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Abstract: Dredging the bed-sediment of rivers, lakes, estuaries, and harbors is a process of remediating contaminated sites. Whethe
used alone or in conjunction with in situ capping or natural recovery, its application results in the loss of contaminants to the surroundings.
A steady-state multimedia box model has been developed consisting of a dredge element that initiates chemical release in a flowing strea
and an algorithm for residue transport to air, water, and sediment, both with and without silt curtain containment. The model quantifies
these losses and, commencing with the original in-place contaminant mass, determines the quantity targeted for dredging and the quanti
“delivered to shore.” The latter is a measure of the efficiency of the dredging operation. The model was developed from experience gainec
studying the effectiveness of environmental dredging at three sites: Bayou Bor{fdlidell, La.), Grasse RivefMassena, N.Y.), and
Manistique HarbofManistique, Mich.). This paper describes the multimedia model theory and algorithm development and demonstrates
its use in the application to the Bayou Bonfouca Superfund site, which was dredged for removal of creosote waste containing 16
polyaromatic hydrocarbons.
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Introduction The two removal technologies involve relocation and handling
of the contaminated sediment. Sediment removal is accomplished
Toxic and hazardous materials exist in the sediment on the bottomusing dredges or earth-moving equipment. Ex situ management is
of rivers, lakes, and estuaries in the United States. This accumu-accomplished by placing the dredged material in landfills, con-
lation of contaminants in surface waters represents a long-termfined disposal facilities, or confined aquatic disposal facilities on
source of contamination to aquatic life. Direct human contact or near the contaminated sites. Alternative and more aggressive
with contaminated sediments is also a concern if they are presenex situ treatment technologies such as incineration are site spe-
in a shallow water environment used for recreational purposes. cific, and their implementation depends on the cost and environ-
For contaminated sediments, remediation technologies can bemental friendliness of the operation and other factors.
grouped into four categories: interim control, in situ management,  Of all the remediation technologies available, the U.S. Envi-
sediment removal and transportation, and ex situ managementonmental Protection AgendY SEPA)mandates that most of the
(NRC 1998). Interim control is a means of reducing risk of sites designated for cleanup consider dredging. In fact, “dredging
human exposure by implementing preventive meas(wesning has become the default remedy for contaminated sediments”
signs, fencing, swimming and fishing advisories, and so on). In (GEC 2000). Environmental dredging operations remove sedi-
situ management deals with the contaminated sediment on-sitements with some known contamination as effectively as possible.
where the technologies are for containment and treatment. A form an effective method would include complete removal of the de-

of containment is capping, which is the process of placing a layer sjred sediment with as little environmental risk and consequence

of clean sediment such as sand over the contaminated bed. Anxg possibléHayes 1992).

other form of in situ management is monitored natural attenua-  anticipating extensive use of environmental dredging, it is im-

tion, which entails allowing natural processes to reduce the con-porant to be able to determine the effectiveness of the operation.

taminant concentration and/or bioavailability. The General Electric Compar@EC) recently compiled a report

- _ _ _ _ — on its effectiveness in controlling risks. The report reviewed
Gordon A. and Mary Cain Dept. of Chemical Engineering, Louisiana major sediment remediation projects in the United States, their

State Univ., Baton Rouge, LA 70803. _ o objectives, the technologies being employed, and the capabilities
Gordon A. and Mary Cain Dept. of Chemical Engineering and South/ and limitations of those technologi¢&EC 2000). The primary

Southwest Hazardous Substance Research Center, Louisiana State Univ&fonclusions drawn from the 54 sites reviewed \}vér)aenviron

Baton Rouge, LA 70803. : ; L
3GordongA. and Mary Cain Dept. of Chemical Engineering, Louisiana Mental dredging has not reduced surface sediment concentrations

State Univ., Baton Rouge, LA 70803. to acceptable levels, being higher in some cdsesst is, Manis-
4Gordon A. and Mary Cain Dept. of Chemical Engineering, Louisiana tique Harbor, Mich.)(2) dredging has not been shown to lead to
State Univ., Baton Rouge, LA 70803. guantifiable reductions in fish contaminant level3) dredging
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To Shore || unrecovered or remaining mass. The overall efficiencies of the

Evaporation t dredging operation, defined as the amount of mud or contaminant
T i Barge delivered to shore divided by the original mass in place, are
® 1 = Emude and Eqnemica?0, respectively. Before the amount of each
B Solpble . , delivered to shore can be determined, it must be quantified. This
Advective Suspended solids 4 , * . Advestlve flow out . N N
gl : 0 | i DAt is accomplished py performlng an overall mass balance a_round
| e T the dredge area in the following manner: original contaminant
Silt Curtain | ™, ¢ [0 ‘: Particie™s, in-place must equal the losses, the fallback, the nontargeted mass,
| oretgeneaa ®* " | i and that delivered to shore. In order to compute these quantities,
| L] Solids Fall- a solids and a chemical mass balance must be applied around the
back Layer dredging operable unit. Typically this is a specific bottom area of

the waterbody targeted for remediation by dredging.

Fig. 1. Idealized dredge-particle generating device and possible gqjid-Particle Mass Balance
pathways for fate of contaminated sediment

Solid particles are redistributed in the water column due to sedi-
ment resuspension by the dredge. The amount resuspended de-
. . . pends upon the type of dredge used. Detailed discussion of the
Due to these losses to environmental media, dredging cannot réypes of dredges and dredging operations appear elsewhere
move all the contaminated material from a site. (USEPA 1996).

Because the magnitude of the various losses is not well  The mass rate of sediment resuspended is proportional to the
known, nor have previous attempts been made to quantify them,y,mpigity generated by the dredge. The so-called turbidity gener-
the objective of this paper is to present a multimedia model for ating units(TGU) are used to define the mass suspended per unit

mud and the associated chemical losses generated during dredg;oiume of material extracted. The concept of the TGU was de-
ing and to apply the model to the Bayou Bonfouca Superfund site, veloped by Naka{1978), according to whom, “the diffusion of
where polyaromatic hydrocarbofPAH)-contaminated creosote  g;spended material is influenced by tidal current, grain sizes and

waste was dredged. other soil conditions, as well as the irregularities in the dredge
action and bottom configuration.” The general form of the TGU
G | Model A h equation is
eneral Model Approac m=(q- TGU)/(Ry/Rys) (1)
The multimedia model developed is a steady-state box modelwherem andg=mass and volume rate of sediment resuspension;
consisting of many process elements, including the dredge ele-R,=fraction of sediment with a critical resuspension velocity less
ment, which initiates chemical release in a flowing stream. The than the ambient current velocity; aij},=fraction of sediment
dredge delivers particles, and chemical release occurs after parwith diameter less than 74 micronR, /R, is a fraction intro-
ticles are resuspended in the water column. Chemicals bound toduced to standardize the TGU because soil particles with diam-
particles and in solution follow different pathways, as shown in eters larger than 74 microns are not resusperitiekai 1978).
Fig. 1; those bound to particles are advected downstream andBecause the TGU depends upon the dredge operation and the
redeposited, while those in solution are advected downstream adottom sediment characteristics, a wide range of TGU values
well, or evaporate to the air. Nevertheless, the majority of the exist. Nakai(1978)estimated the TGU by calculating the quantity
chemical extracted is delivered to shore, although the exact quan-of turbidity passing through a line of water sampling points. His
tity depends on many operational and site-specific factors. results appear in Table 1 and are used in the multimedia model.
The processes of advection and evaporation are losses since A dredging operable unitDOU) is defined as a specific bot-
they depart the dredge area. The advection loss depends upon theem areaAp (m?), targeted for extraction operations. The limits
type of silt containment employed. Of the two types allowed, the of the area may or may not be physically defined by a silt curtain.
first is a curtain that is 100% efficient, in which all solids are With an average water depth(m), a water compartment or box
retained while water is allowed to pass through; the solids re- is defined. The extraction operations occur within this volume,
tained are returned to the stream bottom as “solids fallback.” The and there is continuous water movement throughQi{m?®/s).
second scenario is a 0% efficient curtain, where all the solids The specific character of the location being dredged will deter-
generated move downstream and away from the dredge site.  mine how the DOU is defined. For example, it may be the exact
Prior to dredging, an original amount of contaminated chemi- boundaries of a well-characterized hot spot area near an outfall.
cal exists in place. The mass of contaminated chemical is theAlternatively, it may be defined by economics, in which case
product of mass of material and concentration averages of corelimited funds are available for dredging, and the area targeted for
samples obtained from the bed. Numerous core samples repreextraction is projected accordingly. The DOU size may be defined
senting the vertical and areal extent of contamination allow the by the season of the year in which such activities can occur. If the
in-place contaminant mass to be estimated. This total amount,dredging project is particularly large in time and space, activities
however, is not always targeted for removal since it may be im- may be scaled to DOU sizes chosen so as to minimize ecosystem
possible to reach and/or extract all contaminated material for aimpact. For example, dredging may be discontinued during the
host of practical reasons. Therefore, the nontargeted mass of mudish-spawning season.
and chemical must be accounted for in the overall mass balance. In order to perform a solids mass balance around the dredging
For instance, in the Bayou Bonfouca case, any mud of total PAH operation “box”, the dredge is assumed to operate within a vol-
lower than 1,300 mg/kg was nontargeted. ume of watery,, (m®). A solids mass baland@n kg/s) performed
After dredging, the amount of contaminant redeposited in the around the water column portion of the box but excluding the
sediment bedfallback) plus the nontargeted mass constitutes the sediment layer gives
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Table 1. Turbidity Generating Unit§TGUs) for Different Dredges and Dredging Projectéakai 1978)

Installed power Dredged material TGU
Type of dredge or bucket volume (d<74u,%)? (d<5w,%) Classificatioh (kg/m®)
Pump 4,000 hp 99.0 40.0 Silty clay 5.3
98.5 36.0 Silty clay 225
99.0 475 Clay 36.4
31.8 11.4 Sandy loam 1.4
69.2 35.4 Clay 45.2
74.5 50.5 Sandy loam 12.1
2,500 hp 94.4 345 Silty clay 9.9
3.0 3.0 Sand 0.2
2,500 hp 25 15 Sand 3.0
8.0 2.0 Sand 0.1
Trailing suction 2,400 hp 92.0 20.7 Silty clay loam 7.1
X2 88.1 19.4 Silty loam 12.1
1,800 hp 83.2 33.4 Silt 25.2
Grab 8 n’ 58.0 34.6 Silty clay 89.0
4m 54.8 41.2 Clay 84.2
45.0 35 Silty loam 15.8
3’ 62.0 5.5 Silty loam 11.9
87.5 6.0 Silty loam 17.1
Bucket 10.2 15 Sand 17.6
27.2 125 Sandy loam 55.8
ad=diameter of soil particles.
bClassification is according to triangular soil classification system.
ng Q+TGU-VgR=Css Q 2) an average chemical mass concentratdrimg/kg). If the mass
where Cgs=inlet solids concentration in solutior(kg/m®); 2;;&?;2?}?&% sediment is know (kg), the initial mass of

Vg=volumetric rate of sediment extractedm®s), and
Css=suspended solids concentration in the box. Bgis used to M=Mj,- ®? (4)

estimate the suspended solids concentration, whether a silt curtain - 0 )
is employed or not. The quantitiesM4 and o, are usually estimated based on core

The model allows for two particle-containment barrier sce- S@mples obtained throughout the box akgato define the depth,
narios. These semipermeable barriers, usually fabric-type devicesr€@ and level of contamination.
called silt curtains, are placed both upstream and downstream of
the dredge as an aid in preventing suspended solids from leaving
the area. The first scenario assumes a 100% efficient silt curtainChemical Partitioning within Suspended Mud Cloud
where the mass of fallback is derived from the TGU and the
volume excavated. Upon settling within the box, it forms a layer During the operation of the dredge, particles become suspended
of thicknesshg (m). A simple mass balance yields the following in the water column. In order to relate the concentration of the
for the thickness of the fallback layer: particle-bound chemicakd.) and the chemical in solutiorC,),
a partition coefficient approach was used. Numerous investigators
he=(TGU-V)/(Ap-pp-2) 3) ha%e studied the valigiﬁ)y of the local equilibrium assump?tion
whereAp =surface area of the box; ané=dredging volume. A (LEA) during sediment resuspension events and most conclude
factor of 2 is added to the denominator of Eg) because it is  that it is unrealistic. Atkinson et a{1995) compared suspension
assumed that half of the fallback falls in front of the dredge as it times for sediments of various sizes with expected equilibration
moves across the bottom surface of the box. times for desorption. They found that the equilibrium assumption
The second scenario considered is that the silt curtain is 0%was not valid for hydrophobic organic chemicals with partition
efficient. Here it is assumed that no solids are retained witin  coefficients higher than £nL/g because their equilibration time
so that no fallback occurs. The dredge-generated suspended solidgl to 10 dayskxceeded their expected resuspension time. Brunck
move downstream to points far afield and outside the box to be-et al. (1993) measured mass transfer rates of tetrachlorinated
come a lost quantity. The discussion of silt containment scenariosdibenzo-dioxin/furang TCDD/F) from suspended sediment par-
completes the solid particle-fate mass-balance portion of the mul-ticles to test the validity of a proposed equilibrium model. Their
timedia model. Eqs(1) through(3) capture the processes of par- results indicated that equilibrium partitioning was inadequate for
ticle generation, fallback, deposit formed by fallback, and advec- predicting TCDD/F fate in the environment because of mass
tion away by flow. transfer resistance and dissolved organic carbon releases from the
solids. DePinto et al1998) performed model simulations on the
desorption rates of two PCB congeners from suspended sedi-
ments, which suggested that a two-compartment equilibrium dif-
A chemical balance must be performed around the box containingfusion model fitted the data better than a single retarded nonequi-
the dredge element. Initially, the sediment bed is assumed to havdibrium pore diffusion model. DiGiano et al1993)employed an

Chemical Mass Balance
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equilibrium-partitioning model that accurately predicted the con- solved contaminant concentrations from suspended solids concen-

centration of soluble and sorbed PCB in the dredging elutriate trations. However, there are many differences between the exist-

test. ing models and the near-field model proposed here, mainly
Due to the potential weakness of the LEA, it is more appro- because other release processes such as evaporation, advection,

priate to employ an effective partition coefficieMt,. for each and fallback can be quantified, which in turn allows effectiveness

molecular species modeled. Given the preliminary nature of the to be defined and evaluated.

multimedia model, it is appropriate to employ such an approach.

The use oK, can represent the fact that equilibrium is unlikely to

be reached. For example, if it has been measured, only the readilyModel Inputs and Rate Processes

desorbable or labile fractionf{) that responds to equilibrium is

used. In addition, the fraction value of the desorption partition Numerous parame[ers are required as inputs to the model. These

coefficient ¢4) may be less than the typical adsorption coefficient are listed in the Appendix. Some are obtained from field measure-

reported in the literature. In both cases these fractions are mul-ments, and others from published sources of data and information.

tiples of the LEA coefficient so that it can be transformed by the Compound-specific properties such as Henry’s constant, partition

fate product to yield<qe. . coefficients, and molecular diffusivities are readily available from
A mass balance on chemical A around the box containing the numerous literature sources. The evaporation mass-transfer coef-
dredge element can now be performeay/s): ficient K, can be estimated using the two-resistance theory of

interphase mass transfer, which relates the overall mass transfer
coefficient,K, to the individual liquid- and gas-phase coefficient
as follows:

(C 0% Q) +(C2- Q)+ (TGU Vg 02)

=(TGU-Vg - wp-f)+[(Csgwp-Q)-(1-F)]+(Cy-Q)
(l/Ke)=(l/k|)+(l/(kg-H)) (6)

wherek,; (m/s) is the local liquid-phase mass-transfer coefficient

The three inflow terms on the left side are advective inflow of andk, (m/s) is the local gas-phase mass-transfer coefficient. The
A on suspended particles and in solution, followed by the mass of liquid-phase coefficient is the sum of the contributions of pro-
A delivered into the water column by action of the dredge resus- cesses that induce turbulence in the surface waters. These include
pending particles. The outflow terms are fallback of particles con- the hydraulics of water flow, the wind-induced component, and
taining A, particles containing A departing with the water cur- that induced by the mechanical dredge. Dredges that operate
rents, A departing in solution with water currents, evaporation without continuously disturbing the air/water interface, such as
through the air-water interface, and reaction loss of A in the water the cutterhead and auger dredges, are not significant factors in the
column. UsingKg4., the concentration on suspended particles evaporation process and are not included in this model develop-
(w) and the chemical in solutior,,) are related by means ofa ment.
partition coefficient defined as followk:qe= w./C,,. The evapo- Accepted correlations and procedures are used for estimating
ration term consists of an overall mass transfer coefficikgt, the hydraulic water flow and wind-induced evaporation transport
concentration of A in solutiorG,, (mg/nt); concentration of A in coefficients(Thibodeaux 1996). Without specific data, the me-
the air above the boxC, (mg/n¥); and the Henry’s constant for  chanical dredge contribution must otherwise be estimated. For
chemical A,H (m®H,O/m?® air). The parametef is a factor that modeling purposes, it will be assumed that the dredge bucket acts
accounts for the efficiency of the silt curtain. If the curtain is much as a mechanical surface agitator. These are designed to stir
100% efficient,f=1 and fallback occurgno particle advection  the liquid surface, and the “bucket” of a mechanical dredge be-

+[Ke'(cw_ca/H)'AD]+(AD'h'Cw'er) (5)

downstream); whereas if the curtain is 0% efficigrt0 and ad- haves similarly as it moves up and down through the surface. A
vection of chemical in particles downstream occfrs fallback). correlation for the liquid-phase mass transfer coefficient for oxy-
The first-order reactive decay term for chemical in the water is gen absorption is used as folloWthe original correlation for
Kix in s7% K=0.693/7,, wherery, is the decay half-life. oxygen absorption modified for volatile specieg T9#C 1971)]:

Egs.(1) through(5) are the working forms of the steady-state 00
multi?nedia modgl. Typically, the desi?ed computed unknowns are kj=3,140(Da/Dg)"* (n-E-a)-(1.024(T20°C )
suspended solids concentratio@«g); fallback layer thickness  where the coefficient is in centimeters per hgqom/h); D, the
(hg); concentration of chemical in solutiol©(,); and concentra-  molecular diffusivity of chemicallA) and oxygen(B) respec-
tion on suspended particlesof). Once these parameters are tively; and T=water temperature in degrees Celsius. The plane
known, they contain the information necessary to calculate con- surface aread, for an aerator-equivalent dredge that delivers 10
taminant mass losses. In effect, the multimedia compartmentalkW of power(13.4 hp),P, or greater igThibodeaux 1996):
box model is a near-field fate and transport model whose purpose A —17.P ®)
is a first-order estimate of chemical fate near the dredge device. d
Other models exist that are helpful in projecting particle and pos- where the area is in square feet. The following equivalent param-
sibly chemical dispersion and fate farther from the dredge opera-eters are needed in E(3.) and(8): n=2 to 4 Ib O,/h-hp. Oxy-
tion (Hayes and Kuo 1991). In addition, the Corps of Engineers gen delivery of 2 is suggested because bucket dredges are likely
has developed a steady-state “DREDGE” software to estimate not the most efficient aerators; however, they create turbulence
the resuspension and transport of sediments and associatethrough the water column, whereas surface aerators stir the sur-
chemicals during dredging operations. The software combinesface only. TheE (aerator power delivery efficiencyanges from
empirical sediment resuspensigmear-field)models and simple  0.65 to 0.9. The lowest value of 0.65 was used because bucket
suspended sediment transp(fer-field) models to estimate sus- dredges do not spend the entire time in the water; thus efficiency
pended sediment concentrations at specified water column locaidis likely to be low. The value foP [the nameplate horsepower
tions (Hayes et al. 1996). In a fashion similar to the multimedia (hp)]recommended by the manufacturer of the dredge should be
model, “DREDGE" uses an equilibrium approach to predict dis- used. Thex (dirty-water to clean-water raticanges from 0.8 to
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0.85; a conservative value of 0.8 was used because the wateBayou Bonfouca Superfund site in Slidell, Louisiana. The site is

surface usually appears oily once dredging is under way.
The resulting coefficient-area product needed for Egsand

located adjacent to the abandoned American Creosote Works
plant 7 mi north of Lake Pontchartrain, with the bayou running

(8) must be corrected because the volatilization surface area is notalong the south side of the plaSDHHS 1992). Bayou Bon-
the surface area of the entire site, but only the surface Agea fouca is a tidal-influenced fresh water estuary with an estimated
agitated by the dredge. The following correction is used: net discharge rate of 133%s. It is about 10 ft deep, with an
K —K- (Ag/Ap) ©) average width pf 125 ft. The contamina}nts of concern are poly-
(corrected™ 1 "1 7d 1D nuclear aromatic hydrocarbofRAHs), which account for 90% of
where Ap=cordoned-off or otherwise designated area of the the 400 components found in creos¢@H2M Hill 1986). Among
dredge site. Once obtained, the water, wind, and dredge-inducedhe PAHs are six known carcinogens: benzo(a)pyrene, ben-
evaporation mass-transfer coefficients are summed in order to eszo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene,
timate their combined effects. indeno(1,2,3-cd)pyrene, and chrysene. Aside from the six carcino-
For closure on Eq(6), a gas-phase coefficient is needed; a gens, there are 12 other contaminants of concern that make up the
correlation for water evaporation from lakes is ug&tibodeaux total PAH mixture.
1996): The American Creosote Works began production of creosote
and the treatment of various woods in 1892. Production ceased in
1972 when a fire destroyed the plant. The creosote contamination
of the bayou was the result of industrial process operations, dis-
posal practices, and occasional spills that occurred over time.
Dredging in the bayou commenced in March 1994 and was com-
pleted in about a year. A bucket dredge consisting of a P984
Liebherr backhoe with a 5 cu yd excavation bucket was used to
Dredging produces contaminant losses to the surroundings due tdemove the contaminated sediment in the baf@ean 1993). The
the unconfined nature of the operation. Once the suspended sedidredging operation in Bayou Bonfouca, conducted by the Corps
ment and chemical concentrations are obtained, the process losse®f Engineers, is one of the largest and costliest environmental
due to advectionboth particle and soluble), evaporation, and dredging projects to dat$130 million) USEPA 1997).
solids fallback can be estimated. Once these individual losses are Information obtained about this dredging operation is needed
determined, an overall mud-layer mass balance is performed ado illustrate the application of the multimedia model and the types
follows to determine the amount of mud and contaminant deliv- of information it is capable of providing. Much data at a particu-
ered to shore: original quantity of contaminant in place must lar site need to be collected during and after dredging in order to
equal the losses, the fallback, and the nontargeted mass and thgtompare the predictions of this multimedia model to a real-world
delivered to shore. The original volume or mass of contaminated operation. In the case of the Bayou Bonfouca dredging operation
mud and chemical species in place is typically estimated from and most others, such data collection is absent. Although the
field data that represent area and depth averaged concentration@odel results are hypothetical, they do provide mass-balance in-
from bottom core samples. The model user must specify the targetformation, relative magnitudes of the various losses, and some
mud volume as an areAD and a dept}'h. Depending on the sense as to the expected efficiency of the overall extraction op-
efforts devoted to characterizing the site, the magnitude of this eration. So, what follows are hypothetical mud and contaminant
volume may be known with various degrees of certainty. In the fate projections for a real-world dredging operation that was per-
case of a planned dredging operation, certain other parameterdormed in the mid-1990s.
need to be estimated as well.
The evidence gathered to date on dredging operations suggests
that significant quantities of the targeted mass cannot be recov-Results and Discussion
ered(Hudson Voice 2001). The reasons are numerous and include
in-water and on-bottom obstructions that preclude effective mud Values for the input parameters for Bayou Bonfouca are presented
extraction and deficiencies in design or operations of the equip-in Table 2. The model quantifies the losses that occur during
ment. These published case studies can be used to estimate thgredging. Even though some additional losses such as evaporation
design-unextractable quantities. Frequently pre- and post-and advection will occur during the nonoperation time, they are
dredging bathymetry is used to quantify this mass. Resampling neglected. Typically the operation period is 8 h per day, 5 days a
and analysis of bottom cores are required for assessing the reweek. If a 24 h period is used, this will lead to overestimation of
maining chemical mass. In some design cases, such as Bayowvaporation because, without a generation source, the concentra-
Bonfouca, a level of concentration is set and the mass on bottomtion and rate decreases until the dredging restarts. In addition, the
at or below this level is not targeted for extraction. The mud and model would not be consistent with other losses such as fallback,
the chemical balance differ in the loss quantities. There are nowhich only occurs while the dredge is operating.
evaporation or advective solute components in the mud balance. The mud balance results appear in Figs. 2(@d 2(b). A total
With these various masses quantified, the overall efficiencies of of 2.18E8 kg of contaminated sediment was targeted in the bayou.
the dredging operatior % Of Eghemica?0, defined as that de-  This value is three orders of magnitude greater than the mass of
livered to shore divided by original mass in place, can be obtainedtotal chemical targetet?.4E5 kg). Of the 2.18E8 kg of contami-
as well as other effectiveness measures. nated sediment targeted, 3.65E7 kg were nontargeted, which cor-
responds to 14.3% of the total amount of mud in place. Further-
more, the mud losses are not very significant. When the mud is
primarily sand(TGU=17.6 kg/nj), only 0.91 and 0.45% of the
The multimedia model was applied to quantify the losses and total mud targeted was lost to advection and fallback, respec-
determine the overall efficiency of the dredging operation for the tively, for silt curtain 0 and 100% efficient, respectively. Con-

kg=358-0,,-Ap "% (10)

wherekg is in centimeters per houcm/h); v,,=wind speed(in
miles per hour); and\p=surface area of the site in acres.

Contaminant Losses and Dredging Effectiveness

Application to Bayou Bonfouca
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Table 2. Multimedia Model Inputs for Bayou Bonfouca

100 4

p o % 84.8 852
arameter ~ Amount Definition " O silt Curtain 0% Efficient
ces 6.82 kg/m?  Based on reported bayou data " il Cortain 1009% Efficient
(IT-OHM 1993 o 60l
TGU 17.6 kg/mi  Observed TGU values for a bucket dredge ;"; 50 |
55.8 kg/m?  operating in sand and sandy loam .
(Nakai 1978 .
Q 0.365 /s Bayou flow-through datdUSGS 2000 ol 113
Y 130,000 M Reported datdUSEPA 1997 o0l
to 7,488,000 s Based on 40 h weekly dredging period for 07J:. Mo 0 045
52 weeks (a) Non-targsted Advection Fall-back Shore
Ap 40,650 M Calculated from blueprints o
(CH2M Hill 1990). © 828 843
Pb 1,680 kg/mi  Same as deep sediment density. Based on & | i
water content of 52% and sediment dry " it Curtain 0% Efficient
density of 2.6 g/crh (CH2M Hill 1988) 5 o]
wg 3,380 mg/kg Estimated from data for each PABSEPA ;:; 50 M Silt Curtain 100% Efficient
1989 § 4
m‘c)o 0 mg/kg Inflow concentration of chemical in particles 30
assumed to be negligible 20 4 143
cs, 0 mg/n?  Assumed to be zero because chemical was 101 r- 286 0 142
not brought to bayou from a source upstream 0 — _—
C. 0mgin?  No measurements of chemical concentrations ~ * Non-targeted Advection Fall-back Shore
in background air were available. Assumed Fig. 2. (a) Final dispensation of mud in Bayou Bonfou¢aGU
to be zero to provide for worst case scenario  —17 6 kg/n?) (b) Final dispensation of mud in Bayou Bonfouca
Uy 4.9 m/s  Based on USG$2000)data (TGU=55.8 kg/m)

versely, when the mud is sandy loafiGU=55.8 kg/ni), the
losses are greater: 2.86 and 1.42%.

The TGU values reported by Nakdi978)for a bucket dredge
operating in sand and sandy loam were employed for comparison
As the TGU increases, the multiphase output concentrations as_
well as the suspended solids concentrati@yd around the B
dredge zone also increase. Furthermore, the fallback layer thick-
ness (i) also increases. This is reasonable because the TGU is a
measure of the turbidity generated by the dredge. The higher the
TGU, the higher the amount of chemical resuspended. Chemical
resuspension in turn leads to dispersion of contaminants to all
phasedair, water, sediment, and patrticles).

The chemical results appear in Figs. 3(a and b). Contaminant
losses are directly proportional to the computed s6li8S) and
chemical concentrations. The fate of a contaminant is also af-
fected by its chemical properties. This behavior is shown in Figs.
4(a)and 4(b), in which the percent loss of each of the processes
quantified by the model is plotted versus its correspondent PAH in
order of increasing octanol-water partition coefficielt (). The
Kow. defined as the ratio of the molar or mass concentrations in
the water-saturated octanol and the octanol-saturated water phase
is a measure of a compound’s hydrophobicity. That is, the higher
the K, , the higher the affinity for a compound to associate with
the solid phase. This trend can be observed with the 16 PAHs
present in Bayou Bonfouca. As th€,,, increases, the percent
losses due to fallback and particle advection rise, while those
percent losses associated with evaporation and soluble advection
decrease progressively to almost zero. Rhg range among the

Percentage

0

(@)

Percentage

PAHSs studied varies from 3.30 (ld¢g,,) for naphthalenéCamp- ol

bell and Luthy 19850 6.70 for indeno(1,2,3-cd)pyreri®ouc- (b)
ette et al. 1988). Next the results of 2 of the 16 PAHs modeled are _.
compared.

Naphthalene, the PAH with the highest concentration in Bon-
fouca (32.5%), is very soluble@,,=263.2 mg/m) and has the

‘has the

100 4
90 4

70 q
60 q
50 4
40
30 4
20 A
10

100 -
90 4
80 1
70
60
50 A

highest evaporation mass-transfer coefficient of all the PAHs
(Ke=2.2E-05m/s). Because of this, naphthalene evaporates
very readily and also leaves in solution. Conversely, naphthalene
lowest partition coefficient of all the PAHK{
0.06 n¥/kg) and therefore is not very persistent in the solid

93.0 93.1
00 % Efficient Silt Curtain
W 100 % Efficient Silt Curtain
6.04
0 0.12 0.42 0.57 0.32
[l ‘
Non-targeted Fall-back Evaporation Advection To Shore
90.8 91.5
00 % Efficient Silt Curtain
M 100 % Efficient Silt Curtain
} 6.04
0 0.62 1.13 1.99 0.75
| , =
Non-targeted Fall-back Evaporation Advection To Shore

Fig. 3. (a) Final dispensation of original chemical mass in Bayou
Bonfouca (TGU=17.6 kg/m) (b) Final dispensation of original
chemical mass in Bayou Bonfou¢aGU=55.8 kg/nj)
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Fig. 4. Fraction loss by PAH species fé¢a) 100% and(b) 0% efficient silt curtainf TGU=55.8 kg/nf)

phase. Comparing the naphthalene losses for a 100% efficient siligens remain in the sediment or in particles rather than in solution
curtain when TGU=17.6 kg/fn the results show that 18 kg of  or in the air because exposure to humans is more likely to occur
naphthalene were lost to fallback. This is negligible compared to by means of water contact or intake and air inhalatlmeathing).
the 1,764 and 720 kg of naphthalene that were lost to evaporationThe general trend of the carcinogens present in Bonfouca is the
and soluble advection. For the case of 0% efficient silt curfadn same; that is, they are not very soluble, nor do they evaporate
fallback), 36 kg of naphthalene advected out in particles. This is very readily. Instead, they have high partition coefficients and
also small compared to the amount evaporated and advected outherefore tend to remain in the solid phase.
in solution(1,764 and 720 kg, respectively). This result is consis- In order to compare the overall multimedia losses, it is impor-
tent with the high solubility of naphthalene. tant to first know or quantify the amount or total amount of
Next, benzo(a)pyrene will be contrasted to naphthalene. This chemical present prior to dredging. This amount is termed “total
PAH, which only accounts for 0.7% of the total PAH mixture, is in-place”, and it is made up of the targeted plus the nontargeted
sparingly soluble C,,=0.95 mg/n). In addition, it has an evapo-  amount. In Bayou Bonfouca, 786,000 kg of total PAH was in-
ration mass transfer coefficient 3 orders of magnitude smaller place, of which 738,000 kg was targeted and 47,500 kg was non-
than naphthaleneK(,=9.35E-08 m/s). Because of its low solu- targeted. The nontargeted amount corresponds to 6.04% of the
bility, benzo(a)pyrene is highly persistent in the solid phase and total amount in place. Of the targeted mass, 3,300 kg was lost to
mostly falls back onto the bottom for a 100% efficient silt curtain, evaporation and 4,440 kg was lost to advection for a 0% efficient
or leaves in particles for a 0% efficient silt curtain. Only 0.03 kg silt curtain. These masses correspond to only 0.42 and 0.57% of
is lost to evaporation. This is very significant because be)py- the total in place, respectively. For the case of a 100% efficient
rene is a known carcinogen, along with bef@anthracene, ben-  silt curtain, 3,310 kg was lost to evaporation, while the 2,540 kg
zo(b)fluoranthene, benzo(k)fluoranthene, indeno(1,2,3-cd)pyrenejost to advection was roughly half compared to the 0% efficient
and chrysenéUSDHHS 1992). It is desirable that these carcino- silt curtain(recall no chemical advects out in partigledowever,
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some chemical was lost to fallba¢R46 kg; only 0.12% of the
total in place). These results for a TGU=17.6 kd/feandlike
sediment)are summarized in Fig. 3(a).

nontargeted and unextractable mass to quantify the mass deliv-
ered to shore. The latter is used as an overall measure of dredging
effectiveness, defined as the percent ratio of the quantity delivered
For sandy loaniTGU=55.8 kg/m), the multimedia losses are  to shore to the original in-place quantity.
higher. For instance, 8,900 kg of total PNAs evaporated, while  As an illustration, the model was applied to the Louisiana
15,700 kg advected out in both particles and solution. This cor- Bayou Bonfouca site, which was dredged in 1995. A mechanical
responds to 1.13 and 1.99% of the total in place, respectively. dredge was employed to extract 130,000afPAH contaminated
Because the multimedia losses are higher for sandy-loam typesediment. Specific site conditions were used in order to project
sediment, the amount of total contaminant delivered to shore will the magnitude of the losses encountered in a large environmental
be less. Of the total amount in place, 90.8 and 91.5% of the dredging project and to investigate the sensitivity of a few input
chemical goes to shore when the curtain is 0 and 100% efficient, parameters suspected to have a significant effect on the magnitude
respectively. In contrast, 93.0 and 93.1% of the total chemical in of the losses. Two were highlighted: the particle loss rate of the
place is delivered to shore when the sediment is $a@U=17.6 dredge, called TGU, and the use or absence of silt curtains to
kg/m?). This result suggests that the dredge is more efficient when contain the mud cloud generated. The estimates produced by the
it operates in sand rather than sandy loam. F{§) Summarizes model were that 90 to 93% of the in-place PAH mass was deliv-
the final dispensation of original contaminated material in Bayou ered to shore in all cases, and 6% was nontargeted for removal.
Bonfouca when TGU=55.8 kg/n Very small percentages of the in-place PAH mass were lost, with
During the remediation operation in Bayou Bonfouca, limited or without the use of silt curtains.
concentration measurements were available during and after Advection was the largest loss process. The model output was
dredging in the bed surface and water column. As a result, field 0.57 and 1.99% for the 17.6 and 55.8 TGU values, respectively.
data such as TSS and PAH water-column concentrations duringEvaporation at 0.42 to 1.13% was next, while fallback was 0.12 to
dredging and capping were not available to test model predic- 0.62%. The reader should appreciate that although the percent
tions. However, two surficial grab samples were obtained on top losses appear small in comparison to the initial in-place mass and
of the cap in September 199ZDEQ 1997). Even though the two  mass delivered to shore, it is the mass quantity lost that impacts
samples collected were expected to register nondetect suspendeithe surrounding ecosystem. Both downstream and off-site chemi-
particle concentrationsgx(;), because of the clean cap, detectable cal releases via the water and air routes are additional contribu-
PAH concentrations were found. The two collected samples reg-tions to any ongoing releases to these media. In the case of Bayou
istered concentrations of 5 and 25 mg/kg total PAH. These valuesBonfouca, the advection and evaporative losses contributed up to
appear low, but this is due in part to the clean cap placed in the 15,666 and 8,913 kg total PAHSs, respectively, for the 1 year
bayou after the dredging operation concluded in March 1995. In dredging period.
addition, the samples were collected 2 years after dredging took Although the model is based on mass-balance principles and
place, and the PAHs were likely “weathered” and diluted with the contains chemodynamic process algorithms used in similar con-
clean material. The model predicted higher suspended particletexts, it is a first attempt at developing one. In addition, the losses
concentrations ranging from 823 to 1,340 mg/kg total PAH, de- and extractions are reasonable and in line with the limited avail-
pending on the TGU employed and the efficiency of the silt cur- able data. Projections made by the model are entirely hypothetical
tain. The predicted values reflect the total PAH concentration im- since many of the model assumptions and process components
mediately after dredging is halted, and not 2 years later. used need further study, development, and evaluation. Its use at
In order to assess dredging effectiveness, some estimates werthis time should be for screening purposes only since it lacks any
made on concentration and mass reductions. For instance, 62%eal verification or comparison to field data.
concentration reduction occurred from the predredge average of
3,380 mg/kg total PAH to the 1,300 mg/kg target. Based on
bathometric measurements and bed-profile concentrations, it wag\cknowledgment
estimated that 86% of the contaminated sediment mass was re-_ . . L
moved, along with 94% of the PAH mad3uckworth 1999). This This worl_< was supported by funds provu_jed by the Lou_|5|ana
result is consistent with the model, which predicted that the State University GO“_"O” A. gnd Mary Cain endowment in the
dredge would remove and deliver 91 to 92% of the total contami- DePartment of Chemical Engineering.
nant mass to shore when the sediment is sandy I3dBtJ=55.8
tg;ng and around 93% when the sediment is sah@U=17.6 Notation

The following symbols are used in this paper:

Ap = dredging aredm?);
Summary and Closure A, = surface area agitated by dred@e?);

C, = concentration of species A in background air
The use of dredging in remediating contaminated sediment beds (mg/n);
requires a means of forecasting the magnitude of chemical losses Cgg = suspended solids concentratitkg/nr);
associated with the type of dredge selected and other particular ~ C2¢ = inflow solids concentratiofkg/nr);
characteristics of the site. A multimedia compartmental chemical C,, = concentration of species A in solutigmg/n?);
fate and transport model was developed to simulate and quantify C% = inflow concentration of species A in solution
the most significant processes triggered during bed excavation. (mg/n?);
For a defined dredging operable ufl@OU), these included par- D, = molecular diffusivity of species A in water
ticle generation, release in soluble and particulate form, advec- (m¥s);
tion, evaporation, reaction, and fallback. Based on the initial in- Dz = molecular diffusivity of species B in water

place chemical mass, the fractions lost were combined with the

(m?s);
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E = aerator power delivery efficienadglimension-
less);
Echemicas = Overall chemical removal efficiendglimension-
less);
Enua = overall mud removal efficiencydimensionless);
f = silt curtain efficiency factofdimensionless);
H = Henry’s constant of species ¢n® H,O/m"® air);
h = water depthim);

hg = fallback layer thicknesgém);

Kqe = effective partition coefficient between solids and
water (m°/kg);

K. = evaporation mass transfer coefficiént/s);

kg = local gas-phase mass transfer coefficignts);

k, = local liquid phase mass transfer coefficiént/s);

M = initial mass of total chemicakg);

M, = mass of contaminated sedimehy);

m = mass rate of sediment resuspendegls);
n = oxygen delivery(lb O,/h-hp);
P = dredge nameplate horsepowép);

Q = volumetric water flow ratém®/s);

q = volume rate of sediment resuspendet/s);

R, = fraction of sediment with critical resuspension
velocity less than ambient current velociigi-
mensionless);

R;4 = fraction of sediment with diameter less than 74
pm (dimensionless);

T = water temperatur€’C);

TGU = turbidity generating unitkg/nt);
tp = dredging time(s);
V = dredging volumegmd);

Vg = volumetric rate of sediment extractéa®s);

V,, = water volume(m®);

vy = wind speedm/s);

o = dirty water to clean water raticdimensionless);
pp = bed-sediment densitkg/nr);

wp = concentration of species A on suspended par-
ticles (mg/kg);

2 = average concentration of species A in sediment
bed (mg/kg);

2 = inflow concentration of species A in particles
(mg/kg);
) = average concentration of total chemical in sedi-
ment bed(mg/kg); and
2 = inflow concentration of total chemical in par-
ticles (mg/kg).
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