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ABSTRACT

An analytical contaminant model is developed in thi§
study to model the transport of the carbonate system in the
subsurface environment under éonstant pH conditions. This
model describes the transport of bicarbonate and carbon
dioxide in the horizontal x-direction and in the vertical z-
direction. Once the model is develoned, it is calibrated
and tested using data from a contaminated aquifer in
Babylon, New York with reasonably accurate results. The
source of this qontamination is a municipal landfill serving
the town of Babqun. The vertical transport model vields an
indenendent, physically basad estimate for the loss of
gaseous carbon dioxide to the atmosphere. The degassing
rate is axplicitly related to the vértical dispersivity of
the aquifer, and is in agreement with the emvirical behavior

noted by orior investigators.

iv



TABLE OF CONTENTS

Acknowledgements...... ceaesaseanen cvraaan cececs e L1111
Abstract.cveeerssosnnnnns T eessstecases sttt eneenaaa e oiv
Table Of CONLENES.esseueeeeesnsnvnnaerernnnnsnsaneesaV
List of tables.. iiieiseceecnnsrsnsovevncsaaereessaViiil
List of figuresS. ... ccestesetsssvvssrasnssssssnsnasnnns ix
List of notationN.ceiuecersnssesssrsscssssssssonnsnnas . X
Chapter

I. INTRODUCTION ------ ----.--.q...ooootnnuqcl..ocool

Objective..iieieveereanns e
BAackground..ceseeeerncacesns Ceeseseserenaaaa .1

ADPILOACH. .ttt cesssssnsnsrnana Ce s et e s s e 4
ITI. LITERATURE REVIEW. ..t eveuwenas .
Overview...-I..........I.lll........' IIIIII ll5
Reactive Modeling...ovveeeanns cecsascenaae ceeald
Analytical Sclution Methods.......... O

ITI. CONSFRVATIVE CONTAMINANT TRANSPORT....seeeees.l?

VeI VIiEeW.e et isascesnnsas eevernvsscsasanenaneeld

Near Field...-a-... ------------ 0...0.0--0..019



chaoter

Far Fieldl........'........llI.t..l.
IV. CARBONATE SYSTEM SPECIES TRANSPORT....

OVerView.---..oooooo.oooo.o----.coto
Carbonate SpeciationN..icececescannnn
Depth Varying Vertical Transport....

Depth Averaged Horizontal Transport.
Vl CASE STUDY..“‘-llll.....-.liilllIlll..

Background-.o.'---'I'l.!..t....l....
Model Test: Horizontal Transport....

Mod2l Test: Vertical Transport......
VII DISCUSSION...... IIIIII " & & * 8 & & 4 8 8 B 2 & -
Horizontal Transport....eeeeeeses e

Vertical Transport...ccereescsasonas

Validity of Modeling Assumptions....

VII- CONC[IUSIONS---ool..l-ll----....n.oa...

Mod=2ling SUMMALY . csesassvsssnssssosns

Future WorkK....... s esesssassas s

vi

..
sraeeeaalb
...--00-26
OIOUICI-BG
..l.llll32
--0-001137
..0..0.046
..ll....4g
.o------45
01-1000057
-o.--.--6g
ooo--.--sg

lllll..leg

cssseasabl

O'l'llll.65




chapter
APPENDIXI-'.n.c‘.o-lool0'0--‘000'0--..00-..-l-n..nI.67

REFERENCES---uv!lloo---llotoII-OIIIOu---u-o..uu---o-?l

vii



LIST OF TABLES

TABLE

1.

Population Segment Parameters, Babylon Landfill..a2
Near Field Results-[Cl ] TranSDOrt....eeeeeeeees.5l

Far Field Résults—[C1-] Transport............;...51

Near Field ReSU].tS- [HCO3-] Transport..----oo|000054

Far Field Rasults-Horizontal [HCO3-] Transport...55

Far Field Results-Vertical (HCO. | Transport.....58

3

viii




LIST OF FIGUREFES

FIGURE

1.

Reaction Classifications...vvevievecencaans reeenea9
Near Field-Far Field Model...ciccvrseeececsanseaalB
Location Map of Babylon Landfille.cveveeeeeenosesasdl
Site Plan.of Babylon Landfill and Plume.....ess..46
Chloride Variation in the Plum@..ceecsnsssesscessd?
Bicarbonate Variation in the Plume....ceevceesses.48
Chloride Conc., vs. Downgradient Distance.........53
Bicarhonate Conc. vs Downgradient Distance.......56

Bicarbonats Conc. vsS. Depth....eeiveerrrneacnseaeab?

ix



NOTATION

a activity coefficient.

3 Debye-Hackel constant.

b unsaturated zone thickness, m.

B landfill width, m,

¢ transported contaminant conc., moles/liter or kg/ma.
c; depth averaged contaminant conc., moles/liter or kg/m3.
cl carbon dioxide conc., moles/liter or kg/m3.

c2 bicarbonats conc., moles/liter or kg/mB.
D vertical hydrodynamic dispersion coefficient in the
aquifer, mz/s.

Da vertical hydrodynamic dispersion coefficient in the
unsaturated zone, mz/s.

D* vertical molecular diffusion, m2/s.

F mass flux, kg/m3.

g gravitational acceleration, m/sz.

G nooulation growth rate, canp/s.

h aquifer thickness, wm,

I ioniec strength.

k permeability, nl.

¥l equilibrium coefficient, moles/liter.

KH Henry's law constant, moles/liter-atm.

. mass of carbon lost from the aquifer, kq/m3{

n oporosity.

3

nartial pressure of carbon dioxide, atm.



user population, cap.

discharge of water o2r unit of aquifer width, mz/s.

constant reflecting a variation in hydrated
ideal gas constant, atm~l/mole-°K.

contaminank loading factor, kg/s-cap.
specific conductance, micromhos/cm.

time, s.

o] o]
temperature, C or K.

Debye-Huckel constant.
average linear velocity, m/s.

ion charge.

far field horizontal distance downstream of

sourc=, m.

A

vertical distance, m.

transverse disvpersivity, m,

underlying aqﬁiclude slooe angle.

error.

mean Error.

recharge velocity, m/s;

water table elevation below source nosition,
velocity modification factor.

first order decay constant, 1/s.

kinematic viscosity, mz/s.

gaseous carbon dioxide conc., moles/liter or

xi

radius.

pollutant

kg/m3.



¢ standard deviation.

z landfill length, m.
SURSCRIPTS

¢ characteristic quantity.

Cl chloride property.

HY hydrogen ion property.

HCO3 bicarbonate property.

i population growth segment condition.

s conditions at far field source.

sd shutdown condition.
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CHAPTFR 1

INTRODUCTION

Objective
An analytical model will be develooed in this

study to describe the transport of the components of the

carbonate system under constant pH conditions in the

* subsurface environment. Once developed, this model will be

tested using data available from a United States Geological
Survey (USGS) study performed on a contaminated plume
located in Babylon, New York. The source of this
contaminated plume is a municipal landfill that serves the

town of Babylon.

Background

There is a growing concern over the widesoread

groundwater contamination problems facing practically every

.area in the country. The severity of the groundwater

contamination problem is magnified by the fact that
groundwater use has been growing faster than nopulation in
the recent past from 12.4 trillion gallons per year in l95ﬁ
to almost 3¢ trillion gallons per year in 1975 (Sharefkin et
al;, 1984). Murray and Reeves (1977), in a study of water
use in the United States in 1975, determined that

groundwater use accounts for 39 percent of the total water



use in the country. Also, between 48 and 58 percent of the
population in the United States depends on groundwater as
its primary source of drinking water (United States Water
Resources Council, 1980). Thus, groundwater contamination
is a problem that has the votential to affect a large
portion of the population in this country.

‘Le9151ation reflecting environmental concern during the
past several decades has focused mainly on attempting to
restrict air and sdrface water pollution. This legislation
has led to an increase in disposal to the subsurface
environment (National Academy of Sciences, 1984). Estimates
by the National Académy of Sciences (1984) suggest that @.5
to 2 percent of groundwater in the conterminous United
States may be contaminated. This study also suggests that
this contamination often occurs in areés where the water is
relied upon the most heavily. A study by the United States
Environmental Protection Agency (1980) lists the following

sources of groundwater contamination:

1. landfills 6. accidental leaks and spills
2, surface impoundments 7. mining

3. septic systems 8, artificial recharge

4. agriculture 9. highway de-icing

5. underground inijection 1@, salt water encroachment

The most widely used means of solid waste disposal are
landfills (National Academy of Sciences, 1984). The

Fnvironmental Protection Agency (1980) estimated that



200,000 landfills and dumps recieve 150 million tons per
year of municipal sclid wastes and 246 million tons per year
of industrial wastes. Due to poor design and/or management
landfills are major contributors of groundwater
contamination (Javéndel et al., 1984). Water percolating
through the landfill comes into contact with refuse and
suﬁsequently becomes contaminated. This contaminated water,
or leachate, is a potential health and environmental hazard.

Only recently have the impacts of landfill pollution
been felt. As a result, the newer landfills are designed to
reduce the risk of groundwater contamination. However, the
design of the majority of exigting landfills does not
reflect a concern over potential groundwater contamination
oroblems., Of the 18,508 municipal land disposal sites
operating in 1974, only about 20 sites were lined and only
60 sites had leachate treatment facilities (United States
Environmental Protection Agenéy, 1977y .

In order to effectively deal with groundwater
contamination an understanding of its fate is essential. By
developing a transport model of a contaminant spatial and
temporal predictions may be.made of future contamination as
well as of the history of existing contamination. This type
of information is an important prerequisite for the proper
design, impact assessment, and requlation of présent and

future landfill facilities.




Apoproach

Prior to model development a literature review will be
performed so that the work done in this study may be placed
in an appropriate perspective in relation to past work.
Following a review of past work in this area a one
dimensional conservative contaminant model will precede the
development of the more complex, depth varying carbonate
system species model. Once ;he carbonate systeh model has
been developed the model will be calibrated and tested using
available horizontal and vertical data. The success of the

model is then assessed in discussion and concluding

chapters.




'CHAPTER II
LITERATURE REVIEW

Overview

There are four general modeling approaches that
may be applied to contaminant transport: 1) analytical
modeling; 2) numerical modeling; 3) physical modeling; and
4) analog modeling (Prickett, 1979). Of these four modeling
approaches physical and analog modeling have decreased
greatly in popularity in recent years. This decrease in
popularity is due, in part, to the emergence of the digital
computer as an analytical aid in groundwater modeling.
Because of the small role of these two techniques in
groundwater modeling they will not be discussed in this
study.

Numerical models (Bachmat et al., 1980) are bécoming
increasingly popular with the recent advances in computer
technology and reductions in computer cost. The benefits of
numerical models are obvious. Their computational power
make them well suited for the complex groundwater problems
that often arise. However, numerical models are not without
drawbacks. |

Baski (1979) =xpressed his belief that computer
groundwater (numerical) models can be sourcaes of incorrect

information. He stated that there are three means by which



this may dccur: 1) incorrect models are frequently chosen by
the modeler; 2) clients may become disillusioned with model
results as a result of modeler oversell in the early stages

of project planning and budgeting; and 3) often the

‘numerical code of the model is unknown to the user,

obscuring the model methodology and underlying assumptions.
Another disadvantage of numerical models is that they rely

on a great deal of data in order to develop a proper

© analysis (Hamilton et al., 1985). - Often this quantity of

reliable data is not available (Prakash, 1982). These
numerical modeling drawbacks reoresent some of the reasons
why the develooment éf analytical moﬁels should be
considered, either along with numerical models, or
separately.

Hamilton et al. (1985) compared an analytical model, a
finite element model, and a method of characteristics,
finite difference model. As a part of their study a
cost/benefit analysis was performed on these three models.
Hamilton et al. (1985) coﬁcluded that the analytical
solution was the most effective on this basis. They further
stated that an analytical model is an obvious first step in
mass transport models, and that in many situations the
analytical model is enough. Only when the situation
complexiﬁies and oroject goals truly warrant a more refined
analysis should one Qe used. Wilson and Miller (1979)

believed, as well, that many problems could be handled by



analytical techniques. Wilson and Miller (1978) suggested
that prior analytical work would help in the choice of model
boundaries and grid densities for numerical models. Gelhar
and Collins (1971) stated that when the limited precision of
data that describe most field situations is considered,

simple analytical estimates of dispersive effects may be as

’ meaningfui as detailed numerical solutions. Thomson et al,

{1984) noted that, in the case of numerical models, for
large advection/dispersion ratios (peclet numbers)
computational costs rise as well as computer core
requirements, while in the case of analytical models a large
advection/dispersion-ratio facilitates analysis.

There are two general catego;ies of contaminants that
are modelad: 1) nonreactive contaminants; and 2) reactive
contaminants. The transport of a nonreactive dissolved
coﬁstituent in a saturated, vorous medium is a balance of
advective transport, diffusive transport, and storage changa
(Freeze and Cherry, 1979). Advective transport represents
the transport of a solute by the organized motion of the
fluid while diffusive transport reporesents the transport of
the solute by the random motion of the fluid. The transport
of a reactive dissolved constitueﬁt in a saturated, oporous
medium is simply the nonreactive transport case with the

addition of a reaction or groun of reactions.



Reactive Modeling

Dﬁe to the complexities of the groundwater environment
and, in many cases, of the groundwater pluma itself,
reactive processes commonly occur Aduring contaminant
transport. The reactive processes may be divided up into
two basic categories: l)'equilibrium controlled reactions;
and 2) nonequilibrium (kinetic) controlled reactions (Rubin
1983). These two categories may be further divided into the
subcategories of homogensous and heterogeneous reactions.
Finally, the heterogeneous reactions may be divided into the
subcategories of surface and classical reactions. A total
of six different classes of reactions may be distinguished
in this manner (See figure 1) (Rubin, 1983).

The first group of reactions that will be considered
are those that are governed by kinetics. Reactions that
proceed at rates of a comparable magnitude {or lqwe;i to
those of the other processes occurring in the aquifer that
change the solute concentration are considerad to be
governed by reaction kinetics. Reactions that are
irreversible are alsc controlled by kinetics (Rubiq, 1983).
Perhéps the most well known of these are radioactive decay
reactions, which are often quite slow, depending on the
isotope involved, Modeling of radioactive substances is
well documented because the kinetics of radioaétive decay
reactions are very\simple. Unfortunately, the kinetics of

most subsurface reactions are quite complex and are
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therefore difficult to quantify (Anderson, 1979). Rasmuson

(1984) developed an analytical model of the migration of

radionuclides in fissured rock. The reaction term in the

transport equation is described by a first order decay
relation.  McLaren (1969) developed a transport model
governed by the reaction rates occurring between ammonia
(NH4+), nitrite (NOZ-)' and nitrate (NO3-) in an idealized
sdil column, The reaction rates were of a comparable
magnitude to the flow rate through the soil column.
Therefore, the reactions describing this process were
governed by kineéics.

The second group of reactions that will be considered
are those that are governed by equilibrium. In this case
the reaction rates are fast relative to the rates of the
other processes occurring in the aquifer that change the
solute concentration. Therefore, the contaminants under
investigation may be assumed to be at equilibrium at every
point in the aguifer. These reactions must also be
reversible for the equilibrium assumption to be valid
(Rubin, 1983), |

Jennings et al. (1982) observed that there are two
basic techniques that may be used to solve equilibrium
controlled‘transport problems. The first technique is to
incorporate the equilibrium chemistry with the governing
differential =quations to-prgduce a set of complex and

perhaps nonlinear differential equations. This technigue



11

works well if there are few reacting solute'species.
However, as the number of reacting solute species increases,
the'number and complexity of the simultaneous differential
equations increases. The second technique is to éolve a
coupled set of algebraic chemical equilibrium equations and
differential transport equations. This coupling technique
is very powerful in that numerical solutions may be

developed that can account for several types of reactions

- that may be occurring at one time.- Grove and Wood (1979)

used this approach to develop a numerical transport model
that could handle ion exchange, dissolution, precipitation,
and complexation reactions. Cederberg et al. (1985)
developed a computer model, TRANQL, that could account for
sorption, ion exchange, and complexation reactions. In
order to analytically solve a transport problem using the
second technique the differential equations must be
transformed into algebraic equations. The resulting set of
equations may be sclved simultaneously (Rubin, 1983),

In the case where the equilibrium chemistry is inserted
directly into the governing differential transport

equation(s) two types of reactions have been studied: 1)

heterogeneous reactions; and 2) homogeneous reactions. The

majority of recent research on equilibrium controlled
reactions in groundwater transport models has focused on

heterogeneous reactions. In the papers presented by Rubin
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and James (1973) and Valocchi et al., (198l), a one-
dimensional, numerical transoort model was developed for ion
exchange reactions in the subsurface environment. Valocchi
et al, (1981) developed a steady, one-dimensional_flow model
of the transport of municipal effluent injected into the
subsurface environment. The ion exchange reactions were
based on chromatography theory as presented by Helfferich
and Klein (1978). Valocchi et al. (1981) showed that for a
binary homovalent case (two species sorbing with valence
states of maénitude one) the mobile components of the two
species may be summed to produce a conservative value that
may be more simply transpvorted. The sorbed and aqueous
species are related through an equilibrium constant.
Analytical solutions to equilibrium-controlled
homogeneous reactions applying the first technique cited by
Jennings et al., (1982) have received little attention in
recent‘past in comparison to the heterogeneous equilibrium-
controlled reactions. Jennings et al. (1982) developed an
equilibrium-controlled groundwater model applying the
technigue of inserting the algebraic chemical relations
directly into the Aifferential transpdrt equation(s) for the
transport of metals and ligands undergoing complexation and
sorption reactions. Rubin (1983) compared the various
mathematical formulations for the six different classes of
reactions that were mentioned previously (see figure 1) that

may occur in the subsurface environment, For the
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homogeneous equilibrium-controlled reaction Rubin (1983)
developed a transport equation for each conservative soecies
or ion. In this way it was not neccesary to include a
reaction term. These transport equations could be altered
through a simple linear transformation to produce a new set
of-algebraic equations that could be solved simultaneously
with the existing algebraic chemical equilibrium equations.
Rubin (1983) also noted that as an alternative to
transforming the differential transport eguations, the
algebraic chemical equilibrium relations could be inserted
into the differential transport equations, producing a set
of differential equations that would need to be solved
simultaneously.

Analytical Solution Methods

There are several analytical solution techniqueé that
are used to determine the transport of a contaminant in‘
groundwater. These techniques will be divided into three
categories: 1) the linear reservoir method; 2) the
differential method; and 3) the near field-far field method.

The lumped parameter technique, as described by Gelhar
and Wilson (1974), attempts to describe the transport of
chloride by modeling the groundwater system as a single
linear reservoir. Mercardo (1976) applied‘thié approach to
the transport of chloride and nitrate in Israel. The linear

reservoir is analogous to a completely stirred tank reactor
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{CSTR). In this :-fervoir the groundwater and contaminant
are completely mixed and spatial variation of contaminant is
unknown. However, in most cases, groundwater systems do not
act like linear reservoirs, but exhibit plug flow behavior.
Thus, in order to more closely approximate plug flow
behavior the groundwater system may be divided up into
several completely mixed cells. This is referfed to as the
distributed parameter approach (Anderson, 1979), and was
modeled by Lederer (1983). The greater the number of cells,»r
the closer the flow model will describe plug flow behavior
(Montgomery Consulting Eng., Inc., 1985). The weakness of
this modeliqg techniéue is that this approach only gives an
estihate of plug flow and spatial variation is known only to.
a limited extent. Another weakness of this technique is
that diffusive transport can not be accounted for using this
method. The strength of this technigque is that it is more
applicable to cases where there is a limited amount of data,
and groundwater systems often fall into this category.

Also, the degree of confidence in the data available may not
justify using a more complex method such as the.differential
technique,

The differential techniqué utilizes a mass balance
about a differential a2lement rather than about a linear
reservoir. In this way a complete description of the
spatial and temporal variation of the contaminant may be

determined. Diffusive transport may be handled by this
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method. 1In general, the analysis is more difficult for
problems formulated in this manner since partial
differential =2quations are formed, rather than ordinary

differential equations, which are formed in the case of a

linear reservoir.

Several individuals have applied the differential

method in order to develop transport models. Bear (1979)

developed several differential analytical solutions for

conservative, first order decay, and'sorbing contaminants,
Valocchi (1986) described the transport of a sorbing
contaminant in a well field and Prakash (1982} ﬁodeled a
sorbing contaminant undergoing radioactive decay. Gelhar
and Collins (1971) developed an anéiytical model utilizing
the differential technique that describes uniform, radial,
and spherical conservative contaminant flow while Wilson and
Miller (1978) modeled the conservative contaminant
hexavalent chromium originating from plating wastes in Long
Island, New York. Rasmuson (1984) modeled the migration of
radionuclides in fissured rock using the differential
method.

The near field-far field approach is a combination of
the linear reservoir technigque and the differential
technique. This approach is analogous to that used by
surface water quality modelers (Fischer et al., 1979) in
modeling solute transport. It is well suited for

contaminant transport problems that involve a point source
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of contamination, such as a landfill. 1In the case of a
landfill, the near field control volume is directly below
the landfill. This region is modeled as a linear reservoir
since it is difficult to determine spatial variations in
this area. The output contaminant leaves the near field and
enters the well-behaved far field region at the source
plane. The far field region is modeled using the
differential solution method. The near field-far field

" technique has the potential to utilize the benefits of the
linear reservoir technique and the differential technique.
This solution technique was used by Ostendorf et al. (1984)
and Ostendorf (l986)lto model contaminant flow emanating
from landfills and infiltration beds, respectively.
Ostendorf et al. (1984) modeled chloride (conservative
contaminant) and bicarbonate (undetqoes first order decay)
while Ostendorf (1986) modeled chloride (conservative
contaminant), boron (undergoes linear adsorption), and

synthetic detergents and total nitrogen (undergo first order

decay) .



CHAPTER III

CONSERVATIVE CONTAMINANT TRANSPORT

Overview

As an introduction to the modeling of the more complex

" coupled, nonconservative transport model the transport of a

single conservative speciés, specifically chloride, will be
developed. A near field-far field approach analogous to
that used by surface water quality modelers will be used to
model the contaminant transport (Fischer et al., 1979). The
near field zone represents a linear reservoir in which
contamninant and groundwater mix. The spatial variation of
concentration is unknown in this region. The input-source
of the near field region is a constant source of
contaminant, in this case a landfill. The near field
control volume is directly below the landfill. The output
contaminant leaves the near field and enters the well-
behaved far field region at the source plane., The far fi=ld
region, which consists of fully mixed cne-dimensional flow,
will be the focus of the analytical modeling, given known
source conditions. A sketch of the near field-far field

method as it applies to a landfill is presented in figure 2.

17
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Near Field

As suggested by figure 2, the landfill is an areally
Aistributed contaminant source of width B and length ¢ in
the direction of groundwater flow. The landfill pollutibn
innut is routed into the underlying near field, which is
taken as aﬁ initially pure linear reservoir with output
concentration Cqr In keening with the simple modeling
approach, P is the user population while S is a constant
contaminant loading factor reflecting the per capita
generation rate of pollution.

The integrated conservation of contaminant mass for the
linear reservoir is é halance of storage, output, and input

terms

(cnhs)ﬂcs/dts+qscs=sp/8 {3.1)

The use of ts for time reflacts the function of the near
field model as a far field source term, wh=are s indicates
source conditions. n reprzsents aquifer porosity, h
represents aquifer thickness, and g represents the discharge
of water per unit of aquifer width. Equation (3.1) holds
for a reactive or conservative pollutant since near fielAd
time scales ar2 much shorter than far field time scales.

Contaminants showing appreciable, relatively rapid decay in

"the near field wiil vanish in tha far fizld and will not bhe

of intzrest as a consequence. The simplicity of the near
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field mass equation allows for th2 inclusion of linearly
varying nopulation growth segments, i.e.

P=P 4G, (b=t ) PRI _(3'2)

with population P, at time tsi and growth rate Gi valid for

the ith segment of time.

Equations {3.1) and (3.2) may be combined to yield

dcs/dts+cs/tc=ci(1+ts/ti)/tc (3. 3a)
tc=c/vs (3.3b)l
ci=S(Pi—Gitsi)/(qu)l {(3.3c)
t,=P. /G -t (3.3d)

The landfill response time tC chafacterizes the time
required for concantrations to change noticeably in the near
field. Theiuser population parameters Sh and ti will change
for each growfh segment. Equation (3.3) is to be solved
subject to pure initial and matching conditions Coy hetween
growth segments

cs=9 (tS=G) (3.4a)
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cs=csi (ts=tsi) (3.4b)
This nonhomogeneous, linear, first order ordinary
differential equation with constant coefficients has the .
solution (Boyce and DiPrima, 1977)
cg=c, (1=t s/t ) [1-exp(-t_/t )1+t _/t.} (8Lt <t )) (3.5a)

'»cs=ci{1+(ts'tc)/ti+cliexP[(tsi_ts)/tc]}(tsistsitsi+l)(3'5by

cs=csdexp[(tsd-ts)/tc] (tsdits) {3.5¢)

Cli=csi/ci-l-(tsi—tc)/ti (3.5d)

with source concentration c_q at the time of shutdown teq of
the facility.

The model simplifies considerably for a constant user
nooulation (Py) with zero growth rate

c =SPy[l-exp(~t_/t )]1/(Bq)) (9t <t (3.6)

d)
The post shutdown behavior is still given by equation
(3.5c). The source plane concentration may be used as an

initial concentration in the far field analysis.
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'Far Field
The far fi2ld region consists of a shallow, unconfined
aquifer underlain by a gently sloping aguiclude, subject to
a constant, immiscible recharge. The hydraulics are steady
and one dimensional. 1In order to be able to model the

transport of a contaminant in an agquifer the groundwater

" hydraulics must first be a known function. The steady

conservation of water mass equation in one dimension,

subject to constant recharge ¢, is expressed as
q=qs+sx (3.7

where x is the distance downgradient of the source nlane.
The dAischarge per unit width g and the average linear

velocity v in the aquifer are related through the equation

v=g/ (nh)} (3.8)
where n and h are as defined previously. The aquifer

thickness can be expressed as
h=hs+xtan8-n {3.9)
Equation (3.9) describes an aquifer with a plane,

slopning, underlying aquiclude of small angle 8 with respect

to the horizontal as sketched in figuré 2. n is the change
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in water table elevation with respect to the source plane
value, Equations (3.7), (3.8), and (3.9) may be combined to
form the relationship for the average linear velocity given

below (Ostendorf et al., 1984):
v=vs[l+y(x/hs)] (3.19a)
Y=shs/qs+qsv/(kghs)-tan8 (3.10b)

The three terms in equation (3.1@b) represent rechafge,
headloss, and bqttom slope effects, respectively. The
effects are modest, 50 that y(x/hs) is small. v, k, and g
represent kinematic viscosity, permeability, and
gravitational accelsration, respectively.

Contaminant transport through the far field may now be
studied since the steady hydraulic transport of the aéuifer
is a known function of downgradient distance. With the
assumption that the recharge will form a fresh water lens
above the plume, the conservation of contaminant mass
equation is simply a balance of advection and storaée change
in the absence of longitudinal dispersion (Ostendorf et al.,

1984)

vac/ax+ac/at=0 (3.11)
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The reaction term is zero in this equation since chloride is
a conservative species, while longitudinal 3ispersion is
relatively unimportant for continuous, areally distributed
pollution sources like landfills. 1In this equation ¢
represents the concentration of the chloride ion in the
aquifer. Note the presence of the average linear velocity,
which was determiqed through an analysis of the aquifer
hydraulics, in the conservation of contaminant mass
equation.

A method of characteristics solution technique will be

used to produce two more easily solvable differential

‘equations from equation (3.11) (Eadleson, 1979). The method

of characteristics is based on the chain rule {equation

(3.12)

dc/dt=3c/3t+ (3c/3x%) (Ax/dt) (3.12)
dc/dt represents temporal change in a frame of reference
moving at speed dx/dt. The two equations that are developed
by comparing equations (3.11) and (3.12) are as follows:
dc/dt=0 (3.13a)

dx/dt=v {3.13b)

where v is given in équation {3.10a).
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Equation (3.13a) may b2 integrated to show that ¢ is a
constant value along the length of the aquifer equal to the

source plane value

c=c (3.14)

Equation (3.13b) may be integrated from source values xs=ﬂ
and tS to any susequent x and t values in the far field to

produce the algebraic relationship
t-tsfx[}-yx/(2hs)]/vs (3.15)

Equations (3,14) and (3.15) are necessary and sufficient to
describe the temporal and spatial variations in chloride
concentration along the length of the aquifer in the far

field.



CHAPTER IV
CARBONATE SYSTEM SPECIES TRANSPORT

Qverview
The second case that will be studied is the transport
of a single binary system. The system that will be

investigated is the carbonate system. In this model

- inorganic carbon leaching from a landfill enters the near

field region and is transported into the far field region
where a high gaseous carbon dioxide concentration slowly
diffuses out of the équifer (Kimmel and Braidé, l1984) .,
Traditionally, inorganic carbon enters the system through
infiltration of water in contact with the atmosphere,
through decay of organic matter, and through respiration of
rlant roots. However, in the case that will be looked at in
this study, the majority of the inorganic carbon will be
attributed to the decomposition of incinerator ash from
landfills. The inherent‘assumption'in this analysis, and-
the driving force for the reactions that occur in this
system, is that the concentration of agqueous carbon dioxide
in the aquifer is greater‘than the aqueoué carbon dioxide -
value that would be found under equilibrium conditions,
This condition is easily met at landfills that accommodaté'

ash- disposal.

The species that may exist in solution in the aquifer

26



very little carbonic acid is formed in this reaction. CO
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are‘catbon dioxide {agueous COZ), carbonic acid (HZCOB),
hicarbonate (HCO3'), carbonate (CO3"), hydroxide (OH™), and
hydrogen ion (H+). Howaver, carbonic acid, which is formed

tﬁrough the reaction of aquecous carbon dioxide and water, is

approximately @.1 percent of the Coz(aq) concentration, and

is therefore insignificant in the analysis. In other words,

3
and OH concentrations will also be negligible in this

analysis since these species are found in insignificant
quantities under the pH conditions that will be of concern
in this study (neutral to slightly acidic) (Stumm and
Morgan, 1981). A constant pH assumption will be uséd in
this analysis so that the number of unknown species will be
reduced to two. The-constant pH assumption is reasonable if
the aquifer is well buffered.

At this point, only two species are laft to consider in
this system: agueous carbon dioxide and bicarbonate. These

two species are related through the reaction shown below:
{4.1)

The rate at which this reaction reaches equilibrium is

extremely rapid as compared to the carbon dioxide diffusion
rate. The diffusion rate is on the order of one year while
the rate at which the above reaction reaches equilibrium is

approximately 24 seconds (Stumm and Morgan, 1981).
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Therefore, the carbonate system species may be considered to
be at equilibrium at any instant in time in the far field
region of the aquifer. The equilibrium equation for the

reaction involving the two unknown species is as follows:

kl=[H+][HC03-]/[C02] - (4.2a)

k1=1a"%'31 noles/liter (4.2b)

The equilibrium constant kl is weakly'dependent on
temperature and ionic strength. The value shown in equation
(4.2b) is for a temperature of 14°C and a specific
conductance of 1509 micromhos/centimeter (see appendix).
This 2quilibrium constant value is reasonably representative
of leachate plumes and will be adopted in this study.

The same assumptions that were necessary for thé
conservative contaminant nodel will Ee necessary for the
carbon species transport model. The model will be developed
for an initially pure, underlying, shallow, unconfined
aquifer with a plane, sloping bottom under steady, one-
dimensional hydraulic cénditions. The aquifef must be
relatively shallow so that concentration gradients in the
vertical direction resulting from differential density

effects may be considered insignificant (Wilson and Miller,

1978). Dispersion will be neglected in the direction of

advective transoort. The assumption that dispersion is
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insignificant in this analysis may be justified by assuming
that the source of pollution is continuous rather than
instantaneous. This is based on the fact that the driving
force of dispersion is the concentration gradient and that
large concentration gradients occur for instantaneous
sources of contamination, such-as an accidental spill, but
not for continuous sources of contaminant, such as a
landfill (Gelhar and Wilson, 1974).

In order to keep the carbdnate system transport model
from becoming excessively complex several additional
restrictions must be placed on the aquifer. The amount of
dissolvable bedrock fn the area that can effect the
carbonate system (such as calcite or dolomite) will be
assumed to be negligible. This assumntion is necessary
because the kinetiqs of these precipitation /dissolution
reactions are very difficult to quantify (Stumm and Morgan,
1981). The temperature must remain constant throughout the
analysis since the equilibrium constant (kl) varies with
changgs in temperature. Also, the ionic strength of the
groundwater must be approxiﬁately constant since equilibrium
constants vary with ionic strength (Butler, 1982). The
biological activity in the aguifer will be assumed to be
negligible since biological activity may effect carbon
concentration. As a result of the restrictions placed on
the agquifer the landfill is the only source of carbon while

the atmosphere is the only carbon sink.
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In order to model the transport of the carbonate
system, again, the aquifer hydraulics must first be known. -
T™he aquifer hydraulics are identical to those of the
chloride transport example and are described by eguations

(3.10a) and (3.1db).

Carbonate Speciation

The transport of the carbonate system, with constant.
pH, is based on the transport of the carbon species. The
modeling is divided into two parts: 1) depth varying
vertical transport, and 2) depth averaged horizontal
transport. For these-transport cases the variable cq will
represent the aqueous carbon dioxide concentration, the
variahle c., will represent the bicarbonate concentration,

2

and the variable c¢ will represent the sum of ¢, and c,.

c,=[CO,(aq)] - (4.4a)
c2=[Hc03'] (4.4b)
c=cl+c2 (4.4c)

This total carbon species concentration, c, will be the
focus of the transport model. Once the total carbon species
concentration is a spatially and temporally known function

through the two modeling steps, the individual carbon
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'species may be determined through the equilibrium

relationshio (equation (4.2a)). The total carbon
concentration ¢ is related to the aqueous carbon Adioxide
concentration through the following equation:

c=cl(k1/[H+]+1) (4.5)

The loss of carbon to the atmosphere due to degassing

- is dependent on the gaseous carbon-dioxide concentration

gradient between the water table and the ground surface in
the unsaturated zone. This inorganic carbon mass flux, F,
may be roughly estimated by the following gaseous diffusion

relationship (Hillel, 1982)
F=-Dao/b (z=8) . {4.6a)

p=p/(RT) (4.6Db)

with temperature T, unsaturated zone thickness b, and gas
constant R. The gaseous diffusivity Da will be about 10'5
m2/s in magnituae {({Hillel, 1982), while the gaseous carbon
dioxide density, p, and partial pressure, o, will be related
by the ideal gas law at the water tabla. Henry's law

equates p to the aqueous carbon dioxide concentration at the

water table by the following relationship:



32

cl;KHp {4.7a)

therefore,

c1=(KHRT)p (4.7b)

" Note that the Henry's law constant is a weak function of

temperature, and, for the purposes of this study, will be
taken as independent of ionic strength., At a temperature of
T= ZB?OK, an ideal gas constant of R=0.0g821 atm-l/mole—oK,

-1.32 moles/l-atm at T=287°K

and a Henry's law constant of 10
equations {(4.6) and (4.7) suggest that cl and o will be
roughly equal in size. Therefore,'thé flux of inorganic

carbon through the unsaturated zone at the water table will

be approximately given by

F=—Dacl/b {z=0) (4.8)

Depth Varying Vertical Transport
The depth varying vertical trahsport model is the first
of two modeling steps that will be used to determine the
temporal and spatial variation in carbon dioxide and
hicarbonate concentrationg along the length of the aquifer
in the far field region. In this étep the transport of the
total carbon species concentration ¢ in the vertical

direction 2 will be modeled.
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The conservation of mass equation for the total carbon.

may be expressed as
2 2
dc/dt+vac/3x~D3 " c/az" =0 (4.9)

and is a balance of storage change, advective flux in the x-

" direction, and dispersive flux in the z-direction,

respectively. Note the presence of the linear velocity, v,
thch was determined through a hydraulic analysis, in the
conservation of contaminant mass equation, Dispersive flux
in the x-direction is considered negligible since a landfill
is a continuous source of pollutioni(Prakash, 1982). The
only transport mechanism in the z-direction is the
dispersive flux, by definition. The coefficient of
hydrodynamic dispersion, D, can be expressed in terms of two

components (equation (4.19a))
*
D=gv+D (4.1%a)
D=avs {4.10b)

where the first term represents vertical dispersion through
random velocity affects which result from small scale
heterogeneities, and the second term represents diffusion
Ehrough random molecular motion (Freeze and Cherry, 1979).

o is defined as a characteristic property of the porous
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medium known as the dynamic vertical dispersivity or simpiy
vertical disversivity {Freeze and Cherry, 1979). Equation
{4.10b) suggests that a constant dispersion coefficient will
be adopted for this study, on the premise of rapié flow
(avﬁ)D*) and a constant first order velocity (v is
approximately equal to VS). Note that there is no reaction
term in equation (4.9). The reaction term may be set equal

to zero in this equation because total carbon is being

‘transported. The only reactions that are taking place are

between the two components that make up the total carbon
concentration. Therefore, the total carbon concentration
does not change with-respect to the reaction between the two
carbon species. A method of characteristics solution
technique will be usad for this model as it was used for the
cqnservative contaminant model. Upon comparing equation
(4.9) with the method of characteristics relation developed

in chapter 3 (equation (3.12)), two more easily solvable

~equations may be formed, the first of which is simply the

frame trajectory, which was also develdped in chanter 3
(equation (3.13b)). The second aquation that is formed
is the governing equation for the depth varying vertical

transport model in the moving reference frame

3c/3t-D32%c/3z°=0 (4.11)
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The governing equation is in the form of thes well known
Aiffusion equation.

Two boundary conditions and one initial condition are
necessary to properly define the problem. These conditions

are listed below:

2c/3z=0  (z=h, t2t) (4.12a)
D3c/3z=D_c/(Kb)  (2=08, t>t) (4.12b)
c=cs (t=ts) (4.12¢c)

The first boundary condition states that there is no flux
through the bottom of the aquifer. The second boundary
condition states that the flux through the saturated zone is
equal to the flux through the unsaturated zone at the top of
the aquifer. This boundary condition may be simolified for
the usual case of a strongly diffusive unsaturated zone
which efficiently carries off contamination at a relatively

low concentration
Da>>D (4.13a)
therefore,

c=0  (z=0) (4.13b)
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The initial condition (équation (4.12c)) states that the
concentration is a constant value equal to the source
concentration.

A separation of variables solution technique may be
utilized to solve this transport problem as summarized in
the appendix. This technique is based on the assumption
that the spatial and temporal variation of the total carbon
concentration may bé expressed as two independént functions.
One independent function is solely a function of depth while
the other independent function is only a function of time.

This method yields a Fourier series solution of the form

c=4cs/n { {exp[-al.(t-t )1/3}Y{sin(jrz/{2h)]} {4.14a)
jodd 3 s

a1j=[jw/(2h)]2D  (4.14b)

Equation (4.1l4a) may be expressed in terms of the

bicarbonate concentration, c as

2'

c2=4czs/njgdd{exp[—alj(t-ts)]/j}{sin[jnz/(Zh)]} (4.15)
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Depth Averaged Horizontal Transport

The depth averaged horizontal transport model is the
second of two modeling steps that will be used to determine
Ehe temporal and spatial variation in carbon dioxide and
bicarbonate concentrations along the length of the aquifer

in the far field region. 1In this step the transport of the

" total carbon species concentration in the downgradient x-

direction will be modeled. This model will be developed by
depth averaging the vertical transport solution (equation
(4.14a)) and then applying the frame'speed relationship,
which was developed through a method of characteristics
analysis.

The definition of depth averaging is oresented by the

following equation:

b
c'=1l/h [ c dz (4.16)
2

The aepth averaged form of equation (4.14a) is

ct=8c_/n° § expl-a,,(t-t_)1/§° (4.17)
jodd J

Fquation (4.17) may be exnressaed in terms of the bicarbonate

concentration, cé, as

2 L2
cl=8c, /1" ] exovl[-a,.(t-t_)1/7 (4.18)
2 2s j0dd 13 s
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The bicarbonate concentration, cé may be ralated to the
distance downgradient from the landfill through the frame
spveed relationship developed for conservative contaminant
transport (equation {(3.15}).

The depth‘averaged total carbon, as well as its
bicarbonate and carbon dioxide species, exhibits exponential
decay to leading order. This behavior is in accord with the
ad hoc postulates of first order decay (Ostendoff et al.,
1984 and Prakash, 1982) adopted by one-dimensional modelers.
An examination of the horizontal transport equation yields
an analytical estimate of the "decay constant", i, to

leading order, as
A=n’av_/ (4h°) (4.19)

The flux of total carbon out of the contaminant blume

may be estimated as well. By definition

Ff-Dac/az {z=3) (4. 20a)
therefore,
F=-2Dc_/h | expl-a,.(t-t )] (4.20b)
S jodd . 13 S

The loss may be determined from the following integral:



t
L= F dt (4.21)

ts

The loss is evaluated as

L=2Dc_s/h | 1/a,.{expl[-a .(t-t )]-1}
s j0dd 1 13 s

(4.22)
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CHAPTER V

CASE STUDY: BABYLON LANDFILL

Background

The site under investigation in this study is a
contaminated aquifer located downstream of a municipal
landfill serving and located in the towﬁ of Bab&lon, Long
Island. This landfill is bordered to the east and west by
1ight industry and to the north and south by cemeteries.

The location of this landfill is presented in figure 3. The
contaminant plume was the subject of a study perforhed by
the United States Geological Survey (Kimmel and Braids,
198@). This study, which was initiated in 1971, was

per formed in order to determine the effect of the Babylon
iandfill on groundwater quality.’ '

The Babylon landfill, which began ovberation in 1947,
was servicing a population of approximately 287,008 at the
time of the study {Kimmel and Braids, 1986). Due to the
anomélous surge of growth in the early 1968's three growth
segments will be used for the Babylon area (Ostendorf et
al., 1984). The data describing these periods of growth
were taken from census figures for Saffolk County (U.S.
Department of Commerce, 1977) and are presented in table 1.
Measured chloride an¢ . .carbonate values at the source nlane

were used in order to hack calculate the constant
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TABLE 1:

POPULATION SEGMENT PARAMETERS,

BABYLON LANDFILL

42
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si

cap/s x 1974
can x 104
s x 19
kg/m> x 10

. kg/m3 x 10

5.258

-2.72

-18.708

6.935

3.05

21.00

3.538

11.648
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contaminant loading factor, S. The contaminant loading
factor could then be used to calculate s values from the
near fizld model. The landfill site may be described by a
rectangle 505 meters wide (b) by 689 meters long (g} (Kimmel
and Braids, 1975). The refuse deposited at this landfill is
a combination of incinerated waste, scavenger {cesspool)
waste, urban refuse, and a small amount of industrial
refuse,

The contaminant plume, which has developed as a result.
of landfill leachate reaching groundwater, flows in the
upper glacial aquifer, which is the saturated portion of an
outwash plain, This.outwash plain is associated with the
terminus of a Wisconsinan-age glacier. The unsaturated
portion of the outwash plain is, on average, 4.6 meters
thick. The upper glacial aquifer is approximately 22 meters
thick at the landfill (hs) and approximafely 24 meters thick
near the end of the plume. The aquifer consists of coarse
Quartz gsand, a small amount of heavy minerals, and some
gravel. The deposit, which has a porosity, n, of
approximately 27 percent and a permeability, k, of
6.34x1071} meters® (Collins et al.,1972), is unusually
uniform for outwash. The upper glacial aquifer is underlain
by the Gardiners Clay. This clay formation extends upstream

of the landfill and downstream of the plume. The Gardiners

Clay is approximately 4 meters thick and acts as a barrier
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to groundwater flow due to its low hydraulic conductivity

. (Kimmel and Braids, 19%84).

The water table is less than nine meters below the
ground at - -this site and there is usually no space'between
the water table and the bottom of the fill. As a result,
there is no zone of aeration of the pure leachate prior to

it reaching groundwater. The elevation of the water table

varied considerably during the USGS study, however, this

variation is negligible compared to the thickness of the

aquifer. Therefore, the hydraulic gradient, dn/dx, may be
taken as a constant value of #.006161 at the source plane.
The bottom slope of the aquifer is given as tan 8=0.0027 and
the kinematic viscosity, v, is estimated at 1.1x107°
metersz/second. In view of Darcy's Law, the average linear
groundwater velocity at the_source'plane, vs, was
app;oximately 3.37xlﬂ'6 meters/second at the time of the
sthdy. With a groundwafer recharge, e, of 3.25x10°
meters/second the velocity modification factor, y, which
reflects recharge, headloés, and bottom slope effects
becomes 9.008248 (Ostendorf ot al., 1984).

The contaminant plume was 579 meters wide at the
landfill and 213 meters wide at its terminus at the time of
the United States Geological Survey Study. The plume
extended 3049 meters downgradient from the landfill and

extended the entire deoth of the aquifer. A specifié

conductance of 408 micromhos/centimeter or greater was



45

interpreted as contaminated groundwater for the purposes of
defining the plum2. A site vlan of the landfill and plum2
is presented in fiqure 4 (Kimmel and Braids, 1980).

Due to high concentrations of incinerated waste at the
Babylon landfill high concentrations of inorganic carbon
(carbon dioxide and bicarbonate)} were present in the
contaminant plume. The high carbon dioxide concentration
diffuses out of the aquifer as the plume travels
downg;adient from the landfill, The models developed in the
previous chapters will be used to model the chloride and

bicarbonate species at this site, Figures 5 and 6 describe

the horizontal variation in chloride and bicarbonate

concentratioqs in the aquifer, respectively.

Nine chloride concentration values and ten bicarbonate
concentration values that were recorded in 1974 at several
locations downgradient from the landfill facility will be
used to test the depnth averaged horizontal transport models.
Five bicarbonate concentration values were recorded in 1973
at well 12, which is approximately 1667 meters downg:adient
from the landfill, at depths varying f&om 5.8 to 23.8
meters. These data points will be used to test the depth

varying vertical transport model.

Model Test: Horizontal Transport

The conservative horizontal transport model (equations

{3.14) and (3,15)) is tested against measured chloride
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values. A measure of how well the model fits the given data
points is given by the error associated with a comparison

between the measured and calculated concentration values, by
the mean error of the data, and by the standard déviation of

the errors. The error § is defined as

6=(c-cm)/cm (5.1)

~with mean §' and standard deviation ¢ (Benjamin and Cornell,

197%)

§'=1/3 ] & (5.2a)

a=(1/3 | §2-512)1/2 (5. 2b)

The chloride values are arrived at through two steps. The
first step is to calculate the source concentrations and
source times through a near field analysis (equation (3.5)).
The results of the near field analysis are summarized in
table 2; The second step is to use the near field results
and apply them to far field transport in order to test the

model, Table 3 summa:izes the far field chloride test
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TABLE 2: NEAR FIELD RESULTS~CHLORIDE TRANSPORT

WELL X SOURCE TIME SOURCE CONC. GROWTH

(METERS) (sx12%) (KG/M>) PERIOD
127 360 7.47 @.256 3
6 990 5.98 9.180 3
16 920 5.93 6.176 3
12 1570 4.26 2.100 2
124 1580 4.24 2.16¢ 2
118 2180 2.83 9.073 1
122 2239 2,71 . 0.071 1
35 2810 1,47 3.044 1
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TABLE 3: FAR FIELD RESULTS~CHLORIDE TRANSPORT

WELL X MEASURED CONC. CALC. CONC. ERROR
METERS (KG/M3) (KG/MB) (%)
127 360 Q.24S @.256 5
6 960 @.199 ‘ - 0.1840 -6
19 92¢ g.179 ' - . 8.176 4
12 1579 @.175 0.100 ~43
124 1583 g.a58 2.190 72
118 2180 @.955 | a.a73 34
122 2230 0.048 g.271 49
735 2819 4.a57 | 7.044 -23
29 3194 0.044 : #.023 -47

MEAN ERROR=5%

STANDARD DEVIATION=38%
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results. The mzan error of 6'Cl=5% and standard deviation

of =38% indicate a good fit of the conservative, far.

“c1
field transport model to the measured chloride values
(Ostendorf et al,, 1984). No systematic error is present in

the model, as shown by the random variation in the errors.

A graph of chloride concentration vs. downgradient distance

" is presented in figure 7.

The calculated bicarbonate values are arrived at
through the same steps presented for chloride transport
modeling. Table 4 summariées the near field results., The
horizontal transport model is tested by calibrating the
vertical disversivity a so that the deoth averaged model
nredictions (equations (4.18) and (3.19%)) will best fit the
ten measured bicarbonate values. This is accomplished by
choosing a dispersiviﬁy value so that the mean error equals
zero. A measure of how well the model fits the given data
points is agiven by the error associated with a compmarison
between the measured and calculated bicarbenate values for
the calibrated coefficient and by the standard deviation of
the errors. Tabls 5 summarizes the calibrated bicarbonate
test results in the far field. A dispersivity of a=0.92 m
zeros the mean model error with a standard deviation of

%4co =37%, This value indicates good model accuracy, and is
3
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TABLF 4: NEAR FIFELD RESULTS-BICARBONATE TRANSPORT

WELL X SOURCE TIME SOURCE CONC, GROWTH

(METERS) (5X18°) (KG/M>) PERIOD

127 360 7.47 g.487 3
128 630 6.72 g.416 3

6 90a 5.98 9.341 3
16 920 5.93 #.336 3
124 1580 4,20 9.19¢ 2
118 2180 2.83 #.140 1
122 2230 2.19 @.115 : 1
35 2813 1.47 3.0683 1
29 3190 #.71 g.044 1
-- 3324 a.47 3.830 1
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TABLE 5: FAR FIELD RESULTS-HORIZONTAL BICARBONATE TRANSPORT

-a CALIBRATION-

WELL X MEASURED CONC. CALC. CONC. ERROR
~ (METERS) (kG/M3) (KG/M°) (3)
127 360 @.540 #.420 -22
128 630 @.277 g.340 23
6 999 0.665 9.270 -59
16 920 g.154 9.270 75
124 1589 '¢.158 3.149 -11
118 2184 9.086 8.097 13
122 2230 *3.138 2.080 -42
35 2814 0.050 9.0650 5
29 3190 0.029 : g.030 50
-- 3320 g.023 3.829 -13

* CALCULATED FROM 1973 DATA

a=@.82 m

STANDARD DEVIATION OF THE ERRORS=37%
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particularly encouraging in view of the possible sampling
errors in wells 6, 19, and 122, A graph of concentration

vs, downgradient distance is presented in figure 8.

Model Test: Vertical Transport

The depth varying vertical bicarbonate transport model

"is tested by comparing model values that are calculated

using the calibrated dispersivity against the measured
bicarbonate values. A measure of how well the model fits
the given data points is given by the error associated with
a comparison between the measured and calculated
concentration values, by the mean error of the data, and by
the standard deviation of the errors. Table 6 summarizes
the vertical bicarbonate test results, Tﬁe mean error of

'=-14% and standard deviation of ¢=33% indicate a good fit
of the vertical transport model to the measured vertical
profile. No systematic error is present in the model, as
shown by the random variation in errors. A graph of

bicarbonate concentration vs. depth is opresented in figura

g.
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TABLE 6: FAR FIELD RESULTS-VERTICAL 3ICARBONATE TRANSPORT

{a=0.022)
DEPTH, Z MEASURED CONC. CALC. CONC,. ERROR
(METERS) (KG/M3) (KG/M3) (%)
5.8 9.067 9.093 34
12.2 2.176 #.152 -13
14.6 g.230 g.161 -31
18.9 @.420 3.169 -60
23.8 @.179 C9.171 1

MEAN ERROR=-14%

STANDARD DEVIATION OF THE ERRORS=33%
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CHAPTER VI

DISCUSSION

Horizontal transport

The depth averaged total carbon concentration, as well
as its bicarbonate and carbon dioxide specfes, exhibits an
exponential decay to leading order, by virtue of equation
(4.16). This behavior is in accord with the ad hoc'
postulates of first order decay (Ostendorf et al., 1984 and
Prakash,‘1982) adopted by one-dimensional modelers. The
horizontal transport model, which was rigorously developed
in this study, gives credence to earlier work that has used
a first order decay reaction to model bicarbonate transport
and credibility to futurs work in which a first order decay
approximatiop will be used.

The reactive, first order decay behavior of the
bicarbonate concentration is indicated by a depression of
the concentration vs. downgradient distancé curve (figure
6}, as compared to figure 7, which was developed for the

conservative contaminant chloride,

Vertical Transport

It should be observed from figure 8 and table 6 that if
the measured value at 23.8 meters depth is neglected the

vertical transport model will exhibit a strong systematic
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error. A concentration profile that follows the first four
measured voints would yield a more statistically valid
representation of hicarbonate transport, in tha absence of
the low measured bicarbonate value at 23.8 meters. However,
the fact that the model developed in this study did yield a
quite reasonable value of standard deviation of ¢=33%, which
describhes the spread of the data, can not be ignored. Since
there were only five measured data points constituting the
vertical profile thréwinq out any of these values would not
be justified. Thus, there is a strong need to test the
Qértical transport modsl with more data in order to
determine whether this model is truly describing the

transport processes that are occurring in the aquifer.

Validity of Modeling Assumpbtions

Several assumptions were necessary in this study in
order to sufficiently simplify conditions for the

develoopment of the transport equations. The validity of the

.assumptions will determine how wall the transport mod=ls can

describe the movement of contaminants in the aquifer.
Therefore, these modeling assumptions will b2 logked at in
greater detail in order to determine their validity.

The first group of assumptions that will be
investigated are those that restrict the hydrauiics of the
aquifer. The groundwater flow must be steady and one-

dimensional. Since the Babylon aguifer is unusually uniform
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the steady flow assumption is quite reasonable. The fact
that the aquifer is underlain by low permeability clay and
is very uniform supports the assumpntion that the flow is
one~-dimensional.

The second group of assumptions that will be

investigated are those that relate to contaminant transport.

- The aquifer was assumed to be shallow so that the plume

would be fully mixed and differential density effects would
not produce two-dimensional transport. The upper glacial
aquifer is approximate;y 23 meters thick, on average, and is
therefore relatiyely shallow. The aquifer was assumed to be
initially nure orior to contamination by the Babylon
landfill. This appears to be a good assumption since there
are few other sources of contamination in the area,
especially those that nfghf contribute significantly to a
high concentration of‘inorganic carbon. The assumption that
longitudinal dispersion may be neglected is a good
assumption for continuous sources of contamination, such as
a landfill,

Several assumptions were necessary so that the
carbonate system reactions taking place in the aquifer could
be reasonably modeled. The temperature and ionic strength
were assumed to stay constant throughout the transport
process. However, the temperature actually varié& from
approximately 11°C to 170C. Therefore, an average value of

14°C  was used for modeling purovoses. The ionic strength,



63

however, stayed in the fange of 1808 to 2000 micromhos/cm
throughout most of the plume. 1t should be notaed that the
models were developed in such a fashion that the squilibrium
constant cancelled out of the equation for the transport of
bicarbonaté. Therefore, temperature and ionic strength
changes did not effeqt the results of this model. However,
if it became necessary to determine one species from
another, the equilibrium constant would play a role in the
solution and ionic strength and temperature effects would

again be important. The assumptions that geological and

bhiological effects are negligible with respect to changes in

inorganic carbon concentration are difficult to evaluate.
The site geology indicates that there is probably little
contribution to inorganic carbon from geological sources.
The biologicél contribution, however, is difficult to
quantify with available data. There is some anaarobic
activity in the aqguifer, but the extent of this activity is
unknown.

Perhaps the most important of the assumptions in this
model is that the pH is a constant value. The USGS report
on the Babylon plume indicates that the pH changes from
about 7 at the landfill to an ambient pH value of about 5
along the perimeter of the vlume. This pH range appears to
signify dilution of plume water with ambient water at the
edges of the plume as well as sufficient buffering of the

plume along the aquifer to pnrevent significant pH changes.
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If pH changes were occurring in the aquifer, one would
susoect that the pH value would be considerably lower than
ambient conditions at the landfill and would slowly increase
toward ambient conditions ﬁear the toe of the pluﬁe as the

carbon dioxide diffuses out of the aquifer.



CHAPTER VII

CONCLUSIONS

Modeling Summary

In this study an analytical groundwater transport model
of the reactive contaminants bicarbonate and carbon dioxide
was developed. The driving force for the reactions
occurring in this reaction was the gaseous diffusion of
carbon dioxide out of the aquifsr. The diffusion process
occurred at a comparable rate to the advective flux of the

aquifer, and thus was included in the governing transport

"equation., The reactions, however, were very fast in

comparison to the gaseous diffusion or advective flux of the
anuifer. Therefore, the bicarbonats and carbon dioxide
values were taken to be at zquilibrium at any instant in
time in the aquifer. 1In order to simplify the model total
inorganic carbon was transported so that the reaction term
could be set equal to zero. The total carbon value is
related to the two carbon species by an equilibrium
relationship. A critical assumption in this analysis is
that the pH must be a constant value in order for the
reactions to be sufficiently simnle to be incorporated into
the transport model.

RBacause of the two dimensional nature of this

contaminant transport problam (advective flux in the
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horizoﬁtal x-direction and diffusive flux in the vertical z-
direction) transport models were develoned to describe
carbon concéntration variations in tha x or 2z direction at
any time. The horizontal transport model, which was
developed from the vertical transport model, yields a
solution which may be described by a series of exponential
decay terms. This solution, which was developed rigorously,
presents a hasis for the use of a first order decay term to

approximate bicarbonate reactions .in a groundwater transport

model.

Future Work

The assumptions used in the development of the models
in this study should be investigated more thoroughly,
esvecially the constant nH aséumption, the assumption that
-geological contributions ars insignificant, the assumption
that biological activity is insignificant, and the
assumotion that differential density effects are not
vroducing a concentration profile in the aquifer. The
models should be checked with more data in order to
determine whether the models developed in this study truly
déscribe the transport processes that are occurring in the

aqui fer.



APPENDIX

k1l Tamperature and Ionic Strength Corrections

Temperature correction:

The equilibrium constant kl=1{a-6'43 moles/liter at a

‘temperature of 14°C (Freeze and Cherry, 1979).

Ionic strength correction:

Using the Extended Debye-HGckel Equation, which is
valid for ionic strengths less than 9.1, activity
coefficienfs may be determined for bicarbonate and the
hydrogen ion (Drever, 1982). These activity coefficient
values are divided into the equilibrium constant adjusted
for temperature to correct for ionic strength. For a
specific conductance sc of 1500 micromhos/cm the ionic
strength I equals §#.924., This is determined through the

aooroximation

I=1.6 x 19 ° (sc) (A.1)

The Extended Debye-Huckel Equation is

/

log a=-aw>(1)1/%/1+vur (1) 172 (3.2)
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where a is the activity coefficient, w is the ion charge, A
and U are constants dependent on temperature and pressure,
and r is a constant reflecting the hydrated radius of the

ion. The activity coefficients are determined as

aHC03=0‘8634 (A. 3a)
aH+=G.8846 {A.3)
Thersfore,
k1=10"%"3nores/1iter (A.4)

for a temperature of 14°C and an ionic strength of 15800

micromhos/cm,

Separation of Variables Solution

c=f{t)g(z) (A.3)

where f and g are two independent functions. Eguation (A.5)
may be applied to equation (4.11) to oroduca the two

independent equations

df/dt+aljf

@ {A.6a)

dzg/dzz—aljg/D=3 (A.6b)
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The product of the solutions of these two a2quations is
represented by exoonential and trigonomastric terms (Boyce

and RiPrima, .1977)
c=j£1exp[-a1j(t-t5)]{azjcos(zm)+a3j51n(zm)] (A.7a)

m:(alj/D)l/z (A.?b)

In view of equation (4.l3bf

a,.=0@ (A.S)
In viaw of =2quation (4.12a)
aljz[jn/(zh)120' 5 odd  (a.om)
a,.=0 j even (A.9b)

33

The initial condition is a Fourier sine series
representation of ¢, over the interval 9 to 2h (Boyce anAd

PiPrima, 1977)

a
1

0
I
W18

sinl[inz/(2h)]) {A.10a)



a3j=l/h zhcssin[jnz/(Zh)] dz (A.13Db)
Evaluating this integral
a3jé4cs/(jv) j odd (A.llé)
a3j=ﬁ j even (A,11b)

"Thus, the separation of variabless solution is

c=4c_/m ) {exp[~alj(t-ts)]/j}{sin[jNZ/(Zh)l}

jodd
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