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EXECUTIVE SUMMARY

One means of storing or disposing of contaminated sediment extracted from water bodies
is to place the dredged material onshore. Such repositories designed to receive this material are
termed confined disposal facilities (CDFs). Typically they are constructed of earthen material and
occupy large areas hundreds of acres in size. During the filling of these diked enclosures the top
surface of the dredged material mass is exposed to the atmosphere. This direct contact with air
encourages the loss of volatile and semi-volatile chemicals from the upper surface layers. This report
was the result of a study of published literature on the subject of data and theoretical models that
address the evaporative losses of these chemicals. The focus is on gathering the best available
information in order to provide a basis of making quantitative projections of evaporative fluxes to
air for estimating human exposures to these chemicals. Although the data and models are generally
applicable, to any CDF of similar design, the flux projections are specific to the Indiana Harbor
Canal (IHC) sediment and its chemical characteristics.

A literature search was conducted for information concerning the theory, models and data
on the general subject or chemical volatilization from soils, soil-like solid materials, and sediment-
derived dredged material surfaces. In addition to dredged materials, the search focused on pesticide
vaporization from agricultural soils and hazardous substances vaporized from “land farming” and
land filling treatment and disposal operations. In principle all involve the same basic chemodynamic
processes which govern the behavior of chemicals in similar porous media.

Chemodynamics process models are in an advance state of development with regard to
chemical desorption, transport in porous media, and movement across the air-soil interface. Models
are capable of quantifying many second generation processes, such as loosely and tightly bound
fractions, humidity/moisture desorption enhancements, and air thermal stability in the atmospheric
boundary layer (ABL) that are supported by theoretical arguments and observations. Two
deterministic chemical release and transport models have been developed independently starting in
the 1970s. The Jury et al model was developed based on forecasting pesticide evaporation from
applications to agricultural soils. The Thibodeaux et al model evolved simultaneously and was
initially focused on forecasting the volatilization of hazardous substances from solid waste. Both
efforts are founded on well established physical chemical principles quantifying processes through
the use of the Lavoisier’s species mass balance on the soil column. Although the final algorithms
are slightly different, the model foundations and results are nearly identical; both have undergone
significant and repeated peer review and testing by other investigators. Without sacrificing accuracy
the Thibodeaux et al model is algebraically simpler and allows easy incorporation of additional
transport resistances. Its use is recommended for the IHC CDF application. A single statistics-based
volatilization model was found; the model of Woodrow et al obtained by correlating fifteen
measured chemical fluxes to air with four independent variables reflecting species characteristics
of the soil source was shown to be consistent with the theory-based model of Thibodeaux et al.

Chemical specific flux data to air was located for 21 of the 24 volatile compounds identified
as substances of concern in the proposed IHC CDF. A total of 232 flux values were located
representing laboratory measurements, pilot-scale simulations, and field data. The data from these



measurements was summarized by using the six chemical categories: polyaromatic hydrocarbons;
pesticides; the benzene, toluene, xylene(BTX) group; metals; polychlorinated biphenyls (PCBs); and
the dioxin/furans. The report contains a discussion of the measurements found in each category, the
experimental techniques employed, and focuses on the quality of the measurements and applicability
to the IHC CDF situation. Summary flux tables representing each of the six chemical categories are
presented in the body of the report.

The third section of the report addresses the application of the Thibodeaux et al model to the
IHC CDF. Algorithms reflecting instantaneous and time-average volatile fluxes are presented so as
to project emissions throughout the approximate thirty year lifetime of the CDF. Graphical line
projections are presented of the model flux estimates based on the thermodynamic and transport
parameters specific to the average chemical composition expected in the dredged material.
Appropriate times for use in assigning average flux estimates needed for risk assessments are shown
on the graphs as well. Only four graphs appear in the body of the report; they are for
benzo(a)pyrene, dieldrin, Aroclor 1248, and benzene. The others appear in the appendix.
Superimposed on the graphical model flux projections are the reported flux measurements. These
graphs are to be used by the reader so as to appreciate the ranges of the numerical variations of the
fluxes, model vs. data, that results between chemical types. The reader should not use the
information presented on each chemical to make judgments about model vs. data congruence. The
model projections reflect conditions of the IHC CDF; the data, although based on average dredged
material concentrations, reflect soils of different organic matter content and other characteristics,
different air or gas velocities, and temperatures in the experimental apparatus, differing vessel
shapes, operations protocols, differing chemical analytical protocols, etc. Modeling each set of flux
measurements was not within the scope of this project plus it was impossible to normalize all these
variations to the IHC CDF projected conditions. Never-the-less viewed in a scaling context based
on chemical species, the trend of model vs. data give a generally congruent behavior pattern. Those
for dieldrin, naphthalene, phenanthrene, toluene, the xylenes, and dibenzo-furans are in notable
agreement. Not surprisingly, flux measurements reflect the early period (i.e., days only) of the
evaporative lifetime of these chemical/soil mixtures.

In summary, it appears that much knowledge is available about the process of volatile
chemical emissions from soils. The basic processes are well understood and models are available
that can mimic the observed behavior. The quantity of measured data is relatively rich for short-term
fluxes in laboratory scale equipment, but there is less for the field and for the long-term. Despite
these shortcomings, the proposed modeling algorithm may be used with confidence to make realistic
time-averaged flux predictions. Averages must be used since real time predictions for a system as
complex as the surface of the proposed IHC CDF are beyond the knowledge base of the science at
this time. In light of the processes that are known to attenuate the chemical flux such as a snow
cover, and slow chemical desorption of the tightly bound fraction etc., the selection of average
model input parameters will generally result in conservatively high emission predictions. Whereas,
a selection of alternative input parameters can result in even higher chemical fluxes.



INTRODUCTION
GENERAL

The U. S. Army Corps of Engineers, Chicago District (Corps) plans to dredge the federal
channel in the Indiana Harbor Canal(IHC) starting in 2005. Due to past industrial activities within
the watershed, the sediments in the canal are considered unsuitable for open water disposal. The
Corps plans to construct a confined disposal facility(CDF) on a former petroleum refinery site
owned by Energy Cooperative, Inc. (ECI).

As part of the Environmental Impact Statement (EIS) for the proposed IHC dredging
activities, the U. S. Environmental Protection Agency, Region V(USEPA), performed an inhalation
risk assessment (USACE 1999) associated with the CDF. It involved comparing particulate and
volatile toxic loadings to the atmospheric boundary layer (ABL) and assessing human health risk
posed by inhalation of these airborne contaminants. The Corp and USEPA are considering
additional risk analysis work. To this end research is needed to incorporate new data and project
design information into the risk analysis. One key aspect of this activity is to determine the most
scientifically valid chemical volatilization rates from the proposed CDF.

REPORT AUTHORITY AND SCOPE

This report summarizes the results of a research effort proposed under the U.S. Army
Engineer Waterways Experiment Station Broad Agency Announcement(BAA) in the program on
Sediment Water Interactions. Contract for the service (No. DACW42-01-P-0165) was awarded to
Louisiana State University March 15, 2001. The scope of the project was to perform all work
necessary for research and development efforts to conduct a critical literature review of
volatilization rates for selected volatile, semi-volatile and metals.

DESCRIPTION
INDIANA HARBOR CANAL

The IHC is located in East Chicago, Lake County, Indiana. It is on the southwest shore
of Lake Michigan approximately four miles east of the Indiana-Illinois State line and seventeen
miles south of downtown Chicago. The Harbor has an entrance channel and outer harbor
protected by breakwaters, and an inner harbor. The inner harbor consists of the IHC and its two
branches. The main channel extends inward from a railway bridge to the Forks, a distance of
7,400 ft (2.3 Km). From here the Lake George Branch extends west for a distance of 6,800 ft
(2.1 Km) and the Calumet River Branch extends south for about two miles (3.2 Km). Dredging
to maintain adequate depth has not been conducted in this harbor since 1972 due to the lack of an
approved economically feasible and environmental acceptable disposal facility for the dredged
material.



SEDIMENT AND CONTAMINATION

There are three major sources which account for the sediment entering the IHC and Grand
Calumet River. They are municipal and industrial discharges, combined sewer overflows, and urban
runoff which contribute an estimated 152,000 CY (116,000 m?) of sediment each year. Most of the
system hydraulics has reached a steady state condition, meaning there is a balance of sediment
deposition and scour/transport. The result of this condition is a loading of 100,000 (76,500) to
200,000 CY (153, 000 m?) of sediment to Lake Michigan from the mouth of the Indiana Harbor each
year.

The USEPA Great Lakes National Program Office(GLNOP) under the Assessment and
Remediation of Contaminated Sediments (ARCS) Programs conducted two sediment sampling
surveys of the IHC. Survey 1 was performed in August 1989 and consisted of grab samples taken
at seven Master Stations and Survey 2, sampled in November 1990, consisted of core samples taken
at 37 locations. A summary and analysis report of the data from the two sampling surveys has been
issued(USEPA, 1996). Not surprising, the analytical chemistry portion of the study revealed the
sediment of IHC contained the usual suspects of both metals and organics typically found in these
types of contaminated aquatic environments. Table 1 contains a listing of those substances of
concerned in this project and their concentrations. The results of sediment testings on the potential
for contaminants to cause adverse impacts to aquatic life or to users of the IHC systems were
reported as well. Metals that exceeded some or all of the benchmark criteria or guidelines used to
examine the sediment included: arsenic, cadmium, chromium, copper, iron, lead, manganese,
mercury, nickel, silver and zinc. The organics with unusual exceedences of criteria and guidelines
included: total PCB’s, the PAH’s anthracene and phenanthrene, flourene and flouranthene.

THE ECI SITE CONFINED DISPOSAL FACILITY

The dredged material formed from the above, described contaminated sediment in IHC will
be placed in a nearby CDF. The CDF site consist of about 164 acres (68.0 ha) of land formerly
occupied by an oil refinery owned by Atlantic Richfield Company and subsequently by ECI which
went bankrupt in 1981. The plan view of the CDF is shown in Figure 1. It will consist of three cells
as indicated in the figure. The total area occupied by the cells will be approximately 131 acres (53
ha) after the railroad tracks are removed. As shown in the figure the west cell in the southern portion
of the site would be divided to create and isolated sub cell for the disposal of TSCA level PCB
contaminated sediments.

Dredging would be performed using a closed bucket mechanical dredge. The dredged
material would be loaded onto barges or scows which would then be moved to the disposal area.
Next, the dredged material would be loaded into trucks at the CDF rehandling area (Figure 1).
The trucks would then transport the dredged material to the CDF by the use of haul roads placed
around the site and on top of the dikes. Alternate methods of transport, such as the use of a
conveyor system or pumping through pipes, may be considered at a later date.
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Table 1 Selected Chemical Concentrations in IHC Sediments

Chemical(unit) Median Maximum
Arsenic(ug/g) 56 93
Mercury(ug/g) 1.77 2.06
Zinc(ug/g) 3540 10,000
Benzene (ug/g) 7.2 28
Toluene (ug/g) 8.4 55
Ethyl benzene (ug/g) 1.3 34
Xylenes total (ug/g) 15 77
Anthracene(ng/g) 3450 300,000
Benz(a)anthracene(ng/g) 11,650 39,000
Benzo(a) pyrene)(ng/g) 15,500 41,000
Benzo(k) flouranthene(ug/g) 131 230
2-Methylnaphthalene(ng/g) 2,600 42,000
Naphthalene(ng/g) 6,200 24,000
Phenanthrene(ng/g) 11,400 270,000
Pyrene(ng/g) 27,000 55,000
Total PCBs (ng/g) 12,000 43,000
Aroclor 1248(ng/g) -0 -0
Aroclor 1254(ng/g) 2100 3400
Dibenzofuran(pg/g) 2,300 53,000
2378tetrachlorodibenzofuran(pg/g) 310 740
2378tetrachlorodibenzodioxin(pg/g) <110 130
Chlordane(ng/g) 86 170
4,4DDT(ng/g) 79 100
Dieldrin(ng/g) 280 343
Heptachlor(ng/g) 200 320

Source (USEPA. 1996) *ug= micrograms, ng= nanograms and pg= picograms.
" US ACE (1997) document provides a value of 4.1 mg/Kg.



Table 2. Estimated Dredged Material Quantities by Channel Reach (1000CY)

Years
Channel Reach 2005- 2016-

No.  Description 2015 2035 Total
1 Outer Harbor Approach Channel 49 370 419
2 Outer Harbor Approach Channel 377 387 764
3 Anchorage & Maneuver Basin 102 223 325
4 Anchorage & Maneuver Basin 505 380 885
5 Canal Entrance Channel 9 149 158
6 Inner Harbor Channel 0 16 16
7 Inner Harbor Channel 5 22 27
8 Inner Harbor Channel 117 111 228
9 Inner Harbor Channel 115 82 197
10 Lake George Branch 10 20 30
11 Lake George Branch 46 47 93
12 Lake George Branch 74 35 109
13 Calumet River Branch, Lower Reach 180 42 222
RO3  Inland Steel Hooper & Stone Docks 57 117 174
R04 Inland Steel Dock No.4 & Adjacent

Dockface 417 105 522
RO5 Inland Steel Dock No. 2 11 15 26
LO5 LTV Steel Ore Dock 26 24 50
R06 Inland Steel Consent Decree Dockface 7 3 10
L0O6 PCB Hot Spot 14 5 19
RO7  Inland Steel Dock No.3 8 7 15
RO8 Inland Steel Concent Decree Dockface 139 20 159
L11  Amoco Oil Company Dock 5 2 7
U13  Calumet River Branch, PCB Hot Spot 172 48 220
Totals 2.445 2.230 4.675

Source Appendix Q of (USACE 1999).



Dredged material would be placed in the CDF in lifts of approximately 3 feet. Such limited
lifts would promote greater efficiency of the natural drying processes and greatly enhance the
potential gains in CDF capacity. To allow for natural drying, not more than one 3-foot lift would
be placed on top of the previous lift in each cell. Lifts would continue to be placed until 3 to 4 feet
of freeboard remained, at which time the containment dikes would be raised. An estimate of
anticipated dredging requirements for the thirty year period of operation is given in Table 2.

Each cell would be graded towards a dewatering sump to avoid ponding of water. Placement
would begin at the high end of each cell and continue towards the sump. The first placement of
dredging material is expected to be “windrowed” on the bottom of the CDF. Windrows are long
parallel piles with space in between for vehicle access. Dump trucks would drive into the CDF and
place the dredge materials on the bottom in rows 3 to 4 feet high. Subsequent lifts would be
windrowed if possible or dumped from the edge and then mechanically distributed.

During the first year of CDF construction, the southwest cell dikes would be completed. In
the second year, the dredged material would be placed in the southwest cell while the dikes were
being constructed in the southeast and north cells. Dredged materials would be placed in the
southeast and north cells during the third year, while the existing dredged material in the southwest
cell was managed in order to promote drying and consolidation. Placement of the dredged material
would then be alternated between the southwest cell one year and the southeast and north cells the
following year over the next 7 years. No dredging would be undertaken in the following year.
Dredging and disposal would be subsequently completed on a 4-year cycle until the three cells were
filled to capacity, which would occur about year 2035, and then capped with clay. This cycle would
consist of rotating the disposal on an annual basis between the three cells followed by 1 year of no
dredging in the fourth year. The cell set aside for the TSCA materials would be constructed prior
to the year 2010, and filled with PCB contaminated dredged materials from Reaches 6 and 13.

PROBLEMS AND ISSUES
ENVIRONMENTAL IMPACT STATEMENT OBJECTIVES

As part of the Environmental Impact Statement (EIS) for the proposed Indiana Harbor Canal
dredging activities, the U.S. Environmental Protection Agency, Region V(USEPA), performed an
inhalation risk analysis. The objectives of this study were: 1) to compare the proposed CDF
particulate and volatile toxic loadings to those reported in the Toxic Release Inventory; 2) to
compare the expected particulate and volatile loadings from the CDF to the expected loadings from
the site without the CDF; and 3) to assess the human health risks posed by the inhalation of potential
airborne contaminants released from the CDF. Compounds which were considered in the risk
analysis are compounds which are present in the Indiana Harbor Canal sediment, and for which
health effects information exists. The compounds were: acenaphthylene, acenaphthene, arsenic,
benzene, benzo(a)anthracene, benzo(a)pyrene, benzo(b)flouranthene, benzo(k)flouranthene,
chromium(VI), chrysene, dibenzo(a,h)anthracene, ethylbenzene, fluorene, fluoranthene,
naphthalene, phenanthrene, polychlorinated biphenyls (Arochlor 1248), toluene and xylene (all
isomers).



ADDITIONAL RISK ANALYSIS AND TASKS

At this time, the Corps and USEPA are considering additional risk analysis work, to
incorporate new data and project design information into a risk analysis. A critical literature review
of volatilization rates for the compounds listed above would give a basis for determining the most
scientifically valid volatilization rates. In addition, volatilization rates for mercury, anthracene,
2-methylnaphthalene, pyrene, , chlordane, dieldrin, total DDT, heptachlor epoxide, dioxins, and
furans should be added. Lead and zinc are a possible concern due to air particulate transport but
are not considered volatile. These substances represent all of the compounds of concern that have
been measured in the sediment at Indiana Harbor . This information could then be evaluated and
incorporated into any future risk analysis work, as appropriate. The specific task performed
included the following:

1) Conduct a review of sediment quality data from Indiana Harbor, as a basis for a literature
review,

2) Conduct a thorough search of data, reported rates, and modeling of volatilization from
sediments and soils reported in the scientific and technical literature, for the compounds listed
above,

3) Provide a critical review of the information, to evaluate the literature volatilization rate(s)
for application to conditions similar to the proposed Indiana Harbor Canal Confined Disposal
Facility,

4) Write a final report which summarizes the information from the literature review, and
which recommends the most valid volatilization rate(s) to use in a risk assessment, based on the
critical review of information found in the literature,

LITERATURE REVIEW

A literature search was conducted for information concerning theory, models and data on the
general subject of chemical vaporization from soil or sediment surfaces. Based on the design and
operating conditions projected for the IHC CDF, the search was restricted to chemicals originating
from a porous solid medium. These included natural soil surfaces, such as encountered in
agricultural plots where pesticides are applied to the surface, modified soil surfaces used in the
“land farming” or land treatment of oily waste, and CDF soils made of sediment material dredged
from water bodies. Typically this solid surface material may contain much moisture and water in
the pore spaces of the solid mass, however literature that represented processes of vaporization from
aqueous solutions or those containing suspensions of soil or sediment were not considered. Ponded
areas formed in the CDF during rain storms are projected to cover limited surface areas and to be
transient and short lived so that evaporative losses will be negligible compared to the exposed solid
surfaces. However, the wetting-drying cycles known to enhance vaporization from solid surfaces
was reviewed thoroughly. The search revealed an array of theoretical models and data. The first
section to follow contains the findings concerned with the theory of chemical vaporization from soil
surfaces and models based on this theory. Numerous reported rates of evaporation for the chemicals
of interest in this study were located as well. The second section contains a tabulation of this data
by chemical species. The final section is a critical evaluation of the theoretical models and data for
application to the chemical volatilization problem at a CDF such as proposed for the IHC dredged
material.



THEORY AND PROCESS MODELS FOR CHEMICAL VAPORIZATION FROM SOIL-LIKE
SURFACES

Drying commonly refers to the removal of a relatively small amounts of a liquid from a solid,
the liquid most frequently being water. Because of the relatively great importance of the practice
of air drying, i.e., vaporization of the water into air or other carrier gases, the theoretical mechanism
were discovered and quantified beginning in the 1920's (Perry, 1941). It was found that during the
initial stages of the drying process of a very wet solid that the evaporation rate was constant and not
a function of the changing water content of the solid. However, at some definite lower water content
the rate of drying begins to decrease and the process from there to the dry product is called the
falling rate period. The water content separating the constant and falling rate periods is termed the
critical water content. The final water content of the dried solid depends entirely on the relative
humidity of the air and is termed the equilibrium water content. This historical description of the
drying process is very relevant to chemical vaporization from soil surfaces. Essentially the same
mechanisms apply to chemicals on and in soil-like media. In addition the water evaporation process
influences the chemical vaporization process.

The most important variable driving the release of chemicals including water is its partial
pressure either at the soil surface or within the gas filled pore spaces of the solid media. Depending
on the contaminant and its availability on the soil surface, the partial pressure must be greater than
that in the overlying air mass for evaporation to occur. In the absence of appreciable mass transfer
due to water movement, pesticide chemists found that the diffusion processes within the soil
accounts for the movement of pesticides to the soil surface to replace that lost by vaporization and
that a pesticide concentration gradient across an assumed non-moving air layer may also influence
the rate (Mayer et al. 1974). The air-side process was assumed to be controlled by a thin layer of
stagnant air. Its numerical value was used as a calibration parameter in the model developed for
testing laboratory experiments. Provisions for estimating its value under field conditions were not
given. Dieldrin and lindane evaporative behavior with time was well captured by the process model;
it used an apparent diffusion coefficient in the soil coupled with diffusion through a thin air layer
on the soil surface.

In a series of papers this group of workers at Riverside California established that although
the pesticides may exist sorbed to soil solids primarily and in solution with the pore water and in the
soil pore gas phase as well it was the gas-phase molecular diffusion process that delivered quantities
to the surface that were eventually vaporized (Jury et al.,1980; Jury et al., 1983; Jury et al., 1984(a);
Jury et al., 1984(b); Jury et al., 1984(c)). Although initiated by Mayer, the model is now known as
Jury et al. and has been validated and used by others. Lindhardt et al. (1996) studied the
volatilization of aromatic hydrocarbons from coal tar contaminated surface soils using a form of the
Jury et al. model. Used without the air-side boundary layer resistance term the model could not
capture the volatilization flux of phenanthrene with time but performed well with o-xylene,
naphthalene, and l-methylnaphthalene. Eduljee (1987) modeled the volatilization of 2,3,7,8-
tetrachlorodibenzodioxin and Aroclors 1242, 1254 and 1260 from soil using the Jury et al. model
and found that the trends observed were in qualitative agreement with field and laboratory studies.

Cohen etal. (1988) developed a diffusion based volatilization model that includes additional
transport processes. It includes non-isothermal conditions and the effect of natural convection
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within the soil. Important conclusions were that natural convection is not an important process and
that “... a simple linear isothermal diffusion model may be adequate for describing chemical
concentration profiles at times that are sufficiently long past the initial soil contamination event”.

Chemical vaporization modeling was occurring simultaneously and independent to the above
described pesticide studies and aimed at quantifying the flux of volatile liquids spilled on soils
related to hazardous waste material placed on and in the soil surface. Chemical evaporation and
diffusion within pore spaces was modeled by Thibodeaux (1979) employing a moving dried-out
zone in the upper soil layer. This model yielded a surface evaporation flux equation which was
subsequently validated with two sets of data with dieldrin (Thibodeaux and Hwang, 1982). In
addition, its other quantitative attributes were verified with measured emission kinetic data on
petroleum hydrocarbon. This model became known as the Thibodeaux-Hwang air emission release
rate (AERR) model and underwent further testing. Dupont (1986) performed an extensive
evaluation of the AERR model on benzene, toluene, the xylenes and naphthalene. Using measured
vs model fluxes they concluded that it “consistently overestimated flux rates for the pure
constituents by only a factor of 2 to 10, and consequently appears quite effective for the estimation
of volatile organic emissions from complex waste/soil systems”. For the types of volatile
compounds studied in oily waste and liquid spills, the air-side resistance contribution can be
neglected. Due to the low level of adsorption on soil solids these chemicals are gone from the
surface very quickly (i.e. within minutes) and the soil side processes become dominant to the
emission release process. The model equations and theoretical concepts are well established for the
evaporation process of chemicals resting directly on the surface of soils as well.

Mass-transfer processes in the atmospheric boundary layer (ABL) have been studied
extensively and algorithms are available for estimating the air-side mass-transfer coefficient under
both forced (i.e., wind) and natural convection (i.e., no wind) conditions. (Thibodeaux, 1979;
Thibodeaux and Scott, 1985). Effective air-side coefficients for dieldrin, Heptachlor and DDT
extracted from flux measurements in the lab and in the field were shown to be a function of the wind
velocity and fetch. Pilot scale experiments using acetaldehyde, acetone, isopropanol and methanol
evaporating from flat surfaces were used to develop algorithms in the absence of wind (Hedden et
al., 1990). Appropriate equations that include these key variables are given for use in estimating the
air-side mass-transfer coefficient in the ABL above soil surfaces.

A recent literature review performed by Cousins et al. (1999) covers the volatilization of
semi-volatile chemicals from soil. It contains much of the information covered in the previous
paragraphs. In addition it reviews the influence of various factors on the volatilization process ;
these include the co-evaporation of water, soil air-filled porosity, molecular diffusivities in air and
water filled pore spaces, physical-chemical properties, temperature, wind speed, humidity, soil
properties, and vegetation cover. Basically, the Cousins et al. review supports ours in that two
independent theory-based deterministic models exist to quantify emissions to air. The models
developed by Jury et.al. for the semi-volatile chemicals and that by Thibodeaux-Hwang et al. for
both the volatile and semi-volatile are complimentary. Besides having the correct theoretical
approaches they have undergone rigorous testing primarily in the laboratory. Both models have
undergone additional commissioned reviews and are being recommended for use in regulatory
guidance aimed at estimating emission from soil-like surfaces to air (U.S. EPA, 1988; U.S. EPA,
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1992; U.S. EPA, 1987).

SUMMARY

The Jury et al. model consists of a classical solution of Ficks second law for chemical
transport in the soil column. At the soil surface the air-side resistance to transport is quantified by
specifying a thin layer thickness for molecular diffusion. So structured as a flux it provides a
concentration gradient boundary condition for the analytical solution. A closed form analytical
solution results. The flux expression contains the key parameter: chemical concentration on soil,
soil water content, soil porosity, solute convection velocity in soil, molecular diffusivity in both air
and liquid water, an air-side boundary layer thickness, and a finite depth of soil below the surface
containing the chemical mass . Emission time is the independent variable and the flux to air is the
dependent variable. The close-form solution is given as equation 25 in Jury et al. (1983).

The Thibodeaux-Hwang model is also based on Ficks second law for chemical transport in
the soil column. The depth of the contaminated sediment column is assumed to be infinite. The air-
side resistance is quantified by accepted and published mass-transfer coefficient relationship.
Although the closed form analytical solution for the flux exists for the soil/sediment system
(Thibodeaux, 1996), an exact but simpler form has evolved (USACE, 1990). A similar equation was
developed for the flux of chemical contaminants to air from the land treatment of hazardous waste
(USEPA, 1987). This flux algorithm contains the key parameters: chemical concentration on
sediment, soil-to-water partition coefficient, Henrys constant, soil water content, soil porosity,
molecular diffusivity in air, and the air-side mass-transfer coefficient. Emission time is the only
independent variable and the flux to air is the dependent variable. The algorithm appears as Eq. 5
in USACE (1990).

Both the models presented above are deterministic models based on the current state of
knowledge and using established and verified chemodynamics processes operative in both the soil
column and associated air boundary layer. Only one statistical model was found. It was based on
a compilation of flux data “accurately measured under field conditions for which physicochemical
property information was available”; a statistical correlation was obtained (Woodrow et al., 1997).
The fluxes of fifteen chemicals were determined immediately after soil treatment (within 12~24
hours) when volatility was greatest so as to represent the worst case scenario for vaporization. The
correlation of the data is represented by:

In(n,) = 19.35 + 1.0355In(VP-AR/K 'Sy )

with R*=0.93. The flux n, is in - g/m>hr. The independent variables are: VP is vapor pressure in
Pa, K, is the soil-to-water partition coefficient in mL/g, S, is chemical solubility in water, mg/L and
AR is the chemical application rate to soil in kg/ha.
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REPORTED RATES FOR COMPOUNDS OF CONCERN

A key aspect of the literature review was the search for measured evaporation rates.
Although flux measurements from field sites were first priority, those from pilot-scale simulations
and laboratory apparatus were acceptable. The laboratory measurements were the more numerous.
They contained one or more measurements on the chemical of interest. The data located are in
Tables 3 - 8 according to the class of contaminants. Each table lists fluxes that were either directly
reported in the cited source or calculated from other reported data such as loss rates and other details
of flux measurement. A number of studies reported the air concentrations of some of the target
chemicals around contaminated soil sources and these could not be used to extract emission fluxes.
In some cases, where enough experimental details are provided, the emission fluxes were calculated
based on the geometry and the maximum surface area of the experimental apparatus (such as
Erlenmeyer flasks or round bottom flasks). The data tables also contain the conditions (where
reported) during data collection such as contaminant concentration in the soil (Cs), temperature of
air (T), air flow rate above the soil, organic carbon content, apparatus type (L for laboratory, F for
field measurements or PS for pilot-scale studies), measurement method, nature of surface or
contaminant source, and any other specific information that might be important for the evaluation
of the data. The two basic experimental techniques that were used to measure emission fluxes from
soil-like surfaces are as follows:

a) Flux Chamber/Box or Enclosed surface method: In this method, the emissions from an enclosed
area of contaminated surface are captured using an adsorbent and quantified. This is called a direct
method and is the most commonly used technique to obtain the reported fluxes in this document.
The various designs that were used differ primarily in terms of the volume of head space above the
soil/sediment surface and the flow of air. This method does not take into account the natural
aerodynamics that might exist above a soil surface since it creates a new externally forced flow field
inside the enclosed air space. Therefore, appropriate corrections must be made, wherever necessary,
to the air-side mass transfer resistances in order to extrapolate the experimental results to conditions
pertaining to an open natural surface. Such corrections were not attempted for this literature review.

b) Aerodynamic method: The flux is calculated from the measured concentration, temperature and
air humidity gradient in the atmospheric boundary layer above the soil surface. This method has
been a widely used indirect method to measure contaminant fluxes and requires extensive
meteorological data. As the name suggests, this method takes into account the aerodynamics above
the soil surface.

The terms direct and indirect used to describe the flux chamber/box method and the
aerodynamic method is somewhat unfortunate. Although termed direct, the enclosure placed on the
soil is an intrusive object that alters the natural chemical emission processes. It reduces the air
turbulence above the soil thus reducing the evaporative flux of those chemicals that are controlled
by the air-side mass transfer resistance. In addition it isolates the soil from a thermal perspective.
Often, shading of the soil from the sun results in a cooler soil surface and reduced flux. However,
the control of the micro-environment within the enclosure allows uniform air samples for analytical
chemistry measurements in and out of the box; this provides reproducible protocols for the chemical
mass balance over a well-defined area. In other words, flux measurements are obtained with
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laboratory like controls. The inherent problem that the flux chamber has of yielding incorrect
measurements can be overcome by using the acrodynamic method. Theoretically if degradation in
air is absent, the chemical concentration gradients in the atmospheric boundary layer are a direct
result of the emissions occurring from the surface. However, a transport model must be used to
convert these to appropriate fluxes from the surface. To do this correctly, numerous other
simultaneous measurements of wind, temperature and humidity are needed to provide closure of the
transport model. Fluctuations in wind direction and magnitude severely reduce the time periods in
which measurements can be taken that match the theoretical constraints of the transport model. The
sampling and equipment requirements of the aerodynamic method are much more burdensome.
Although the fluxes obtained from the so-called indirect aerodynamic method are likely to be the
more realistic ones, the method is not very cost-effective for routine flux measurements. Although
the “direct” flux-chamber method does alter the process controlling the flux while it is being used,
it is nevertheless easy to use, cost-effective, and gives reproducible results that may or may not be
the actual emission rate.

The remainder of this section is a presentation of the data by chemical compound categories.
Six categories were chosen: the polyaromatic hydrocarbons, pesticides, the BTX category, metals,
PCBs and finally dioxins and furans.

POLYAROMATIC HYDROCARBONS (PAHs)

Table 3 lists the emission data for some of the polyaromatic hydrocarbons (PAHs) listed in
Table 1. Hawthorne and Grabanski (2000) estimated the volatilization of a number of PAHs from
contaminated manufacturing plant site sediment. The studies were performed in 500 mL Erlenmeyer
flasks, but fluxes were not directly reported. The reported change in soil concentration were
combined with reported volatile percentage to obtain emission fluxes; the area of the emission
surface was estimated based on the diameter of the flask. Dupont (1986) measured the emission
fluxes of naphthalene along with a number of volatile organic compounds (VOCs) from oily waste
mixed with soil and sand. The experiments were conducted in cylindrical vessels by capturing and
analyzing the vapor phase emissions. Under the LEDO (Long term Effects of Dredging Operations)
program of the US ACE, several studies were conducted at the Engineering Research and
Development Center (ERDC), Waterways Experiment Station and at Louisiana State University.
Emission of several PAHs, from dredged material from contaminated sites (Indiana Harbor Canal,
Grand Calumet River, Rouge River) and laboratory inoculated sediments (University Lake, Baton
Rouge, LA), were measured in a flux chamber that allows a thin sheet of air to flow over the
sediment surface (Valsaraj et al.,1997; Ravikrishna et al.,1998; US ACE,1997,1999b). Emissions
of PAHs were also measured from a pilot scale CDF at US Army Engineers, Waterways Experiment
Station, Vicksburg (US ACE, 1999c; Ravikrishna et al., 2001). Flux measurements were obtained
at various times under different conditions of air relative humidity and also after “reworking” of the
dredged materials. All the fluxes displayed high values initially and then lower ones as chemical
depletion occurred from the top layers of the exposed material. It was also observed that “re-
wetting” a dry sediment surface and “reworking” (or mixing the sediment to expose lower layers)
after a few days increased the fluxes, demonstrating that the emission will respond to similar events
that might occur in a CDF.
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Lindhardt et al.(1996) measured time-series flux measurements of selected PAHs from coal
tar contaminated sediment using a flux chamber. Park et al (1990) measured the volatilization rates
of several PAHs during a biodegradation experiment in a glass container. No external mixing was
provided to the microbe amended soil. In all the above studies the soil/sediment surface was
relatively undisturbed, representative of a situation in a CDF after the dredged material is placed in
its intended location. Lewis (1993) conducted a study of biodegradation of a highly contaminated
slurry (30% solids content) in a slurry bioreactor equipped with mixing impellers. There was a very
high degree of mixing and consequently enhanced mass transfer; during the first day and half, total
hydrocarbon emission rates reached 0.14 1b/hour. This impeller mixing process is normally not
present in a CDF in its natural state. The data is presented here as an illustration of the possibility
of higher emissions in the presence of mixing.

The fluxes listed in Table 3 were, in most cases, the highest fluxes reported within 24 hours
after exposing the soil surface to air. These flux values may be used as target chemical emission
rates that may be supplied to an air dispersion model used to estimate downwind air concentrations.
The flux values listed in the tables correspond to different soil concentration levels, organic carbon
and moisture content and velocities of air in contact with the soil surface. There may be some
correlation between the flux data and the different parameters within a data set (i.e. reported in a
single data source). However, due to project time constraints and insufficient experimental details
in some cases, a rigorous normalization procedure was not applied to the data that may otherwise
have resulted in a better correspondence between data from two different sources.

PESTICIDES

Table 4 lists the reported emission rates of selected pesticides. Only those applicable to the
IHC dredged material appear. For most of the studies conducted to measure pesticide emission from
soil, it was applied to the surface. In such cases, the soil concentration was expressed in per-soil
mass basis by assuming a certain penetration depth of the pesticides on surface application. Farmer
et al. (1972) studied the volatility of dieldrin and p,p-DDT under various conditions. The
contaminated soil used was uniformly mixed with the chemical of interest before its use in the
experiment. The experiments were performed in one of the earliest versions of flux chambers and
the flux measurements were obtained as a time series. Nash (1983) performed emission experiments
in micro-agrosystems measuring the flux of a number of pesticides of interest . Willis et al (1972)
obtained emission fluxes from a field soil using the aerodynamic method. The flux shown in the
table was the highest in long time-series study. Guenzi and Beard (1970) measured pesticide loss
rates from contaminated soils in Erlenmayer flasks by measuring the change in the mass of the
contents of the flask.

There are strong correlations between the critical parameters, such as wind speed and
concentration, affecting emissions and the fluxes within a particular data set. The differences
between the fluxes reported from various sources is attributed to the lack of concentration
normalization of the flux values in the listing. However, a significant observation can be made in
the comparison of the emission fluxes of dieldrin as reported by Farmer (1972) and Willis (1972)
using different methods and consequently different windspeeds. The aerodynamic method uses
natural windspeeds which are much larger than those used in the laboratory and therefore the fluxes
are orders of magnitude higher.
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BTX COMPOUNDS

Table 5 lists the emission flux of the BTX compounds found in the IHC. Dupont (1986)
reported the flux of several from soils and sand amended with oily waste. There is a definite
correlation between the fluxes within a data set and the soil concentration. Eklund et al.(1991)
reported benzene flux from a number of field sites using a high head space flux chamber and found
a 0.98 correlation coefficient between benzene flux and its concentration. Millison (1991) reported
the fluxes of benzene, ethylbenzene, xylene, and toluene from a waste seep under the ground.

METALS

The metals of concern at IHC are mercury, arsenic, lead and zinc. Table 6 lists the volatile
metal fluxes from soils. Mercury is the most studied species with respect to the volatilization from
soil like surfaces. Xinbin et al (1996) measured emission of mercury from various sites. Schroeder
et al. (1989) measured volatile mercury fluxes from open fields. Lindberg et al. (1979, 1999) and
Carpi et al.(1998) measured volatile mercury emissions from soils using teflon flux chambers. In
these studies a significant correlation with soil concentration and temperature was observed. No
direct data for arsenic evaporation from soils was found. Arsenic in soil is converted to the volatile
species arsines, under special conditions. There is very little data measuring direct arsenic fluxes.
Woolson et al. (1973) report that 30-70% of the arsenic in aerobic soils were volatilized as alkyl
arsine (As-R) species in tracer experiments with '*C-cacodylic acid. No arsenic emissions data are
included in Table 6. No volatile zinc or lead reports were found in literature. Most of the air
pollution concerns from these metals were associated with the entrainment of metal zinc and lead
with particulate transport from soil-like surfaces (i.e., dust generation).

POLYCHLORINATED BIPHENYLS (PCBs)

PCBs constitute a high percentage of many industrially contaminated soils and sediments,
since PCBs are man made pollutants. Aroclor 1248 (a PCB mixture) was one of the priority
pollutants in the IHC sediment listed in Table 1. Table 7 lists PCB fluxes reported in several sources
as individual congeners, as mixtures (such as Aroclors) or as total PCB concentrations. To best deal
with this non-uniformity in reporting in all the data sources, Table 7 is arranged according to the
various data sources and not by compound name.

Indiana Harbor canal sediment contains a number of PCB congeners. In laboratory
experiments performed at the U.S. Army Engineers Waterways experiment station, Vicksburg, PCB
fluxes were measured at different times and at different conditions of air relative humidity and after
reworking of the sediment (US ACE , 1997). The fluxes for Aroclor 1248 and two congeners PCB-8
and PCB-18 are shown in Table 7. The PCB fluxes showed a decline after the first 6 hours and then
increased to initial rates when the dry dredged material surface was exposed to humid air. Bushart
etal. (1998) reported PCBs emissions from drying sediments from St. Lawrence river sediment with
high levels of Aroclor 1248 contamination as fluxes of individual congeners. Their experiments
were performed with 25 g of wet sediment in 500 ml round bottom flasks with varying amounts of
water (0-25 ml) added to the drying sediments every 24 hours for 4 days. This represented a wet-dry
cycling condition that exposed sediment dredged material in a CDF might undergo. The highest flux

16



(£661) stmen

(0002)'1e 1o duloymeH

(£661) sman

Kep | ioye JojoeaI0lq
e WOl suoIssiwe aAbny aAneInwNo

painseaw wouy (Jy/bu) ayey pauodey

abejusalad ainydeo uonjoely
9|1}ejoA pue abueyd uonesUSdU0D

L1

"a)is punyiedng e wouy

]IOS pajeulweIuod 8}0s0al1)
JOAMM 9% O€ :A1IN|S Jojoealolg

sy se)} Johkswuag

Ul [10S JaA0 mo|4 "ays jued

Jlos pauodal wolj payewnss xnj4 us jueid seb JaWlo} Wolj JusWIpag

Aep | Jayje J0joealolq
B WoJj SUOISSIWa aAIlbNy aAlle|INWND
painseaw wouy (Jy/bu) ayey panoday

S/W9/9°G :A)I00[OA Jile pajejnojen

9)Is punyuadng e woly

|I0S P8jeulWRUI0D 8)0S081D)
[OA/MM %, O€ :A1IN|S Jojoealolg

‘(6661 ) [eJesjep painseaw anjea }saybly ay} si Xnj} UMOYS Jagqueyo xnjj Alojeloqe| Ui |euajew

(ae661) 30V SN

1002) "[e 18 Buyslyiney

(06661) 30V SN

(2661) 30V SN

(9661)°Ie 1@ Meypur

(0661) "le 30 sied

(9861) yuodng

(0002) Ie 1@ BUIOYIMEH

90UdldjaYy

"awiy Jo uolouny e se papodal xn|4

S/Wo 6'{ :A)N00JBA Jle paje|noje) "siyg je
painseaw anjeA 1saybiy 8y} sI xnj} UMOYS “Jequiey) xnj4 "4 o[eos jojid u

pabpaup JoAl Jown|eo puels

"aw} Jo uonouNy e se papodal xn|4 Jew pabpalp [BUBD JOQIEH BUBIPU|

S/W9/9°G :AJI00|A Jie pajejnoje)
"awin} JO uonouny e se papodal xn|4

S/Wo G/ ‘AJI00JOA Jie pajenojed

painsesw anjea }saybiy ayj s Xnjj UMOYS

painseaw anjeA }saybiy ay} sI Xnjj UMoYS Jaquieyo xnjy Alojeloge| Ui [euayew
pabpalp [eue) JogieH euelpu|

Jaquiey) xn|4 Alojeloge]

*aw) O uonouny e se pajodal Xn|4 S|I0S 90BUNS PBJeUIWEIUOD JB)BOD

189 |01u09 uolepelbapolq
B U] Uoljez||ije|oA jusdiad
payodal wouy pajewnss xn|4

asealb-|1o0 sepnoul D0%

Jy | je xnjj papodey

ulw/|w 00%-00€ 91l MOJY Iy
siaqueyd |e1oads Ul [I0S JOAO MOJ} Iy

abejusalad ainydeo uonoely

a|iiejoA pue abueyo uonesusdU0D
Jlos papodal wouy pajewnss xn|4

SaJoN |e1oads

S90BJINS |I0S/}USWIPAS WOy SaxXN|} HYd pajiodaa ajqejieae jo Bunsi ¢ ajqel

(ebeltone 1y )
)se|q e u| sjuswadx3
jlos Aweo] pajejnoou|

pues aoeuns -

|los 8BNS - 8Bpn|g Jojeledsg

pues aoepns-
Jlos @oeuNS - |10 dO|g

syseyy Johkowus|igy

Ul I0S J9A0 MO “ayis Jueld
seb JawJo) wolj JuswIpas

aoejng/adA ]
juawainseay

Sd -eu-

1 -eu-

1 -Bu-

Sd -eu-

Sd 9

1 -Bu-
q -eu-

as  20%

-eu-

0s
0s

-eu-

0041

000k

001

006
006

00¢

0S¢
0S¢

0s¢e
0s€

0s
0s

(unw/cwo)
ajeimol4
v

-eu-

€¢
€€

-eu-

€¢

0€

€¢

oL
ol

14

Sl

Sl
St

¢
¢
(2.)

1

-eu-  (4y/Bu) yop9

€99 ¥'89
061 €ey

auajeyjydeu
-Ayow-z

eviz (Ju/bu) gegg

986 000}
(4 L
8¢ 0S

ocle 00ce

0 °N4
0] 0€Ll
€8 8'v8.
18 17089
¥9 8'Gv.
¥9 €¢0¢

evy L'EY

0.ve 192 ausjeyjydeN

(6/Bn)  (4y/,wo/Bu)

s) xn|4 punodwo)



81

Kep | Jaye Jojyoealolq "9)Is punyadng e woly
B WoJ} suoissiwa aAlbny aAle|nwNd |IOS pPajeulwejuod 8)0S08I)
(€661) sima painseaw wouy (Jy/Bu) ayey papodey IOAM % 0€ :Aun|S Jojoealolg Sd  -eu- -eu- -eu- 81G (dy/bu) gag'L
sjwo G°/ ‘A)100jaA Jle paje|noje)
painseaw anjeA 3saybly auy st xny umoys Jaquieyd xn|4 Aioyeloger] 1 L'l 006 ol 8le 0c
(9661)°I€ 30 MEYpUI] "awi} JO uoKOUNy e Se pajodal XN|- S|[OS 80elNS PajeUIWEUOD Je)e0) 1 20 006 ol 1A% S

s/Wo g :A1I00[BA JIe pajenole) "siyg je
100Z) ‘|e 18 BUysSLYIABY painsesw anjeA }ssybiy ay) si Xnjp UMoYS Jaquieyd xnj4 “4a0 ojesas 1od ul

(06661) 30V SN "awli} Jo uoouny e se papodas Xn|4 Jew pabpalp [eue) JogleH euelpu| Sd 9 000LL o€ 44 cl
abejusoiad ainjdeo uonoely syse|} Jokswusg
9|1}e|0A pue aBueyd uoleUBIUOD ul 10s Jano mol4 ‘ayis yueld 1 -Beu- 0S ce 8/ 280
(0002)'Ie 10 suloymeH Jlos pajodas woly peyewnss xn|4 s jue|d seb Jawio) wolj JuswiIpas 1 -eu- 0S X5 0651 96l auaiyjueuayd
siygie
painseaw anjeA }saybly ay} si xnjj umoys Jaquieyd xnj Aiojeloge| Ui [elsiew
(£661) 30V SN "awi Jo uonouny e se pajodal xn|4 pabpaip [eue) JogleH euelpu| 1 9¢ 001 €C 8l x4
abejuaoiad ainyded uoioely syse|} Jakawuag
3|11ejOA puE 8BUBYD UOIBIJUBIUOD ul |10S Jano mol4 “ayis yueld 1 -Beu- 0S ce 282 /
(0002)’Ie 1o suloymeH Jlos pajodas woly payewnsa xnj4 s jueld seb Jawio) wolj JuswWIpasS bl -eu- 0S X5 8cy 9'pg auaion|4
||92 |0J3u02 uonepelbapolq (ebeiane 1y g)
e Ul Uoljez||ije|oA juadiad se|d e ul sjuswiadxgy
(0661) 'le 1o xled pajiodas wouy pajewsa xn|4 llos AweoT pajejnoou| 1 S0 00 14 2ol G6.
s/wo G'/ ‘A)I00jaA Jie paje|nojen
painseaw anjeA }saybiy sy} si Xny uUMoys Jaquey xn|4 Aiojeloger] 1 Ll 006 oL ey 0091
(9661) I 30 MEYPUIT "auwil} o uoRoUNy B Se papodal XN|4 S|I0S 80BLNS PajeulWe)uod Jeyeod 1 0 006 ol A 14
abejusoiad ainjdes uonoely syseyy Jokawuag
3|1}e|0A pue abueyd uoleIUBIUOD 10S Jano mo| “ayis Jueld bl -Beu- 0S ce 8GY 1. auajeyjydeu
(0002)’[e 10 suloymeH Jlos pajodal woly payewnsa xn|4 )s jue|d seb Jawioy wolj Juswipas bl -Beu- 0S ce 0szl 9982 -1Ayjpw-)

siyglje
painseaw anjeA }saybiy ay} sI xnjj umoys Jagqueys xnj Alojeioge) Ul [elsjew auajeyjydeu
(£661) 30V SN "awiy Jo uopouny e se papodal xn|4 pabpaip [eue) JogleH euelpu| il g€ 00} ford an 4 -lAyyow-g
(uwjewd)  (9.)  (6/6n) (ayj,wio/6u)
aoepngjadA L ajeimo|4
ERIVETETEM| S9)ON |e1oads juswainsesly 9SS I0% ay 1 s) xn|4 punodwo)

(*pP3U09) saoeNs |10S/3UBWIPAS WOy SaXN|} HVd payodal ajqejieae jo Buiysi "¢ ajqel



S/WO ' :AJI00|OA Jle pajenole) siyg je

61

100Z) "|e }o euysuyiARY painseaw anjeA }saybiy ayj I Xnj umoyg “Jaquiey) xnj4 ‘4aD ojeos jojd ul
‘awif} JO uonouny e se papodal xn|4 yew pabpalp [eue) IogieH euelpu|

(06661) 30V SN

(2661) 30V SN

(0002)'|e 1o sulOUMEH

1002) ‘[e 10 BUYSLIARY

(06661) 30V SN

(2661) 30V SN

(0002)'|e Jo BUIOUYMEH

‘(1661) “Ie 10 e1ESIEA

1661) “[e 18 ruysIDjiARY

1661) “'[e 10 BUYSLNIARY

(2661) 30V SN

ELITEYEIEN

S/W9/9°G :ANI00|A Jie pajenoje)

painseaw anjeA }saybiy sy} I XN umoys Jaquieyo xnjy Alojesoqe| Ui [elsrew

"awli} JO uonouny e se papodal xn|4

abejuaoiad ainydes uoioely
a|I}ejoA pue abueyo uo)eJjuUBIU0D

pabpalp [eue) JogieH eueipu]

sysey} Jekswus|ig

Ul [10S JaAo mol4 “ays jued

Jlos papodal woly pajewnsa xnj4 s jueid seb Jauwioy Woly Juswipes

S/Wo @' :ANI00|aA e pajenoje) siyg je

painseaw anjea jsaybly 8y} I Xn|y UMOYS “Jaquieyd xnj4 “4a9 8|eds jojid ui
“awl} JO UONioUNy e se pajodal XN jew pabpalp [eue) JogieH eueipuy|

S/W9/9°G :AO0[OA Jie paje|noje)

painseaw anjeA }saybly ayj SI xnjy umoys Jaquieyd xnj Aiojeloge| Ui [elsiew

"aw} Jo uonouny e se papodal xn|4

abejusoiad ainjdes uopoeuy
3|1}e|0A pue aBueyd uoleUSIUOD

pabpaJp [eued J0gJeH euelpu]

syse|} Jakawusg

ul |I0S JBAO MO|4 “ayis Jueld

Jlos papodas wouj pajewysa xnj4 Jis jueld seb Jowlioy Woly JuswIpag

s/wo gz :AN00|aA Jle pajenoje) ‘siy Z je

sJake| Juswipas ulyy jo Builig

painseaw anjeA 1saybiy sy} I XN umoys Jaquieyd xnjy A1ojesoqe| Ui [elsrew

2w} Jo uopouny e se pauodal xn|4

S/Wo/9°G :ANI00jA Jie parenojen
%81:aJn)siow [elul yum juswipas Buikig
painseaw anjeA }saybly sy} I XNjj UMOYS

"aWi} JO uopouny e se papodal Xn|4

S/W9/9°G :AII00JOA Jie paje|noje)
%9z:24n}slow [elul Yim juswipas Buikig
painseaw anjeA 1saybiy sy} sI Xnjy UMOYs

"awi) JO uonouny e se papodal xn|4

S/W9/9°G :AJO0[OA Jle paje|noje)

pabpalp Joaly abnoy

Jaquieyd xn|4 Aiojeloge]

‘ueinjozuaqig

pue auaiAd ‘suaiyjueuayd
UJM paje|nooul Juswipas ues|)

Jaqueyd xn|4 AiojesogeT]

‘ueinjozuaqig

pue aualAd ‘auaiyjueuayd
YUM paje|nooul Juswipas ues|)

painseaw anjea jsaybly ay sI Xn|} UMOYS Jaquieyd xnjy Alojeloge| ui [elsjew

"awi} JO uopouny e se papodal Xn|4

s9)oN |eloadg

("pUOD) SOOkLINS |I0S/}USWIPAS WO SaXN|} HYd pajlodal ajgejieae jo Busiq "¢ ajqel

pabpauip [eue) JogieH euelpu|

aoepng/adA L
juawiainsesap

Sd 9

1 9t

1 -eu-

Sd 9

b -eu-
1 -eu-

s 00%

00011

001

0g

000t

0041

0s
0S

00l

0041

001

0041

(urwjewo)
ojeIMol4
any

0¢

€C

€€

o€

€¢

€€
€€

€C

ve

ve

€¢

(20)

1

8'¢eC L
6G ¥01°0
062 99'0 auaifhg
¥4 0c
1S x4
9y 80 auayjueion|4
4 ol
S9 8
16 0C
1S 6’1 auaiyjueuayd
(6/6n)  (4y/,wo/6u)
s2 xn|4 punodwo)



(2661) 30V SN

(£661) simaT]

(2661) 30V SN

(£661) sime]

(2661) 30V SN

(0002)'IE 10 BUIOYMEH

100Z) ‘e 1o BuysLyInRY

(06661) 30V SN

(2661) 30V SN

(0002)"|E 1o BUIOYMEH

‘(1661) “Ie 10 [esesiep

1661) “[e 18 BUYSIDjIARY

ELITETEIEN

0¢

S/W0/9°G :A)N00|8A Jie pajenojen
painseaw anjea }saybly ayj I Xn|} UMoYS Jaquieyd xnjy Alojeloge| Ui [eusjew
"aWi} Jo uonouny e se pajodal xn|4 pabpalp [eue) JogieH euelpu| 1 9¢

Aep | Jaye Jojoesiolq
B WOJ} SUOISSIWa aABNy aAleInwnND
painseaw wouy (Jy/bu) ajey pajodey

"ays punyadng & wouly
|I0S PajeUIWE)UOD B}0S08ID)
[OA/IM % 0g :AlN|S JojoeBIOlg  Sd  -BU-
$/W0/9°G :AJ00|8A Jie pajenojen
painseaw anjeA 1saybiy sy} sI XNy umoys Jaquieyd xnjy A1ojesoqe| Ui [eusyew
"awi} JO uonouny e se pajodal xnj4 paBpalp [eue) JogieH euelpu| 1 o€

Aep | Jaye Jojoealolq
B WoJ} suoissiwa aAlbny aAe|nwNd
painseaw wouy (Jy/bu) ayey payodey

"8)Is punyadng e wouy
|IOS pPajeulwejuod 8)0S08I)
JOAMM % 0€ :AlN|S Joyoealolg Sd  -Bu-
S/W9/9°G :A}ID0|aA Jle paje|ndje)
painseaw anjeA }saybly ayj S| xnjj umoys Jaquieyd xnj; Aiojeloge| i [elsew
"awif} Jo uonouny e se papodal Xn|4 pabpauip [eue) JogieH euelpu| 1 9¢

abejusoiad ainjdeo uopoely
8|1}e|0A pue 8BUBYD UOIBIJUBIUOD

sy seyy Jokawuag
ul 10s JaAo mo| “ayis Jueld

Jlos papodal woly pajewnsa xnj4 s jueld seb Jauwoy Wwoly Juswipas 1 -eu-
s/wo §'{ :AJI00[A Jle paje|noe) ‘siyg je
painsesw anjea }sayBly 8y} SI Xnj} UMoys “Jaquieyd xnj4 ~4a9 8|eos jojid ui
‘awl} JO uopouny e se papodal xn|4 Jew pabpalp |eue) JogqieH euelpu|  Sd 9

S/W9/9°G :AO0[OA Jie paje|noje)
painseaw anjeA 1saybiy sy} I XN umoys Jaquieyd xnjy A1ojesoqe| Ui [elsrew
"awWi) JO uonouny e se pajodal xn|4 pabpalp [eue) JogieH euelpu| 1 9¢

abejuaoiad ainydes uoioely syse|} Jokawuag
9|ljejoA pue aBueyd uoleUSIU0D ul 10s Jano mo|4 “ayis yuerd
Jlos pajodal woly payewnsa xnj4 )is jue|d seb Jawio) wolj JuswIpas bl -Beu-
s/wo gz :A)100joA Jle paje|noled 'siy g je sJake| Juswipas uly) jo Buikiqg
painseaw anjeA }saybly ayy sI xnjj umoys Jaquieyd xnjy Aiojeloge| ul [elsiew
*awl} Jo uoouny e se papodal xnj4 pabpaip Janry abnoy bl 'l

Jaquieyd xn|4 Alojesoqge]
‘uelnjozuaqiq
pue auaiAd ‘auaiyjueuayd

S/W9/9°G :AII00[BA Jie paje|noje)
9%9Z:8JN}SIoW [eniul yum juswipss Buikig
painseaw anjeA jsaybiy sy} SI XNjj UMOYS

"awif} Jo uonouny e se papodal Xn|4 UIM paje|nooul Juswipas ues|) 1 I
aoepng/adA L
sa)joN |e1oadg juawainsesay 9IS 0%

(‘pUOD) SBOELINS |I0S/}UBWIPAS WO SaXN|} HYd pajlodal ajgejieae jo Buisi "¢ ajqel

0041 €C
-eu- -eu-
0041 jx4
-eu- -eu-
0041 jx4
0S €€
0ooLL o€
0041 %4
0§ €€
00l €
004} 4
(uwjewa)  (9.)
ajeimol4
v 1

el Lo

Ll (y/bu) gay-g auslhyydeussy

Vx4 (WA

J€61 (y/bu) peg |  suayjydeussy
o 100

zze ¥0°0 auasfiyo
gol 14

lC 8100

ove 120 yuaoeiyjue(e)ozuag
9¢ L0

¥6 4 auaild
(B/6n)  (ay/;wo/Bu)

s2 xn|4 punodwo)



IC

shep / 1e
painseaw anjeA }saybiy 8y} sI Xnjj UMoYS Jaquieyo xnjy Alojeloge) Ui [elsjew
(2661) 30V SN "aw Jo uonouny e se papodal xnj4 pabpaip |eue) JogleH euelpu| 1 9¢ 00} ford LSl 6000 ausjfiad(lyb)ozueg
abejusoiad ainydeo uonoey syseyy Jokawualg
a|l}ejoA pue abueyd uoleJjusdu0d ul |10S JaA0 moj4 “ays jueld 1 -eu- 0S X5
(0002)'Ie 1@ auloymeH Jlos payodal woJj pajewnsa xnj4 s juejd seb Jowio) woly Juswipas bl -Beu- 0S X 8¢ 110 auajfiad
shep / 1e
painseaw anjeA }saybiy ayj sI Xnjj UMoyg Jaquieyd xnjy Alojeloge) Ui [elajew
(2661) 30V SN "W} Jo uopouny e se papodal xn|4 pabpa.p [eue) JoqieH euelpu 1 9'¢ 0041 € L' 9200
abejusoiad ainjdes uonoely sy seyy Jokawuag
a|l}ejoA pue abueyd uoleJjuUsdU0d ul |I0s 1aAo moj4 “ays jueld bl -eu- 0S X
(0002)’|e 1@ suioymmeH Jlos payodas woJj pajewnss xn|4 Us juejd seb Jowio} wou Juswipas 1 -eu- 0S [ 62 120 auaifd(e)ozuag
shep / je
painseaw anjeA }saybiy 8y sI Xnjj UMoys Jaquieyd xnjy Alojeloge) Ui [elajew auayjueionyy
(2661) 30V SN "awif} Jo uonouny e se papodas xnj4 pabpa.p |eue JoqieH euelpu| 1 9'¢ 00LL €C 143 €€0°0 -(1)ozueg

S/W9/9°G :AI00[OA Jie paje|noje)
painseaw anjeA 1saybiy sy} SI XN umoys Jaquieyd xnjy A1ojesoqe| Ui [esrew

(£661) 30V SN "awi} Jo uonouny e se papodal xn|4 pabpa.p |eue) JogqieH euelpu| 1 9'¢ 001 €c 6l 8200
S/Wo @'y :AII00JBA Jie paje|noje) "siyg je
100Z) '|e 1@ euysuyiARY painseaw anjeA 1saybiy ayj I Xnjp umoysg “iaquieyd xnj4 ‘4aD ojeos iojd ui auayjuelonyy
(06661) 30V SN ‘awil Jo uonouny e se papodal xn|4 jew pabpalp [eued JogleH euelpu| Sd 9 00011 0€ 116 4 -(q)ozusg

S/W0/9°G :AJ00|aA Jie pajejnojen
painseaw anjeA }saybiy ay} sI XNy Umoys Jaquieyd xnjy Aiojeioqe| Ui [elieyew

(2661) 30V SN "awl Jo uonouny e se pajiodas xn|-4 pabpalp [eue) JogleH euelpu| 1 9¢ 001 €C L 6L°0
Kep | Ja)e Jojoealolq "9)Is punyadng e wouy
B WoOJ} suoissiwa aAlbny aAleInWND |I0S pajeulweuod 8)0S08I)
(e661) simaT painseaw wouly (Jy/Bu) ayey papodey [0AM % 0€ :Aun|S Jojoealolg Sd  -eu- -eu- -eu- 108 (dy/bu) zeg'g auaoselyjuy
(nwjewd)  (9,)  (6/6n) (ay/;wa/6u)
aoepng/adA L ajeimo|4
EERNTEYETEN sa)joN |e1oadg juawainsesay 9IS 0% any 1 s9 xn|4 punodwo)

(‘pUOD) SBOELINS |I0S/}UBWIPAS WO SaXN|} HYd pajlodal ajgejieae jo Buisi "¢ ajqel



C

6/6n 2 : abesanod yydep
wo | Jo siseq ay} uo Buipeo| paje|noje)
-aJey0ay Jad ajel uoneoidde jo wa)sAs oibe-oloI
(£861) UseN  swud) ul passaldxa uonesuaduod 105 weo| Apues - |10S plalq

Aepp

weo| Ae|o

weo|

pues Aweo|

-W0 9'g| JO Bale 9oBLNS Kejo

Bujwnsse xnjj 0} padAUOY "924N0OS Ul weo| Aejo

pauodal ajel sso (Jw GZ 1) SYSel weo|

(0261) pleag pue izuang  JaAswus|ig Ul pa}ONPUOD sjuswiladxg pues Aweo|
xnj} abelaAe 8y} Jo [eAssjul S} Jaqueyn xn|4

(z261) 'le 1@ J8Wwleq  sjuasaidals UWN|OD XN} Ul SISBYUdIEd weo| IS

6/6n 2 : abeianod ydep
wo | Jo siseq ay} uo Buipeo| paje|noje)
"alejoay Jad ajes uopeoldde jo wa)shs oibe-0o1
(€861) UseN  swuJd} ul passaldxa uoiesuaduod 10§ weo| Apues - |10S plalq

sjuswainsesw  poyjeW dlweuApoisy

(2161) 1B 19 St Jo saues Buoj e ul xnyy 1sayBiH oS piald

S/WO §°0 : UIW/|WOgY 104 ANOORA Iy
S/WD Z°0 : UIW/|w OZ | 10} AJIO0JOA i/

xn|} abelane ay} Jo |eAlajul dwi} Jaquieyd xn|4
(z261) 'le 1@ J8WIEH  Ssjuasaidal UWN|OD XN} Ul SISByjualed weo| JIS
aoepng/adA}

ERDEYETEN| S9)ON [e1oads

S9OBLINS |I0S/}UBWIPAS WOJ) SIXN[} BpI2ISad pajlodal ajqejieae jo Bunsiy 'y ajqeL

RN [ [ | | [ | -

-

L

RN [ [ | R U | U | [ | | |

1G°€
90°¢
9l
€90
9'¢
L€
9l
90

8G°0
8G°0

-BeuU-

€80

860
8G°0
8G°0
8G°0
8G°0
860
8G°0
860
8G°0
8G°0
8G°0
8G°0
8G°0
8G°0

juswiainsea|y 39S IO0%

S/WO ¢'Q

08y
08¥y

s/wo €8

S/wd 8°'Gy

08Yy
08y
08¥y
0ch
0cl
0ch
08¥y
08Yy
08¥y
08Yy
0ch
0ch
0ch
0ch

(utwyewd] (9,) (6/6n) (ayj,wo/Bu)

2jeIMmol4
Ay

X4

SS
SS
GG
ofe]
0¢€
0€
0¢€
0€

0€
0€

yx4

0€

0¢€
0€
0€
0€
0€
0¢€
4
0¢c
(4
0¢c
0¢
4
0¢
4

1

ey/by z

ol
ol
ol
ol
ol
ol
ol
ol

ol
G

ey/by z

ol

S
ol
0S

S
ol
0S

3

S
ol
0S

3

G
ol
0S

s

Sy

€010
€170
A
€10
¢v00
8€0°0
G00
€v0°0

9¢
[4°N0)

[A>

16

(pL) '8
(p1) 2791
(p1) €€
(PL) v
(p1) 0L
(p1) 291
() ¥°0
(py) G2
(pY) 9%
(py) €8
(p¥) €0
(py) 271
(rY) 62
(Py) T'¥

PUIF]

1aq-dd

uuplala

punodwo)



194

6/6n 4 : abelanoo yydep

wo | Jo siseq ay} uo Buipeoj pajejnoen sjwoeg JZ eybyg 8G spixoda Jojyoeyday
"alejoay Jad ajel uoneoidde jo wieysAs 0i6e-0101 sjwogg Jz eybyg S auepJojys -s1o
(€861) USBN  swus} ul passaldxa uoieuaduod [I0S Weo| Apues - |I0S pield swogg JZ eybyg €9 auepJojyo-sues}

(wwyewd) (9,) (B/6n) (ay/wa/bu)
aoeungfadA | 9jeImo|
ELITEIETEN| S9)ON [eloadg juswiainsesiy 9IS 00% IV 1 s9 xnj4 punodwo?)

(‘PIU02) SaoeLNS [I0SHUBWIPSS WO SAXN|} APIdIISad papodal ajqejieAe jo Bunsiy f ajqeL



(1661) ‘1€ 18 uosI|IIN

(9861) uodng "y

(1661) ‘e 1o uosl|iIN

(1661) "[e 1 punp3 Heg

(9861) uodng "y

90UdI3jJ9Yy

144

punodwod aseyd aind yym |10S

laquieyd xn|4 s,punp3 peg

[eAJS)UI JUSWISINSESW XN|} JO PUS e aWi)
$8}B0IpUl UWN|OD XN|4 Ul SISayjuaied
slaquieyo |ejoads Ul [10S JOAO MOJ} I

Jequieyo xnj4 s,punpy3 peg

SENE
aWI} pUE SjuUsWBINSEaW |BJoASS

Jano abelane ale saxn|y UMOYS
juswalnseaw xn|} Joy pasn punpy3 Jegq
Aq paubisep Jaqweyo xn|4

[BAJB}UI JUBWIBINSEAW XN|} JO PUS & BWI}
$8]B2IpPUI UWN|OD XN|4 Ul SISayjuaied
slaquieyo [ejoads Ul |10S JOAO MOJ} I

S9)ON |eloads

S9OBLINS |I0S/}UBWIPAS WOJ) SaXN|} JOA paodal ajgejieAe jo Bunsi *G ajqe]

doag a)sep

pues aoeyns
pues aoeyns

|l0s @oejNS

|l0s @oepNs
abpn|g Jojeledeag
pues aoeyns
pues aoeyns

|loSs @oepuNs

|los @oejNS

Ilo dois

auazuaq aseyd aind yum [10S

doag ajsepn

Hun juswijealjpueT]

dlid llos ¥saL

dlid oS ¥sa1

dlid lloS I8 L

lljpueT] pajjosuodun
[l4pue”] psjjouodun
[l4pueT psjjonuodun
lljpueT] pajjosuodun
[l4pueT] psjjosuodun
[I4PUET YHOY P3||0uU0)
[I4PUET YHOY P3|[03U0D
[I4PUET YHOY P3||013u0D

pues aoeyNs
pues aoepNs

|los @oBUNS

|los @0BuNS
abpn|g Jojeledag
pues soeyNs
pues aoeyNs

|los @0BUNS

|l0S @0oBUNS

Ilo dojs

aoejng/adA ]
juswaainseap

RN R [ |

—

(TRNTRNTRYTRETRETRYTRETRY

RN R R |

RS R [ [ |

s

Sl
Sl
4
L'¢

Sl
Sl
4
4

Sl
Sl
L'¢
4
Sl
Sl
4
L'¢

J0%

000t

00v-00€
00¥-00€
00¥-00¢€
00v-00€

00¥-00¢€
00v-00€
00%-00€
00¥-00¢€

000¥

000S
000S
000S
000S
000§
000S
000S
0009
000S
000S
000G
000S

00¥-00€
00¥-00¢€
00v-00€
00¥-00€

00v-00€
00¥-00€
00¥-00¢€
00v-00€

(urwy;wo)
ajeimol
iy

lc

Sl
Gl
Sl
Sl

Sl
Sl
Sl
Sl

/C

Gl
Sl
Sl
Sl

Sl
Sl
Sl
Sl

(90)

1

-BuU-

06
06
/8
/8

10€
10€
10€
10€

-BuU-

G600
gy
Lve
6€

IMCI
9€'0
9000
INCI
ImCI
8¢0°0
L€l
-eu-

78
¥8
4]
4]

9lc
9l¢

9le
9lc

(6/6n)

ER0)

509

yoz)9sLiee
(4 1) 80z
a4y 02) YoEL L
(Y 1) 09¢vs

a4y 02) zZelve
4y 1) 08816l
(14 02) OF LY
a4y 1) 0zl282

vele

169
0969
08145
00991
9
9l¢
8L°¢
[44%
9g°¢l
¥8'¢
Sy
60

1y 0Z) 8°96¢€1
(4 1) z60SZ
4y 02) 809¢
(4 1) 09szs

(duo2) vzest
(4u1) o9egolL
(4yoz) z21681L
(4u1) ozeziL
(4y/,wo/Bu)

xnj4

auanjo]

ausazuayg

punodwo)



(1661) 18 30 UOSIIN Jaqueyd xni4 s,punpi3 Heg

[EAJS)UI JUSWISINSEAW XN|} JO PUSD e awi)
$8}B0IpUl UWN|OD XN|4 Ul SISayjuaied

(9861) wodng 'y siaquieyd |e1oads Ul [10S JOAO MO} JIY

(1661) "[e 12 uosIIN Jaquieyo xn|4 s,punpig peg

|[BAJB)UI JUBWIBINSESW XN|} JO PUS Je awl}
$9]Ee2IpuUl UWN[0D XN|4 Ul SIsayjuaied
(9861 ) wodng 'y siaquieyo |e1oads Ul [I0S JAAO MOJ} JIY

(1661) 18 30 UOSIIN Jaquieyd xni4 s,punp3 peq

[BAJB)U] JUBWIDINSEBW XN|4 JO PUS J& dwi)
$8)B2IPUI UWN|0D XN[H Ul SISByjualed

(9861 ) wodng "y sJaquieyd |e1oads Ul [I0S JAAO MOJ} JIY

aoualajey s9)oN |eloadg

(‘p3u09) seoeLNs [10S/UBWIPSS WO SAXN[} DOA pPayodal ajqejieae jo Bunsi G ajgel

4

auazuaq aseyd aind yum 10§

doag a)sep

pues aoeyns
pues aoeyns

|l0s @oejNS

|los @oepNs
abpn|g Jojeledeag
pues aoeyns
pues aoeyns

|loS @oepNs

|los @oejNS

1O dojs

auazuaq aseyd aind yum [10S

doag ajsep

pues aoeyNns
pues aoepns

|los @oBUNS

Jlos 8oepNs
abpn|g Jojeledes
pues aoeuns
pues aoeyNns

|Ios 8oepNS

|Ios 8oeuNs

IO dojs
doag ajsep

pues aoepNs
pues aoeyNs

|los @0oBUNS

|los @oBuNS
abpn|g Jojeledag
pues soeyNs
pues aoepNs

|los @oBUNS

|loS @oBUNS

Ilo dois

aoejng/adA ]
juswaainseap

RS R [ |

—

RN R R [ | L RN R [ | —

R R [ |

s

Sl
Sl
4
L'¢

Sl
Sl
4
4

gl
Sl
4
L'¢

Sl
gl
4
4

Sl
Sl
L'¢
4
Sl
Sl
4
L'¢

J0%

000v

00v-00€
00¥-00€
00¥-00¢€
00v-00€

00¥-00¢€
00v-00¢€
00%-00€
00¥-00¢€

000¥

00¥-00€
00v-00¢€
00%-00€
00¥-00€

00%-00¢€
00¥-00€
00¥-00€
00%-00¢€

000t

00¥-00€
00¥-00¢€
00%-00€
00¥-00€

00v-00¢€
00¥-00¢€
00¥-00¢€
00%-00¢€

(urwy;wo)
ajeimol
iy

lc

Sl
Gl
Sl
Sl

Sl
Sl
Sl
Sl

/C

Sl
Sl
Sl
Sl

Sl
Sl
Sl
Sl

Lc

Gl
Sl
Sl
Sl

Gl
Sl
Sl
Gl

(90)

1

-BuU-

L€l
LEL
yx4)
yx4"

ove
ove
ove
ove

-BU-

19
19
6S
6G

oElL
o€l
o€l
oElL

-BuU-

6.
6.
12
11

sel
el

el
sel

(6/6n)

ER0)

¥96¢

(dy 02) 9'256
(4 1) 0z29¢
a4y 02) Ov6YL
(Y 1) ov8Ls

4y 02) 9¢681
(Y 1) 09526
4y 02) ¥9zee
a4 1) 09LEL

¥96¢

(yoz)szL2
(4 1) 8¥8.

(Y o02) zLL2
(y 1) vpi2L

(14 02) 8985
(4 1) z2882

44 02) 94101
Im_l_l

Vil

(14 02) 952
(Y 1) o88LL
(Y 02) 2295
(4 1) 08¥SL

(1Y 02) 0¥6S
(Y 1) zie8€
(14 02) Z616
(4 1) 88vve
(4y/,wo/Bu)

xnj4

auajAx-w

auajAx-d

auajAx-o

punodwo)



9¢

piel4 4
8|edgs 10|id Sd
ainesadwa | 1 Aiojesoge] 1
UONBJJUSOUOD JUSWIPSS/I0OS SO a|qejieAe jou -BU- :9JON
auazuaq aseyd aind yym |10S
(1661) " 1o uosliiA Jaquwieyd xn|4 s,pun}3 Jeq deag ajsep 4 000¥ X4 -eu- eve
pues aoepns a1 gl 00%-00€ Gl Zc (yoz) 626
pues aoepuns 1 gl 00%-00¢€ Gl Zc (Y1) zsle
|los 8oeuns 1 1’2 00%-00€ Sl L2 4y 02) 80001
|los @doepuns 1 L'¢  00¥-00€ Gl (4 (Y 1) ozsse
abpn|s Jojesedag
pues soepns 1 G'L  00p-00€ GI 99  Ayo0z)zZLilL
pues aoepns 1 gl 00%-00¢€ Gl 99 (Y 1) 088y .
[eAJ8jul JUBWBINSBAW XN|} JO pus Je awl |los eoeuns 1 1'¢  00%-00€ Gl 99 1Yy 0zZ) 80682
$8)edIpul UWn|od XN|4 ul sissyjusied [los 8oeuns 1 L'¢  00%-00€ gl 99 (44 1) 08992
(9861) uodng -y slaqueyo [e1oads Ul 10S JOAO MOJ} Iy 10 do|s auazuaqjAyyg
(wwewd)  (9,)  (B/6n)  (ayjwo/Bu)
aoepungadA] ajeimolq
ELITEIETEN] S9JON |eloadg juswiaInsesy S  D0% any 1 s) xn|4 punodwo)

(‘pIU0D) saodeNS [I0S/JUBWIPAS WOIY SaXN|} DOA pamodal ajqejieAe jo Bunsiq °g ajqel



(8661) ‘|2 1o 1d1e]
(6661)Ie 10 Buagpur
(6261) "[e 1o Biagpun
(6261) "e 1o Biagpui

(6861) "|2 19 J9psoiyosg

(9661) "le ¥o uiquix

ELITEYEIEN

S9OBLINS [I0S/JUBWIPAS WOI} SaXN[} [e}SN paiodal ajqejieAe jo Bunsi "9 ajgel

peo| IS
eys weo| Jjis Aleys vasn
ays weo| Aep Ayis vasn
YIS [|IJpue] € 3e [I0S [04U0D

auIW e Jeau s|I0S
aulW e Jeau s|I0S

SO)JON |e1oadg

LT

Jaquieyo xnj} uopye |
Jaquieyo xnjj uoye |

Jsquieyo
Jsquieyo

poyjaw xoq xn|4
prey uedo

poylaw xoq xn|4
jueid e je
|I0S pajeulweluo)

aoeung/adA]

juswalinsesa|Nl 3{)S 20%

L

L

L

|y I Wy Iy Iy I Wy Iy Iy I St i |

99
29
18

eu

eu
eu

-eu-
-eu-

-eu-
-eu-
-Beu-
-eu-
-eu-
-eu-
-Beu-
-eu-
-eu-
-eu-

0005
000S
000S

0oy

eu
eu

000¢
000¢

000l
0001
000}
000l
000l
0001
000}
000l
0001
000}

(CICUANS)

ajeamo|
Ay

0ov-Gi
ov-Gl
ov-Gl

9¢

G€-9
G€-9

Ll
Ll

L'yl
vee
1°9¢
G'6C
(A4
8'¢€c
(A4
ol
Ll
€/c

(2)

1

10 ¥00°0
900 1000
G0 €000°0

€9 ’00°0-1000

¥€0°0-2¢€0°0
16 710°0-¢l00
-eu- 600000
-eu- 10000
¢6'l  ¥2000°0
¢6'L 92000
1€6'0 <¢L000
1€6'0 62000
€01 1000
€0l €8000
€0l 26000
€.°6L 2000
€.'6L €000
€6l G¥l00

(6/6n) 1y/,wo/6u)

o) xn|4

Kinosapy

punodwo)



(8661) "B 1@ Heysng

(2661) 30V SN

(2661) 30V SN

(2661) 30V SN

(2661) A0V SN

(2661) 30V SN

90UdI8j9Yy

8¢

b 0001 € Ges0 9'2v'e
b 000} €c L0°L 926
1 0001 €c L0°L A a4
b 0001 € €080 Y's‘e
a 0001 €c Geso £'6C
1 0001 €c €08 V9T
b 000} €c Zv'9 £9T+9°€C
a 000} €c 19°1L A &4
juswipas Bulkip 7 000l €T 19°L K24
woly god josexn4 7 000} € 96’8 .2'9C
B Gz : pasn juswipas Jo ssep 3se|j wonoq 7 0001 €c ge's R4
%0/ :JUSWIPSeS Ul JUsjUOI BIN]sIoWw |eniu] punosjwopogeu 1 0001 €c Lee £C
wo Q] = Ysey} Jo Jejyowelp Buiwnsse pawiopad syjuswiedxy 0001 o4 8 9
pue ssO| ssew Wolj psje|nojes xn|4 8YZ1 JOP0oIY yuim 1 0001 €c 099 8L L1 rara
BulAip jo Aep | Jayje sanjeA abelone  pajeulWBlUOD JUBWIPSS 7] 0001 €Z |elol ee'L ‘v
By} 8JoM 3|qe) Ul UMOYS SanjeA XNn|4 JOAIY 9oUBIMET IS ] 0001 €Z sg90d 19'L ‘Z
1auabuon go9d
slygile siaquieyo
pailnseaw anjeA awmcm_r_ Yy} sI Xnjj umoys xnjj >._O«m._onm_ ul |jelslew
"8I} JO UopouNy B se pauodal Xn|4 8Ip [eueD JOqJeH BUBIpU| ] 9¢ 001 € 620 L0 81-90d
mc_t®>>®._ juswipas Jaye siy 00g 1e slaquieyd
painseaw anjeA ay} si XNj} UMoys xnjj Alojesode| Ui [eLsjew
"aWwi} Jo uopouny e se papodal Xn|4 84p eued JogleH euelpu] 9'¢ 00.1 €¢ 2e00 G200
sly9ile siaquieyo
painseaw anjeA }saybiy ayj si Xn)} umoys xnjy Alojesoge| Ui |elsajew
"awi} Jo uopouny e se papodal Xn|4 81p eued JogleH euelpu] 9¢ 00.1 €2 2200 200 8-90d
Buiemal Juswipss Jaye siy 008 1e siaquieyo
painseaw anjeA 8y} SI Xnjy UMOYS Xn|} Alojeloge| Ul |elisyewl
"} JO uopouny e se papodal Xn|4 81p [eued JogqieH euelpul 9¢ 001 €c (4 g0
slygile siaquieyo
painseaw anjeA }saybiy ay) si Xn)} umoys xnjy Alojeloge) Ui |eliojew
"8I} JO UooUNy B Se pauodal Xn|4 8Ip [eueD JOQIEH BUBIPU| ] 9¢ 001 €C (84 €20 8t¢Zl Jo[o01y

(utwyzwd; (9,) (6/6n) ayj,wo/bu)
aoepng/adA L ajeimol
S9)ON |eloadg juswainsed|y aNS D0% ny 1 s)

xn|4 punodwo)

S90BJINS |I0S/3UBWIPAS Woly saxXn|} g0d payodaa ajqejieae jo Bunsiy *2 ajqel



6¢C

Sd 000S -eu- /902200 101L/06-92d
Sd 0005 -eu-  G1zZ8000 99-90d
‘pasn Jequeyd xnlj  Sd 000S -eu-  /998¢¥0 25-990d
"Aun|s € Jo wioy sy} Ul s,punpig peg eus  Sd 0005 -eu-  ££€/22°0 ¥¥-90d
Sem |elisjew Umm_um‘_ﬂ. 9y 'sinoy maj e chtwnjm logley Sd 0009 -eu- 8910 82-90d
Aliea1dAy swy jo pouad payoadsun ue piojpeg meN woly  Sd 000§ -eu- (4 81-90d
A_\OONV punp3 Jeg Jano abelane ue ale Sjuswainseaw Xn|4 Jjuswipss _uom_um‘_D Sd 0009 -eu- v6°L 8-490d
T ¥¥ 000r 29l 9100 +0-308'C L0L-90d
S/WO Z'¢ : Jaquieyd xnjy ul sjuswainseaw 1 ¥y 000¥ 29l ¥0'0 +0-30%'C 18-92d
AyoojeA Jie uesw peje|noje) "eoeHNS Jequeyoxni4 1 ¥'¥ 000y 29L 2800 1200 25-90d
ay) asedeud 0y 8bpnys jo Bw 05z ebpn|s psjeulweluod 1 'y 000F 29l 6€£0°0 €£0-306C Ly-99d
UHM paXIW Sem |10s ues|) ‘sAep g 1o} g0d yum pspuswe 7 ¥y 000y 291 /800 €0-308°¢ £€-990d
(2661) "le 1o suisnoD ue|  senjeA abesoAe 8y} 18 UMOYS SaNjeA XN|4 sjios weojApues 7 ¥y 000F <Z9L €£0 €0-30L°Z 81-90d
"4dD e ul Juswipas papuod LIPS 1oAY SoUBIMET 1S 00ZL 0z €99 ve'e sg9d [ejol
e sjuasaliday "Ialem |W GZ Yum pasn pejeulwejuod g0d 1 00ZL 0z 8L GL'L 092} Jojo01y
[lospuswipss 6 Gz'0 sjuswiuadxe Bulkip9z| pue y5z1 ‘syzL'zvzl 1 00ZL 0z €8. ze ¥S21 o001y
mc_?_v salJes awi e ul sabelsane S10J00.Y/ JO ainixiw yjm q 00c¢l 0¢ 00l gl 821 100|204y
1661) "[e 18 yeZUBIeyD T JInoy jsii4 8y} 818 UMOYS sanjeA xn|4 paxids sjlog 00zZL 0z 6¢€8 628l Zyel 10]o01y
1 00zl Gz 9100 .Z'SV'T+.¥.ZVeT
1 00zl Gz 100 52'5'T
1 00zl G2 2100 Zv'e
il 00zl Gz zL00 RA A
1 00zl G2 €00 b9z +.2'eT
1 00zl Gz 8500 £9°T +9€°C
6 GZ'0 = pesn ssew juswipag 1 00zk gz %00 ZYVT+ VY
"wo G| = Jejowelp Jef Bujwnsse 1 00ZL ST 100 29T
}el SSO| SSEW WOy paje|ndfed Xn|4 “%0. Jef1zeu 17 00zZk ST G200 LT+ ¥
Buibeiane pue 9, 0} %¢c9 woly buibues pawiopad sjuswadxy 00Z1L Gz uddegel $800°0 £z
ainjsiow Bunels yum juswipas Bulkip jo 8| Joppoly yum - 00zl Gz ©obesene g0 9T+.2C
sjuswiladxa JO S}8s § wod) pabelaAe xn|{ pPajeulweluod JUswIpaS 0021 Gz a0d 96100 ‘v
3661) "[e 18 yIeZUBIERIYD T pouad unoy g J1on0 sbelene xn|4 JoAly @ouaimeT 1S 00ZL Gz 1o /8700 ‘C
6 GZ'0 = pasn ssew juswipas juswipss Buikip 7 00zl Sz S9 G100
‘wo G| = Jejowelp Jef buiwnsse wol g0d o sexnj4 7 00zk gz G9 ze0
8)eJ SSO| SSeW Wolj paje|nojed xni4 Jeljzeu 7 00zl Gz S9 6€°0
umoys Japlo ay} ui Alpaoadsal 9,0 pue  pawlopad sjuswadxy 0021 [*T4 G9 250
%0€ %05 %9/ ‘%66 ‘%66 ‘%66 SIE SON|EA 8¥Z| 0[00JY UM 00zl Sz S9 760
XNjj 8Y} 10} JUSJUOD BIN}SIOW "POG [BIIU]  POJEUIWEIUOD JUBWIPSS 7 00zl Gz S9 8¢’L
1661) "[e 12 l||oZUBIEIYD T pouad unoy g Jano abelsae xn|4 JOAIY souBIMET IS ] 00zk Sz S9 Ge'l sg9d [ejol
(nwjewo; (9,) (6/6n) 1yjwo/Bu)
aoejng/adA] ajeimol4
aoualasey S9)JON |e1oadg judwiainsedy 9IS 20% IV 1 s) xn|4 punodwo)

(‘p3u092) saoeLIns [I0S;UBWIPSS WOy SaXN} g0d payodal ajgejieAe jo Bunsi -2 ajqel



(¥261) enbeH |nuemziy

(1002) punp¥3 peg

(L002) puny3 veg

ELIEYEIEN]

(‘p1u0d) saosepNns [I0S/3UBWIPSAS WO SBXN[} §0d pauodal ajgejieAe jo Bunsiy *2 sjqel

wo G| : ysip Kyad jo Jajewelp

8y} pawnssy "Gz 10[00Jy JO
uonisodwod abelaae Buisn sdnoib
pajeuliolyo [enplAipul JO Sa)el Sso| ssew
payuodal wouy pajenojes sanjeA xn|4

'4Q0 e ul uonenys

Buipuod e Bunusasaidau spijos pabpaip
ay} Jo doj uo Jajem Jo Jahe| e paulejuod
[eusyew pabpaip 8y "sinoy maj e
A|jeoidAy swny jo pouad paioadsun ue
JaA0 obeloAe Ue aJe sjuswainseaw Xn|4

S9)JON |e1oadg

0¢

ysip-lied

e ul pues payids e
wol} $Gz| 10[001y JO
uoljesodens |einjeN

"pasn Jaquieyo xn|y
s,punpy3 Ueg -ays
pungedng Jogiey
plojpag MoN WOl

Juswipes pabpeig

aoejngadA]

juswainsesN 9SS D0%

Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd

Sd
Sd
Sd
Sd
Sd
Sd
Sd

-Beu-

0009
000S
000s
000S
000s
0009
000S
0009
000S
000s
0009
000S
000S

0009
0009
000S
000S
000S
0009
000S

vy

ol

-eu-
-Beu-
-Bu-
-eu-
-Bu-
-eu-
-Beu-
-eu-
-eu-
-Bu-
-eu-
-eu-
-eu-

-Bu-
-eu-
-eu-
-eu-
-eu-
-eu-
-eu-

sO

LS

¢v00°0
€810
€'l
€6'¢C
LC
G800
G0C00
/8000
820
G910
9€0
€C’l
¥8°0

19/800°0
8v1°0
1999¢6°}L
124
90’9
1020
GL000

(uwjewo) (9,) (B/6n) ayj,wo/Bu)
9jeimo|

Xn|4

V5S¢l 10]201y

g0-BX3H |ejol
g9-ejuad |ejoL
g0-esj9] |ejol
go-uljejol
g90-laejol
g0 OUoON [ejolL
101/06-90d
99-90d
¢5-90d
vv-80d
8¢-90d
81-90d
8-490d

g0-BX3H |ejo L
g0-ejuad |ejoL
g0-esal |ejol
g0-ulejol
g9-laejol
g0 OUop ejolL
151-90d

punodwo’



Ie

Kep | Jaye Jojoealolq "8)Is punyadng B Woly
e woJ} suoissiwa aAnibny aAeinwng [I0S PajeuUIWEIUOD 8}0S0aID)
(c661) ‘sma1 4y painseaw wouy (Jy/bu) syey pauoday  |OAM 9 OF AlN|S Joyoeasolg Sd -Bu- -eu- -eu-  -eu- (Jy/Bu) gagy

S/Wo/9°G :AJI00[OA Jle paje|noje) Jaquwieyo xn|4 Alojeiogeq]
%8P:8JNiSIowW [eniul Yyum juswipss Buikiq "uelnjozuaqiq
painseaw anjeA }saybiy ayj si Xnj} UMOYS pue aualAd ‘susiyjueusyd

8661) “'[e 10 euysiiirey "awl} Jo uonouny e se papodal Xnj4  Y)m pajenooul Juswipas ues|y 9¢C 0041 ¥e 99 A%
S/W9/9°G :AJI00[OA Jle pajenoje) Jaguieyo xn|4 Alojesoqe]
%9g:2JN}SIoW [eniul yum juswipas Buikiq "uelnjozuaqiq
painseaw anjeA }saybily ayj SI Xn|} UMOYS pue auaJAd ‘ausiyjueusyd

:8661) “[e 1o euysiijiney "W} JO UOROUN) B SB papodal XN|4 UM Paje|nooul JUSWIpas Ues|) 7 9¢C 0041 ¥Z 801 0oL

s/WO §'Z :AJI00JaA Jie pajenojen 'siy g le  siake| jJuswipas uiy} jo buikig
painseaw anjeA }saybiy ayj si Xnj} UMOYS quieyd xnjj Aiojeloge| Ul [eusjew
‘(1661) “|e 1o [edesiep ‘awll} Jo uopjouny e se pauodal xn|4 pabpaip Jaary abnoy Al 00l ford oy 09 ueunjozuaqiqg

(wwyewd)  (9,)  (6/6n) (ayj;wio/6u)
aoejngadA ajeimol4
290UdI9)3Y sajoN |eloadg juawainsealy aNS D0% iy 1 s) xn|4 punodwo)

S92BINS [I0S/JUBWIPAS WOJ) SaXN[} sSUIXoig/sueiny payodal ajqejieae jo Bunsi g ajqel



was observed in the case where no water is added to the sediment after the start of the experiment.
The fluxes of various congeners dropped to about 10-30 percent of the initial values in four days.
For the other cases with the increase in the amount of water added, the fluxes were lower, but the
decrease was also small (40-60%). Chiarenzelli et al. (1996, 1997(1)) studied the same system with
a very small amount of sediment (0.25g) and thus all the sediment is in contact with the water.
Chiarenzelli et al. (1997(1I)) also measured PCB fluxes from subaqueous sand that was inoculated
with Aroclor 1242, 1248, 1254 and 1260. The fluxes from these are compared with those from St.
Lawrence River sediment. The total emissions from the individually inoculated sediments are
reported as total PCBs. Cousins et al. (1997) reported flux from soil amended with PCB
contaminated sludge as individual PCB congeners. Those experiments were conducted in a flux
chamber. Eklund (2001) measured PCB emissions from a CDF with dredged material from New
Bedford harbor. The fluxes were obtained from fresh dredged solid slurry and also with a layer of
water on top of it.

DIOXINS/FURANS

The only compound for which flux data was available was dibenzofuran.This is listed in
Table 8. The reported fluxes were obtained in laboratory microcosms (US ACE, 1999b; Ravikrishna
et al., 1998) using sediment from Indiana Harbor Canal and an inoculated sediment.

SUMMARY

Chemical specific flux data was located for 21 of the 25 compounds in the IHC sediments
identified as being substances of concern as air pollution risk. Data for volatile arsenic, zinc, 2,3,7,8
TCDF and 2,3,7,8 TCDD were not located. A total of 259 flux values are contained in this report.
Reported flux measurements that did not match the vaporization processes that occur in a CDF were
not included in this review. For example, emissions to air from aqueous solutions sparged or
originating from water surfaces more characteristic of river, lakes etc. were excluded. Submerged
sediments were also not included. At the CDF the dredged material arrives containing solids
primarily and some amount of water. The soil is placed in layers and provisions made for the water
to drain away, so that after a short period of time (i.e. a few days), the surface material is basically
mud undergoing drying, consolidation and de-watering. Standing water in small pools may be
present, but as time progresses, what remains is a soil-like solid material on the surface of the CDF.
The flux data reflects the various soil-like materials, water or moisture contents, concentration levels
and experimental apparatus types and operating procedures. Layered on top of this are the
uncertainties of the analytical protocols used to isolate identify and quantify the various chemical
species. A herculean effort may not put all these flux values on a common basis. The only attempt
in this regard was to normalize the measured flux values to the concentration levels of the specific
chemicals found in the IHC.

MODELING CHEMICAL VOLATILIZATION FROM THE IHC CDF
The previous section was used to assemble general information about the theoretical process

of chemical vaporization from soil-like surfaces and experimental data that closely mimics
conditions of a CDF and its operation. A key outcome of the literature review was the selection of
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the most appropriate model for use at CDF’s. In this section the selected volatilization model will
be applied specifically to the conditions and operation parameters forecast for the [IHC CDF. In the
first subsection the model will be given, along with modifications. It will then be extended and used
to arrive at some general results about the volatilization fates of the chemicals of interest in the IHC
CDF. The second subsection will be a comparison of chemical fluxes using the selected model and
measurements based on the appropriate laboratory and/or field data.

MODEL FORMULATION

The model selected has appeared previously in USACE and USEPA publications. The
algorithms shown below appeared as Equation 39 in the ARCS Program report for estimating
contaminant losses in remediation alternatives for contaminated sediments (USEPA, 1996).
Development of the model commences with a Lavosier species mass balance in a dredged material
column assumed infinite depth with the top surface adjoining the air. The transient mass balance
quantifies the mass of A in the combined solid-water-air phases resulting in a partial differential
equation resembling Fick’s second law. A uniform chemical concentration, Cg, throughout the
column is assumed. Using the “semi-infinite slab” boundary condition for unchanged concentration
at great depth and a constant surface concentration, Cg, allows the conventional “semi-infinite slab”
solution to be used. The flux expression obtained from the solution is equated to another one for the
transport of A across the air-side boundary layer; this eliminates Cg; and replaces it with C,,. The
instantaneous flux for chemical species i is :

ok,
7_C_
1000K, ~©

Tt 1 )

Kp,) K
Da3(€1+ Id_Ib) ¢

where
n, = instantaneous flux of chemical A through the dredged material-air
interface at time 7, mg/cm” sec
Cq= average concentration of chemical A in the dredged material, mg/kg
H = Henry’s constant, dimensionless
K, = contaminant specific equilibrium distribution coefficient, cm’/g
C,= background concentration of chemical 4 in air at dredged material-air interface,
mg/cm’
B =3.14159 ....
¢t = time since initial exposure, sec
D,; = effective vapor diffusivity of chemical 4 in the dredged material pores, cm*/sec
,, = air-filled porosity, dimensionless
D, = bulk density, g/cm’
K = gas side mass transfer coefficient, cm/sec

Equation 2 is an idealized transport model that describes chemical movement in the
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unsaturated zone near the air-dredged material interface and finally into the bulk air above. The
chemical emission pathways modeled include surface depletion, desorption from the particle
surfaces into a surrounding water film (hence, the appearance of K;), desorption from the water film
into the pore gas (hence, the appearance of H), and vapor phase diffusion in the dredged material
pore spaces (hence, the appearance of D ;, , ,, and £),). It appears at the solid-air interface. Once here
it must finally move through the air-side boundary layer (hence, the appearance of K;). At this point
it arrives in the bulk air mass that is moving across the surface of the CDF.

An algebraic modification of the instantaneous flux equation aids in its interpretations.
Multiplying the top and bottom of Eq. 2 by K; yields

K (CSH -C j
S\1000K,

MK t 3)

Ko ) !
D, [+ 52

In this form the numerator is the maximum flux, n, (MAX), which occurs at time t=0. The
coefficient K times the bracketed concentrations is that flux which results if the chemical always
remains available on the surface layer of the dredged material in the CDF. In reality this does not
occur. As time progresses the surface layer becomes depleted of its load of chemical mass available
for volatilization. In other words the surface layer becomes “weathered”. The group of terms in
the denominator accounts for this weathering-away of the volatile and semi-volatile chemicals, it
is defined as the “weathering factor”, W

-1

+1 4)

Initially W; =1 but as time progresses it becomes small; much smaller than unity. These small
values acknowledge mathematically the realities of the process of chemical vapor production and
release which occurs within the dredged material soil-like porous matrix. Clearly, in simple terms
the instantaneous flux given by equation Eq. 3, can be written n, = n, (MAX)C(W; ). Viewed in this
context, W, is the factor by which the maximum flux must be adjusted downward to produce the
actual instantaneous flux. It is NOT the fraction of volatile chemical mass remaining in the dredged
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Table 9. Thermodynamic and Transport Parameters
Specific to Chemicals in IHC CDF

Chemical H Ky Kgt - (day) Kgn - (day) D.s ks too

) (L/kg) (cm/h) (cmh)  (cm?h)  (h") (days)
Naphthalene 0.01828 1.80E+02  777.0 2438.1 912  3.01E+02 1.36E+00
2-Methyl Naphthalene 0.01775 1.19E+03  667.3 2097.3 7.26  5.55E+01 7.36E+00
Anthracene 0.01331 3.36E+03  696.0 2186.7 7.73  1.39E+01 2.94E+01
Phenanthrene 0.00170 2.86E+03  695.8 2185.9 7.73  2.09E+00 1.96E+02
Pyrene 0.00109 1.34E+04  667.3 2097.3 7.26  3.05E-01 1.34E+03

Benzo(a)anthracene 0.00013 2.07E+04 640.6 2014.3 6.83 2.44E-02 1.67E+04
Benzo(k)fluoranthene  0.00158 1.06E+05 619.6 1948.9 6.50 6.21E-02 6.58E+03

Benzo(a)pyrene 0.00014 2.70E+05 619.6 1948.9 6.50 2.12E-03 1.93E+05
Dieldrin 0.00097 2.02E+03 540.1 1701.2 5.29 1.19E+00 3.42E+02
Chlordane 0.00248 1.02E+04 667.3 2097.3 7.26 4.41E-01 9.26E+02
p,p-DDT 0.00124 3.21E+04 5563.2 1742.0 5.48 9.24E-02 4.42E+03
Heptachlor 0.06450 3.73E+03 527.1 1660.7 510 4.46E+01 9.16E+00
Aroclor 1248 0.08573 1.72E+04 588.8 1853.0 6.02 1.09E+01 3.75E+01
Aroclor 1254 0.03701 6.70E+04 567.9 1787.8 5.70 1.27E+00 3.20E+02
Benzene 0.22500 4.85E+01 916.5 2871.0 11.68 1.48E+04 2.75E-02
Ethylbenzene 0.37600 1.72E+02 827.4 2594.6 10.02 8.16E+03 5.00E-02
Toluene 0.28900 9.69E+01 867.0 2717.3 10.75 1.04E+04 3.93E-02
Xylenes 0.45600 1.72E+02 827.0 2593.3 10.02 9.90E+03 4.12E-02
Dibenzofuran 0.00300 1.40E+03 709.6 2228.8 7.96 1.01E+01 4.04E+01
2,3,7,8,TCDD 0.00061 3.13E+05 581.0 1828.7 5.90 1.23E-02 3.32E+04
2,3,7,8 TCDF 0.00056 2.32E+05 571.2 1798.2 5.75 1.58E-02 2.59E+04

material mass. It more appropriately applies for millimeter to a few centimeter thick layers on the
surface since the vaporization losses typically accounts for only a fraction of 1% of the initial
quantity of each chemical in the deep soil layers.

For risk assessment purposes the average chemical flux over a defined period of exposure
time, t,, is a more useful result. Integrating Eq. 2 from t=0 to t=t, yields the average flux n, .

C.H 1 1 1
ai (5)

f,= 2K, —>——-C +—1
e G(IOOOKd k. kit okt +1

where k, / B KD, (,, + K, D/H) is the soil weathering decay constant with units of s . This
constant is very chemical specific and plays a key role in regulating the flux.

The chemodynamic parameters in the sediment volatilization decay constant are of two

general types. These are the thermodynamic ones and the transport ones. Algorithms are needed
in order to provide numerical values for each. The thermodynamic parameters are the Henry’s
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constant, H, and the equilibrium distribution coefficient, K,. Much information exist by which to
estimate both these thermodynamic parameters. Table 9 contains both H and K for the substances
of interest in the IHC dredged material. The transport parameters are: D, the effective chemical
vapor phase diffusion coefficient in the soil pore spaces and K is air-side mass-transfer coefficient.
These in turn depend upon various soil and boundary layer characteristics. Algorithms for these are
as follows:

D3 = DA] 1110/3/ 12 (6)

a.

where D, is the molecular diffusivity of the chemical species in air, cm?/s. ,, is the air filled soil
porosity and , is the total soil porosity; both have dimensions of cm*/cm’.

Ko =Ker t Ko, ()

where K is the forced convection air-side coefficient. It consist of the one for forced convection,
K, and that for natural convection, K, . The algorithms for these are:

4/5 1/3
D, [ FV )
K. =0.036 Al[ ) ( j 8
Gt F \ v, D,, ®
and
D2 1/3 T -T 1/3 P _ P 1/3
K, = O.S(Agj S| L0724 2= 9)
Ua TS PT
where

F = the average fetch of the dredged material pile, cm

V = the average wind speed, cm/s

<,= the viscosity of air at the average air temperature T, (K/), cm*/s

g = the gravitational constant (980.7 cm/s?)

T, = the average soil surface temperature, K/.

T, = air temperature, K/.

P, = the water vapor pressure at the average soil surface temperature

P, = the product of the water vapor pressure at the average air temperature,
(P, P,) times the respective fractional relative humidity.

P, = is the total atmospheric pressure, 1.01E5 Pa.

In both cases K is in cm/s. Both the forced convection (Eq. 8) and the natural convection
correlations (Eq. 9) are based on turbulent conditions in the atmospheric boundary layer. The use
of these will produce the highest flux estimates.
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Because of the vast difference in meteorological conditions between day and night it is
appropriate for the transport coefficient to reflect this occurrence. At night time the winds are calm
and the boundary layer is stable (i.e. K ®0). Typically in the daylight hours the surface winds are
significant and the boundary layer is unstable. A warm or hot soil temperature enhances the
transport significantly. The use of average night vs day wind speed and soil surface temperature
will capture this difference. Table 9 contains a listing of the transport coefficients for average
daytime environmental conditions expected at the IHC CDF and Table Al in the Appendix A
contains the environmental variables used.

THE EVAPORATIVE FATE OF CHEMICALS ON SOIL SURFACES - SOME GENERAL
ASPECTS

In this section some general aspects of the evaporative fate of chemicals on soil surfaces will
be presented. The numerical results presented will reflect the proposed IHC CDF operation in
general and day-time environmental characteristics specifically.

In a previous section the weathering factor, W, was defined by Eq. 4. Expressed in terms
of the soil weathering decay constant, which was defined along with Eq. 5, it becomes:

1

W.= — 10
SNy (10)

As the group /Kt increases with time, W, decreases and so does the flux by equivalent amount.

If C,, =0 or is much smaller than CH/1000K, then W also tracks the behavior of the soil surface
particles chemical concentration. This decay of the soil surface concentration is important with
regard to the risk posed by dust originating from the surface of the dredged material in the CDF.
Obviously k,, the soil weathering decay constant for each substance is an important term. Table 9
contains a listing of values for average daytime conditions.

EVAPORATIVE HALF-LIFE

Clearly if W; = 0.5 in Eq. 10, the effective concentration on the soil surface is half the
original. In this case t = J,, and from Eq (10) the evaporative half life can be obtained as:

J,, = 1k, (11)

In a similar fashion if 99% loss is considered the evaporative life-time then W;=0.01 and t = J,, to
yield
Ty = 9801/ k (12)

Numerical values of the evaporative lifetimes for each chemical on the surface layer appears in
Table 9.
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A graphical illustration of the theoretical behavior of the weathering factor for twelve of the
chemicals appears in Figure 2. Logarithmic axes are used for the W, and the time variables so as to
capture the ranges of variation. Horizontal lines representing half-life and 99% loss are shown. All
W, curves are arbitrarily terminated at 10,000 days (27 years) evaporation time. The message in this
exercise is that due to the mix of very volatile and semi-volatile chemicals in the THC dredged
material there are extremely large variations in the evaporative potential of the chemicals present.
For example benzene is essentially gone from the surface in a day while pyrene persist on the
surface for a much longer time and benzo(a)pyrene is very resilient to evaporation and remains in
high concentrations for most of the operating life-time of the IHC CDF.

CONGRUENCE OF MODEL PREDICTED AND MEASURED EVAPORATIVE FLUXES

At the onset it should be realized that any attempt at trying to compare the results of a
theoretical model with reported measurements is an activity performed on an “uneven playing field”
so to speak. The broad outline of this attempt is to scale numerous sets of laboratory measurements,
primarily, to the volatile emissions modeled on the field-scale. No attempt was made to model the
emission process of the individual laboratory experiments for which data was obtained other than
the specific experiments with the IHC sediments. These will be discussed separately. The other
measurements reflect the apparatus designs of the various investigators conducting emission flux
measurements. However, both the experimentalists and the modelers will agree that the flux is
proportional to the chemical concentration on the soil. Therefore, the reported experimental
chemical fluxes were adjusted to that projected for the IHC dredged material by the ratio of
concentrations. Otherwise, no adjustments were made to the reported laboratory flux data.
Depending upon the aggressive nature of the gas (i.e., air, N,, etc.) to solid particle (i.e., bed of
soil or sediment) interaction and the size of the apparatus etc., a large range of measured flux are
possible. And indeed a large range of flux measurements were located (see Tables 4-8). The
variation was reduced however when the fluxes were concentration normalized.

The study reported by Woodrow et al. (1997) produced an algorithm for estimating the
maximum flux from a soil-like surface to air; see Eq.1 above. The numerator of the theoretical
emission model is this maximum flux (see Eq. 2 above). Using the average parameters reflective of
the IHC CDF (mol.wt 300 g/mol, air-side coefficient 6.23 m/h, temperature 25°C and soil bulk
density 1.2 Kg/L) yields the following equation:

n, =(6.28¢7/) ) (VP*AR / Koc* Sy ) (13)

where ) mm is the effective depth of soil penetration of the applied chemical. Using a value of 0.25
mm followed by natural logarithm transformation yields

In(n,) = 19.34 + 1.00 In (VP*AR / K, *Sy,) (14)

This theoretical equation can be compared to the one based on laboratory measurements, Eq. 1; they
are practically identical. Therefore, the theoretical model supports the maximum flux measurements

39



derived regression equation both in algebraic form and in the numerical constants reported. The
maximum flux is controlled by the mass-transfer resistance that exist within the atmospheric
boundary layer (ABL) very near the soil surface. The chemical in volatile form is readily available
at the surface so that its rate of evaporation is controlled by the K only.

Theoretically and practically, this maximum flux cannot continue indefinitely. A time period
of evaporation will occur when the surface quantity is depleted and additional release must come
form chemical quantities within the soil column. Equation 3 contains the theoretically correct
algebraic function reflective of the process chemistry that causes the reduction in the instantaneous
flux with increasing time. Figures 3 through 6 display the flux vs. time behavior of benzo(a)pyrene,
dieldrin, Aroclor 1248 and benzene. Although good for model and data comparisons the log-log flux
vs. time graphical behaviors do not capture the real-time flux function. In reality, after a very short
time interval, of minutes to hours, the chemical flux falls dramatically and continues to decrease
with increasing time. Theoretically a zero flux is never achieved but it nevertheless falls to very low
values due to smallness of the 1/ /t function at large t values. These four chemicals were chosen to
reflect varying emission flux attenuation rates depending on their chemical properties and also to
represent four categories of organic chemicals in the IHC sediments. Similar graphical presentations
for other chemicals listed in Table 1 appear in Appendix A (figures A.1 through A.19). In all these
figures, the model predicted fluxes were obtained using average dredged material properties (i.e.,
bulk density of 1.2 g/cm?, organic carbon fraction of 0.14, air-filled porosity of 0.3 and total porosity
0f0.7) and median sediment concentrations listed in Table 1. The other relevant thermodynamic and
transport parameters used in the model are shown in Table 9. These model predicted fluxes are
compared with reported measured fluxes normalized to the median chemical concentrations
expected in the IHC dredged materials.

The log-log graphical presentation of the flux for each chemical as a function of time allows
the reader to appreciate several facts about the model, the available data and the operation of the
CDF all on a single page. First the solid and dashed lines represent the time averaged and the
instantaneous fluxes respectively. For early times, the average flux is equal to the instantaneous, but
they diverge as time becomes large. The average is always larger than the instantaneous. Also the
flux for average day time conditions (i.e. 10 mph wind, 35/C soil surface, 30/C air and 50% soil
vapor and 27% air relative humidity) and average night time conditions (i.e. 3 mph wind, 15/C soil
surface, 15/C air and 100% soil vapor and 100% air relative humidity) appear on the graphs. Both
the increased wind speed and high soil surface temperature result in the day time instantaneous flux
being approximately ten times higher than the night time flux early on. See the benzo(a)pyrene flux
for the first 100 days shown in Figure 3 for example. As evaporation time gets larger, the day time
and the night time fluxes converge. This occurs because at large times the evaporation is controlled
by conditions of release deep within the soil column so that meteorological variation in the ABL are
of no consequence. Benzo(a)pyrene is very resilient to evaporation. Its 99% evaporation time (i.e.,
Jyo) from the surface is projected to be 328 years; see Table 9. This results in a flux vs. time behavior
that is constant for an extended time period. Only two measured fluxes were located and they fall
with the average day to night time model predicted fluxes. The 10,000 days (27 years) time axis
maximum roughly represent the thirty year life-time projected for the IHC CDF. The other two
vertical time lines represent convenient average times that can be used in estimating average fluxes
for the purposes of exposure. The 400 day time line represents the number of days, at an average

40



Iy

sAep ‘aw}
00001 0001 00l 0] L 1’0 100 1000 10000 10000°0
e 100000
|4 WBIN "BAY ———
l I xn|d4 YBIN “Isul — — — ||
1 I painses)y @ I
1 | xn|4 Aeq "By
| I XN|4 A8Q 1SUls e || 10000
| | |
| | I
| | I
_ _ -
| - 1000
I |
| I
I m
| - 100
| | “
| | 1
| |
_ : 10
Iskep 0oy Ishep 09
| | I
1 I I
I | -
. . F

saxn|4 pajoday pue pajoipaid |9POA Jo uosLiedwo? - auailkd(e)ozuag ¢ ainbi4

1y/,wo/Bu ‘xnj4



(44

sAep ‘awny
0000} 0001 00l ol X 10 100 1000 10000 10000°0
S T T — SEmm— . 10000°0
XN WOIN “BAY ——— |
“ “ Xn|4 WYOIN 18U — — — ||
2JNses r
| | x:_n_v>mn_ .m>_\/u * i 10000
| | DI =T e 10| P— I
. | | I
. i I F 1000
_ H
///_ m
I ~— F 100
| I S T .
| | I
_ _ . . — Wr.o
| | . —_— I
| | ® i
| | :
_ _ !
| | i
| | g
Ltep ooy Tsfep 09 ‘8
| | I
| | g
L L = 001

saxn|4 papoday pue pajoipald [9PO 0 uosiiedwod) - uLpjaiq ‘' ainbi4

1y/,wo/bu ‘xnj4



134

sAep ‘awiy
00001 0001 00l 0l L L'0 100 1000 L0000 100000
e i L0000
I I Xn|4 JYBIN “BAy -
| I Xn|4 WYBIN Isul- — — — !
painsesi\ @ -
I I xn|4 Aeq "By F 1000
| | XNI4 ABQ ISUls | |
| | .
| | W
| | £ 100
../ | | i
~o _ H
I g
| F 10
| )
|
I i
| m
| - 0L
rau 00¥ _m>% 09 m
| | i
| | :
' ' = 001

saxn|4 papoday pue pajoipald [9pPON 0 uosiiedwod) - gz 10|20y G ainbi4

1y/,wd/bu ‘xni4



144

sAep ‘aw}
00001} 0001 00!} oL L 1’0 100 1000 10000 100000
I i — _
Xn IN ‘DA L
../ I I ° [ERU .z. v
~ Xn|4 JBIN IsUl- — — — | |
N | | i
// painsesyy @ -
/7_// I ° xn|4 Aeq ‘Bay £ 01
| | XN|4 ABQ 1SUls | |
| :
_ _ - 001
| | |
| | .
| | -
| | - 0001
| | I
| | i
| | :
| | - 00001
| | :
| | I
| | g
| | - 000001}
_%u (0[0]4 I shep 09 |
| | m
| | :
= 0000001

saxn|4 pajuoday pue pajoipald |9PO J0 uosiiedwo) - suazuag "9 ainbi4

1y/,wo/Bu ‘xni4



filling rate of 511 CY per day, place one layer of dredged material over the entire 131 acres of the
CDF. This calculation assumes each cubic yard yields 27 square feet of exposed area. The 60 day
time line is a slightly more conservative average time that represents realistic CDF operational
events that may cause enhanced flux to air. Such operational events include wind-rowing the
dredged material and rain storms that may re-wet the surface. In the laboratory, both surface
sediment reworking and re-wetting of certain sediments have been demonstrated to cause the flux
to increase to maximum or near maximum values. Using a 60-day averaging time in effect restarts
the weathering process by placing fresh material with corresponding initial concentration directly
on the surface every 60 days. These lines appear on the graphical presentations for each chemical.

Figure 4 is for dieldrin, a pesticide. It is not as persistent in the dredged material as benzo(a)
pyrene; its Jyo is 340 days. Significant flux reductions occur in the 60 to 400 day evaporative time
periods. Several flux measurements representing two laboratory studies are shown in the figure.
They are slightly higher than the model projected ones but nonetheless show a decrease with
increasing time in parallel with the model projections. The difference in fluxes can possibly be
explained by the difference in the organic carbons contents of the IHC sediment (0.14) shown in the
simulation and the soils used in the study reporting the dieldrin flux (0.0058). It must be further
noted that all the organic carbon contents, where reported along with the flux values, were lower
than 14% used in the simulations. Higher organic carbon content implies a higher K, value and
correspondingly lower vapor phase chemical concentration available for transport. The model uses
a higher organic carbon content and hence predicts much lower vapor phase concentration than what
might have been the case. The model therefore under-predicts the fluxes since the reported fluxes
were not normalized to a common organic carbon content. Using an organic carbon content of
0.0058, the model projected curves match or slightly over predict the reported dieldrin fluxes.

Figure 5 shows the comparison for Aroclor 1248, a commercial PCB mixture. Only one data
point is reported on this figure. From Table 9, the Jy, of 37.5 days indicates that this is far less
persistent in the CDF than dieldrin or benzo(a)pyrene. The model projected curves slightly over-
predict the reported flux. Further analysis of the performance of the model with respect to Aroclor
1248 is not appropriate until further experimental fluxes are obtained.

Figure 6 shows the comparison for benzene, a volatile organic compound (VOC). The
projected and reported fluxes are very high but not controlled by the air side mass transfer
coefficient. In Table 9, benzene shows a J,, 0f 0.0275 days (or about 40 minutes). Benzene has a
very high vapor pressure and Henry’s constant that explain the volatility of the compound. The
evaporation of benzene is controlled almost entirely by the sediment-side mass transfer resistance
represented by the soil-air partition constant and the effective diffusivity. The reported fluxes shown
in the figure are derived from two sources. The first set represent laboratory data from Dupont
(1986) and are close to the projected fluxes. The second set of fluxes were the field studies of
Eklund et al.(1991) and represent a number of different sources. The concentration normalized
fluxes are spread across the model projected fluxes over several orders of magnitude. In the absence
of any extra information that could help in critiquing this data with the appropriate qualifiers, further
analysis is not possible.
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Figures A.1-A.7 show the comparison for other PAHs listed in Table 1 in the increasing
order or persistence in the CDF. The J,, values for all these compounds are listed in Table 9. The
comparison of model projections and reported flux is close for naphthalene, 2-methyl naphthalene,
phenanthrene and pyrene which have a J,, 0f 1.36, 7.36, 196 and 1340 days respectively. As the K,
values of these compounds increase there is a very significant increase in their persistence levels in
the CDF. There are few reported flux data for the remaining compounds, anthracene,
benzo(a)anthracene and benzo(k)fluoranthene with one or two fluxes and the comparison is not as
close. Figures A.8 - A.10 show the comparison for the remaining pesticides listed in Table 1. The
reported fluxes of p,p-DDT fall within and slightly above the predicted flux zone. Reported values
of chlordane and heptachlor fall above the predicted fluxes. Figure A.11 shows the comparison for
Aroclor 1254 and the two reported flux values fall within the predicted flux curves. Figures A.12
through A.16 show the comparison for the remaining VOCs (ethylbenzene, toluene and three xylene
isomers). Several of the reported flux values fall very close to the predicted curves. These
compounds have very short persistence times similar to that of benzene. Figures A.17, A.18 and
A.19 show the predicted fluxes for the dibenzofuran, 2,3,7,8 TCDF and 2,3,7,8 TCDD respectively.
Only dibenzofuran has any reported flux values and they fall close to the predicted fluxes. The
projected fluxes for TCDF and TCDD show very long Jy, values of the order of 3300 and 2590 days.

Although the projected fluxes displayed in Figures 3 through 6 decreased by factors of ten,
one hundred and even more in the case of benzene, significant mass of each substance remains in
the CDF dredged material. A ten or hundred fold reduction in flux does not equate to a 90% and
99% reduction in chemical mass in the soil column. Only a thin layer of the surface soil experiences
any depletion of chemical mass. This partially depleted layer is very thin in the case of
Benzo(a)pyrene, being less than 1 mm. In the case of Benzene, which is the most volatile substance
under consideration, the partially depleted layer may be a few centimeters thick. Ravikrishna et al.
(1997) report that for a 10 cm deep laboratory column of dredged material 0.84 mg of the initial 125
mg of phenanthrene was lost in 28 days. This is a depletion of 0.67% and 99.33% remained. In
another experiment with phenanthrene in IHC dredged material a 61 cm deep field scale test, ~73
mg of the initial 9390 mg was vaporized over 70 days. This is 0.77% vaporized and 99.2%
remaining (Ravikrishna et al., 2001). Chiarenzelli et al. (1996) performed laboratory test that
reflected the volatilization that does occur in thin surface layers. Using a layer ~0.002 cm in
thickness, it was observed that 26 to 27% of the substance of the St. Lawrence River Sediment PCB
was vaporized in 24 hours. This result is generally consistent with the soil surface weathering factor
for Aroclor 1248 shown in Figure 2. This figure shows the Aroclor 1248 flux decreasing ~90% in
the first day.

Some of the compounds shown in Figures 3 through 6 and in Appendix A do not show very
close comparison between the model projections and reported values. There might be several
reasons and explanations for that. In cases such as chlordane and anthracene, the reported values of
Henry’s constant, which is critical to the calculation of the soil-air partition constant, vary widely
across several orders of magnitude (Mackay et al., 1992). This imparts significant uncertainty to the
predicted flux values. Furthermore, the lack of a statistically significant number of reported flux
values is not available to quantify the closeness of match between the experimental and predicted
fluxes. On a more realistic point of view, the projected fluxes are a result of analytical solutions
easily performed on a hand calculator and therefore use average properties that represent a long
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period of time. Significant local variations with respect to time and space might occur that may fall
outside the confidence limits of the projected curves. It is often difficult to accurately place or
correlate a reported data point to the average conditions used in the model simulations without
adequate information regarding the experimental conditions.

A close study of the 97 data points used in Figures 3 through 6 and the remainder in the
appendix suggest that the model predicted instantaneous fluxes generally tend to be higher than the
measured values. For 10% of the measured values the model predictions are nearly identical. For
51% the measured fluxes are below the model values. So, for 61% of the time the model predicts
or over-predicts the measured fluxes. The measured fluxes exceed the modeled ones in 5% of the
cases by more than a factor of 10. Somewhat better model vs. data congruence occurs with test using
IHC sediments. As part of the Design Documentation Report (DDR) the Chicago District of the US
ACE did an independent analysis of the measured values found in the US ACE (1997) report. This
report consists of laboratory studies performed at the Corps’ Waterways Experiment Station (WES),
Vicksburg and consist of five flux tests with IHC sediments. A summary given by the reviewer is
presented in the following paragraph.

“For the experiment a total of 2,184 analyses were completed (91 compounds at 24 separate
time intervals). From the total number of analyses completed there were 266 (12%) that were
detectable and 226 (10%) estimated but below the detection limit (J-values). The J-values were
treated as actual values, however, because using the estimated values in this manner the actual flux
from the experiment could be over estimated. In most cases the modeled fluxes exceeded the
measured fluxes confirming the conservative nature of the model used in the CMP (US ACE 1999a-
Appendix V). Modeled fluxes exceeded measured fluxes on average by 16 times for PCB congeners,
and 30 times for PAHs. However, a total of 25 (5.1%) of the 492 detectable and estimated values
produced measured fluxes which exceeded calculated fluxes for some of the time steps for PCBs
(54, 114, 121, 159), Benzo(a)pyrene, Benzo(ghi)perylene, Benzo(k)Fluoranthene, Chrysene,
Naphthalene and Pyrene. The range for cases where measured flux exceeded calculated flux was
from 1.2-5.5 times for the PCBs and 1.4-38 times for the PAHs. In summary, the comparison of
measured flux to modeled flux indicates that the model is conservative in that it overestimates the
actual flux. On average, these results showed an excedence of at least 1 order of magnitude (10x).
For a few compounds, at low flux rates the model under predicted volatilization. However, given
that these differences, either occurred at low rates or were only slightly lower, and that the
experimental design was setup to maximize flux, the model functioned well for a screening level
estimate.”

CHEMICAL EMISSIONS ATTENUATION AND ENHANCEMENT FACTORS

The instantaneous flux equation, Eq. 2, provides the theoretical basis for quantifying the
emission to air. As has been demonstrated above, it gives realistic numerical estimates. Further, it
has undergone both laboratory and field testing. When used for estimating emissions, a fairly
rigorous simulation regime must be followed. Time ,t, is the only independent variable and the flux
to air, n,, the only dependent variable. The algorithm also contains eight parameters. None of these
eight parameters can be adjusted or changed during any flux vs time calculation. Time, as the
average exposure time however, can be selected and used in the models so as to achieve realistic
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conditions that reflect CDF operations or other environmental factors that occur periodically. The
parameters in Eq. 2 that must be specified are two chemical concentrations, two thermodynamic
coefficients, two transport properties and two physical properties of the dredged material. Typically
average or other representative values of these will be selected for performing a specific emission
simulation. Once chosen the flux vs time behavior is fixed. It is important that the model user
understands the cause-and-effect characteristics of some key parameters. The real world processes
operating on and in the CDF are very dynamic and do not always adhere to the strict regime of
applying Eq. 2. The model user should be aware of these operational and environmental factors that
influence model parameters so as to take some accounting of them in a qualitative sense. In the
following section, the factors affecting key model parameters will be reviewed in order to give the
model user some sense of the role they play in the simulation outcome. Both the flux attenuating and
enhancing factors will be considered.

Equilibrium Partition Coefficients: Typically soil-to-water partition coefficients (K,) are
based on equilibrium chemical adsorption. Compilations or published correlations of K. or Ky,
for chemicals used to estimate K, are similarly constrained. The process of vaporization is a
desorption process. Recent advances suggest that only the loosely bound fraction tracks the
adsorption isotherm and the tightly bound chemical fraction displays a much larger soil-to-water
partition coefficient (Kan et al., 1994). A larger K, in Eq. 2 equates to lower expected flux. The use
of measured IHC sediment desorption partition coefficients would reduce the uncertainty in
estimating this key parameter. Oil and grease in the sediment has the same effect of increasing K.
Its presence in the sediment will lower the model expected flux. It plays the equivalent role of
increasing the organic matter content in the sediment (Ravikrishna et al., 2001b).

Surface Drying: Soil moisture has a very strong influence on the solid-to-water partition
coefficient. Laboratory and field evidence abound to show that as moisture content decreases and
approaches the 2-5% level the K, increases significantly for hydrophobic organic chemicals (HOC)
(Valsaraj and Thibodeaux, 1988). This increase in the K, lowers the expected flux. Apparently water
competes for chemical adsorption sites on the soil solids; when absent the HOCs are more strongly
bound.

Surface Re-wetting: Increases in soil moisture by rain showers, increases in air humidity, etc.
has the opposite effect. When the soil moisture rises above 5% and remains unsaturated with water,
the K, typically decreases. When this occurs, increased fluxes are expected.

Rainfall: Deluges will saturate the soil and close the air-filled pore spaces effectively
blocking the vapor release process. The effective diffusivity becomes that of the HOC in water
solution. It is approximately 10,0000 times smaller than that in the air-filled pore spaces.
Theoretically the fluxes are reduced by a factor of (10000)"* = 100 by this event alone.

Consolidation: As the dredged material ages in the CDF, the solid particles move closer
together. This results in water being expelled. As this occurs in the surface layers, where the
volatiles originate, the air-filled and bulk porosity decreases. This lowers the effective diffusion
coefficient; see Eqn. 6. The expected flux to air is reduced.
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Cracking: Water lost from the surface of a dredged material with high clay content produces
cracking. Numerous large open fissures appear on the surface of the dredged material and extend
downward for several centimeters. A larger evaporative surface is produced. However, the
simultaneous processes of soil drying and consolidation occurs on the surface. The net effect is that
the appearance of cracks and increased vaporization area is offset by higher K, and lower D, values
due to water losses. In the laboratory, enhanced volatilization was not observed with soil cracking
(Ravikrishna, 2000).

Surface Reworking or “Windrowing”: The process of HOC vaporization produces a
“weathered” layer that effectively retards further evaporation. Chemicals at depth encounter a
lengthening and tortuous diffusion path. To a degree a natural cap develops on the surface; its depth
increases as t'? increases according to Eq. 2. The process of mixing solids at depth upward in the
soil column places fresh, unweathered dredged material directly on the surface. This effectively re-
starts the evaporation process (Valsaraj et al., 1999). The flux increases to values at or near the
original high flux ones. In effect the soil column mixing restarts the weathering process time clock.
Time, t, in the model must be set to zero to allow the algorithm to capture the surface reworking
event.

The vaporization particle resuspension connection - wind / particles: Entrained dust
originating from soil-like surface of the CDF is another process for chemical expose. Emissions to
air by this process are based on the chemical concentration in the surface layer of the CDF. As
shown in Figure 2, the concentration levels weather away as this layer is exposed to air. Basing
particle emission rates on the initial chemical concentration of the dredged material solids in the
CDF will result in “double counting”. The exposure occurs once by the evaporation emission
process which lowers the surface concentration. Using the initial surface concentration in the particle
resuspension model without correcting for the evaporative weathering that has occurred results in
a second exposure which is not appropriate. Figure 2 contains two vertical time lines at 60 days and
400 days that can be used in estimating reduction in the surface layer particle concentrations for
entrainment emission calculations.

Snow Cover: The placement of a layer of a porous material such as sand or soil upon the
surface of dredged material containing volatile or semi-volatile chemicals will reduce the flux to air
(Ravikrishna et al., 2000). Laboratory test with a 1 cm soil layer over dredged material resulted in
a flux reduction of dibenzofuran, phenanthrene and pyrene by 90%, 94% and 95% respectively. The
flux retarding mechanism was the creation of a slow chemical vapor molecular diffusion process
through the air-filled pore space of the capping soil. Layers of snow will act as a temporary cap in
an analogous fashion. Carbon-dioxide diffusion measurements in snow under isothermal conditions
have been reported for samples 10 to 40 cm in length (Sokratov and Maeno, 2000). Experimentally
measured effective CO, diffusion coefficients ranged from 0.0072 to 0.014 m/h for snow porosities
0f 0.89 to 0.67. With this data it is possible to estimate the flux retarding effect the snow cover will
provide for the [HC CDF. Environmental chemodynamic algorithms developed for the steady state
process of volatile chemicals originating in landfill cells and moving through the porous caps are
directly applicable (Thibodeaux, 1996; Ch. 6) for a snow cap. Theoretically, the modification
involves K in Eq. 3 above. It appears both in the maximum flux and in the weathering factor
portions of the equation. The snow cover layer provides an additional mass transfer resistance. The
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snow corrected, K, replaces K in Eq. 3. The relationship between the two coefficients is

1 | h

_ = — 4

KGS KG DAS ( : 5)

where /4 is the thickness of the snow layer (m) and D ; is the effective vapor diffusivity of A in the
porous snow. Equation 15 is the usual resistance-in-series algorithm used for landfill vapors
emission. With this modification to the basic emission model, it is possible to make theoretical
estimates of the flux retarding effect snow will have on reducing the volatile emissions from the
surface of the IHC CDF. For the purposes of this estimate the average parameters reflective of the
IHC CDF used previously in developing Eqns 13 and 14 apply. Grahams’ Law of inverse square
root of molecular weight will be used to transform the effective diffusivity of CO, to the typical IHC
volatile chemical. In addition, two snow cover thicknesses of 1 cm (0.01m) and 3 cm (0.03m) will
be assumed. Using the high CO, effective diffusivity as a basis these cover thicknesses yield K
values of 0.62 and 0.22 m/h for the 1 and 3 cm snow layers. Compared to the K= 6.23m/h, these
therefore result in flux reductions of 90 and 96% respectively for the two layers. A 11cm (0.11m)
snow layer will result in 99% emission reduction.

In summary, it appears that a few centimeters of snow on the surface of the IHC CDF will
have a significant effect in reducing the emissions of volatile chemicals. Reduction of 90% or
greater can be expected. In effect the volatile chemical cannot effectively evaporate from the soil-
like surface of the dredged material. This occurs because the surface winds cannot make direct
contact with the soil interface due to the presence of the snow. If evaporation reduction occurs then
chemical weathering of the soil surface layer ceases as well. So, what snow covers does in effect is
essentially stop the evaporation process while it is present. Once it melts away the process restarts
where it left off. From a human exposure perspective the yearly exposure time period is reduced by
the fraction of days an effective snow cover exist on the CDF.

The Average Chemical Flux: Mass emissions to air are based on a flux and area product. It
may be reasonable to use the entire CDF surface area of 131 acreas as the emission source area for
risk modeling purposes. Then the question is what average flux to use? As noted earlier, based on
daily dredging and spreading in approximately 400 days, the CDF has received one 3 foot layer of
material. The appropriate flux is the average for 400 days (i.e. n [400]). However, this approach
assumes that once each day’s material is placed in the CDF and it is not disturbed again for 400
days. Such an assumption is unrealistic. Clearly operational events of earth moving for whatever
reason: windowing, rain storms, drying cycles, etc. will cause the surface layer to be “refreshed”
periodically. So the choice of the average flux should be done using an averaging time less than 400
days. Local information about the frequency of rain storm events, windowing time intervals and
other on-site surface earth disturbance activities will aid in estimating this average time. It should
represent the average time the surface of the entire 131 acres is so disturbed. For example the 60
day, the time mentioned in page 43, is based on the assumption that the entire site gets a rainstorm
once every two months. In effect the choice of average flux can be used to attenuate or enhance what
is expected to be the real flux.
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Measured vs. Modeled Flux: It seems reasonable to consider a methodology that uses actual
(i.e. measured) fluxes instead of a model for predicting the fluxes. Many problems and limitations
are involved in this approach. First the field or laboratory measurements will represent a small
subset of operating conditions on the CDF. The decision must be made as to the measurement time
period. Once done, how do you extrapolate the measurements to the actual times of the various
surface areas of the CDF? How does one extend the measured values to account for differences in
wind and temperature? Does the measurement include a snow event; a rain event? In desperation,
the experimentalist realizes that the measurement approach cries out for a theoretically sound model
to use for extending the data to a variety of real-world conditions.

SUMMARY AND RECOMMENDATION

The primary objective of this project was a literature review of the volatilization of chemicals
from the soil-like surfaces of dredged materials. The report commences with a brief description of
the Indiana harbor sediment quality and the planned dredging activities and physical structure of the
confined disposal facility. While this site provides the rai-son d’etre the results of the literature and
the recommended model are generally applicable to any site receiving dredged materials containing
volatile and semi-volatile chemical quantities. The report starts with a description of the theory of
the vaporization process from soil-like surfaces that identifies the key elements of the mobilization
process. The review identifies two diffusion-based models (the Jury et al. model and the
Thibodeaux-Hwang model) that have appeared in the peer-reviewed literature and have since
undergone extensive evaluation.

A significant quantity of high quality laboratory and field flux measurements on twenty
chemicals were located in the open literature. The report provides a thorough review of volatilization
of the chemicals found in Indiana harbor plus detailed summary tables of measured volatilization
rates for PAHs, pesticides, petroleum hydrocarbons, metals, PCBs and furans/dioxin from surface
soil sources. Theory and data suggest that the volatile chemicals placed in a CDF such as the one
proposed for Indiana Harbor follow a pattern of constant rate followed by a falling rate. The falling
rate reflects the relative rapid loss of ~1% of the chemicals from a thin surface layer which then
provides a natural cap for the remaining ~99% of the chemical in the dredged material mass. The
measured falling rate is consistent with the theoretical projections of the diffusion-controlled
models. Predictions from the instantaneous flux model are compared to measured flux for
benzo(a)pyrene, dieldrin, Aroclor 1248 and benzene. These compounds were selected to represent
the four categories of organic chemicals in the Indiana Harbor sediments. A graphical comparison
of these and the others contained in the appendix show the general good agreement between
modeled and measured volatilization rates.

Based on the review, a diffusion-controlled model (Thibodeaux-Hwang) is proposed as the
best available approach to estimating the volatilization of contaminants from a CDF containing
dredged material and specifically one that contains the Indiana Harbor sediments. A new time-
averaged flux expression is developed for use in estimating emission rates for making inhalation risk
assessments. Under assumed operating conditions for the Indiana Harbor CDF day-time and night-
time fluxes for both 60 and 400 day averaging-times are projected. The final section of the report
covers real-world operational and environmental factors at a CDF that will attenuate or enhance the
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model predicted flux. Based on these and a comparison of the model vs measured fluxes the
diffusion controlled algorithm tends to generally over-predict the measurements.
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