Input Statistics

Observed Output Statistics

mean std. dev.

} mean max min
[
10.00 1.00 | 10.10 12.90 7.40
|
|
|
10.00 1.00 | 10.03 13.40 7.50
|
|
|
10.00 10.00 | 10.00 81.20 0.00
|
|
18.855 - | 19.73 99.90 0.10
|
|
|
10%* 25%%% | 17.38 25.00 10.10
}
0.0 0. 1.0 S
0.1 10. 0.0
18.855




TABLE 9-2(a). RESULTS OF RANDOM NUMBER GENERATOR TEST FOR S00 VALUES

Input Statistics Observed Qutput Statistics
; mean std. dev. : mean std. dev. max min :
| | i
Normal | 10.00 1.00 | 10.00 1.05 13.40 6.90 |
| | [
| | |
| | |
LogNormal ] 10.00 1.00 | 9.97 0.98 13.20 7.60 |
| | |
| ] |
| | |
Exponential | 10.00 10.00 | 9.80 9.67 53.70 0.00 |
| | |
| | |
[ | |
Empirical* | 18.855 - | 18.54 25.54 99.20 0.10 |
| | |
| | |
| | |
Uniform | 10%%x 25%%% | 17.4 - 24.9 10.1 |
| | |
| | I

*Cumulative Probability 0.0 0.1 0.7 1.0
Values 0.1 1.0 10.0 100.0
Expected Mean : 18.855

**Minimum Value

***Maximum Value
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