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ABSTRACT

Ecological problems caused by sediment contamination occurring in deep water or wetland environ-
ments may be addressed through natural recovery, in-place containment or treatment, dredging and removal, or
in some cases by in situ capping — which is defined as the placement of a subaqueous covering or cap of clean
isolating material over an in-place deposit of contaminated sediment. While dredging and removal of contami-
nated sediments may be the most practical remedial method in many situations and sometimes necessary for
navigational purposes, this remedia approach may not be the most environmentally protective and/or cost-
effective approach. In situ capping approaches are often considered to be more protective of faunal and floral
communitiesinhabiting impacted ecosystems than dredging alternatives, or when converting an impacted areato
aclosed cell. According to current regulatory philosophy and recommendations, the three primary functions of
an in situ sediment cap include (1) physical isolation of the contaminated sediment from the benthic environ-
ment; (2) stabilization of contaminated sediments, preventing re-suspension and transport to other areas or sites;
and (3) reduction of the flux (transport) of dissolved contaminants into the overlying water column. To date,
most in situ capping projects appear to involve the use of primarily granular (i.e., sandy) capping materials.
Although such capping materials may adequately serve to meet stated cap functions at many sites, their
relatively high permeability and low organic matter and clay content may limit their ability to reduce contaminant
transport into the overlying water column. Furthermore, non-cohesive, granular materials can also be proneto
erosional losses and redistribution, thus minimizing their effectivenessin isolating and stabilizing contaminated
sediments. Finally, the thickness required to meet performance goals, many times on the order of several feet, can
have a deleterious effect on channel hydraulics and waterway uses. As an alternative to granular sediment caps,
anew in situ capping technology, AquaBlok™, has been developed for usein either deep water or wetland
ecosystems. AquaBlok™ isa clay mineral-based capping material that offers several functional advantages over
granular capping materialsincluding lower permeability, higher resistanceto erosive forces, and considerably
higher attenuation capacity for many types of contaminants. The likely need for thinner AquaBlok™ caps at
many siteswould also minimize navigational constraints. In this paper, we compare the potential relative
effectiveness of atypical granular sediment cap to that of atypical AquaBlok™ sediment cap, as each would be
installed into “typical” impacted deep water or wetland ecosystems.
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INTRODUCTION

Significant progress hasbeen made over thelast several decadesin cleaning up polluted air,
soil, and waters. With respect to surface-water pollution in particular, substantial reductionsin non-
point and point-source discharges have greatly reduced contaminant loading into many U.S. rivers,
lakes, estuaries, and coastal oceanic areas, thusresulting in generally improved water quality condi-
tionsoverdl. Despitethesereatively recent pollution-prevention efforts, sediments contaminated
by avariety of toxic and enduring organic and metal lic compounds—contamination which often
resultsfrom decades-old rel eases—still remain beneath many of our nation’ssurfacewaters. Even
withthe primary “end-of-pipe’ discharge sources eliminated, these polluted sedimentscan act as
secondary sourcesof contamination, posing significant direct and indirect environmental risks
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through bioaccumul ation in aquati c organisms and subsequent incorporation into aquatic and upland
foodwebs. Episodic (e.g., ssorm-induced) physical redistribution of contaminated sedimentsin
dynamicriverineor tidaly influenced ecosystemscan a soliteraly disperse such environmental risks,
impacting biological and water quality conditionsfar fromtheoriginal sediment source.

Contaminant characterization and biotoxicity analysisof sedimentscollected from morethan
21,000 sampling locationsinriver reachesof 1,372 targeted watersheds acrossthe U.S. indicate
concentrationsof polychlorinated biphyenls (PCBSs), polynuclear aromatic hydrocarbons (PAHS),
pesticides, and/or heavy metasat level swhich pose probableor potential riskstofish, wildlife, and
humans (USEPA, 1997a; USEPA, 1998a). Such impacted sedimentsoccur inatotal of 96
watersheds nationwide, which comprises approximately 5 percent of al continental U.S. water-
sheds. Each of theseimpacted watersheds—inwhich further study of effectsand sources of
sediment contamination aswell as possiblerisk reductionisdeemed warranted (USEPA, 1997a) —
iscollectively referred to asan * areaof probableconcern,” or APC. Intermsof volume of sedi-
mentsimpacted, itisestimated that approximately 1.2 billion cubic yardsof significantly contami-
nated sediments occur throughout these particular APCs(USEPA, 1998a). Geographically, these
impacted watersheds primarily occur throughout inland and coastal areas of the East and Midwest,
although severa aso occur in Western statesaswell (USEPA, 19973).

Many of theimpacted watersheds (or APCs) occurring along coastal areas contain estuarine
components. Estuariesare hydrologically dynamic and complex aguati c ecosystems occurring more
or lesswhereariver flowsinto either an ocean or into another large water body, such asone of the
Great Lakes. Inaddition to abundant deep water habitat, many fresh water and salt water estuaries
include significant wetland components, mainly marshes positioned adjacent to or around deep
water areas. For clarification, theterms* degp water” and “wetland” are asdefined by the Army
Corpsof Engineers(USACE, 1987); in genera, deep water areasare permanently inundated
beneath at |east 6.6 feet of water and/or do not support hydrophytic (water-loving) plants, whereas
wetland areasare vegetated and relatively shallow. Theterm®“marsh” can generally represent
frequently or continually inundated wetlands characterized by the presence of herbaceoushydro-
phytic vegetation (Mitsch and Gosselink, 1993). Estuarine marshesand other coastal wetlandsare
critical ecosystem componentsin that they play important rolesin providing habitat, and biologica
productivity, and controlling theflow of pollutantsinto estuariesand coastal areasin genera
(Herdendorf, 1992; Mitsch and Gossalink, 1993). Contaminated sedimentsarelikely to occurin
estuaries and associated wetland areasin at | east some of these APCs.

Contaminated sedimentsoccurring in deep water or wetland areas may beremediated (that is,
isolated from biological receptors, thuslowering risk) through either remova and disposal or
through treating, containing, or capping the contaminated sedimentsin place (insitu). A detailed
technical discussion of variousremoval and in situ sediment remediation technol ogies, including
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associated economic, regulatory, and management considerations, can befoundintheUSEPA's
Remediation Guidance Document (USEPA, 1994). Of the sediment remediation technologies
typically considered, removal by dredging appearsto bethe most often chosen remedia approach
(e.g., USEPA, 1998b). Anadditional, passiveremedia approach also often considered (at |east
temporarily) for many projectsisnatural recovery. Thisgenerally involvesisolation or remova of
sediment contaminantsfrom biol ogical receptorsthrough acombination of naturally occurring
physical, chemical, and biological processes(USEPA, 1998c). Implicit to the natural-recovery
concept isconcurrent implementation of effective primary —and secondary —source-control mea-
sures, aswell asthe process of long-term burial and isolation of contaminated sedimentsby layers
of clean sediment.

Sediment remediation by in situ capping can a so be arelatively cost-effective and non-
invasive approach to addressing contaminated sediments, and could be equally aseffective asother
morecostly and environmentally invasiveremedia approachesin meeting Nationa Contingency
Plan criteriafor many sediment remediation projects. In situ capping doesnot involve costsfor
sediment removal, de-watering, treatment, and disposal —asdoesdredging. Furthermore, unlike
dredging, sediment remediation through in situ capping does not invol ve substantial damageto, or
the permanent removal of, benthic (invertebrate) habitat, or significant disturbancetotheoverlying
water column. Depending on cap design and local benthic communities, placement of capping
materia scannot only biologically isolatethe underlying contaminated sediments, but canalso
provide clean substratefor re-col onization, assuming controlson primary and secondary contami-
nant sources. Finaly, when compared to areatively non-invasiveremedial approachlikeinsitu
capping, dredging contaminated sedimentsfrom wetland ecosystemswould typically involvede-
struction and removal of wetland plant communities, aswell asremoval of substrates supporting the
vegetation and a so perhapsre ated benthic communitiesaswell; effectively restoring or replacing
destroyed wetland ecosystems at adredged site can be atechnical challenge. In short, althoughthe
need for dredging and removal of extremely contaminated sedimentsisjustified at many sites,
capping can offer aviablealternativeto sediment remediationin many impacted deep water and
wetland ecosystems.

Fine-grained aswel | asgranular (sandy) materia s can be effective sediment caps (Brannon et
al., 1985). Nevertheless, many remedial in situ capping projects conducted to date have appar-
ently involved sand or sand-based caps (Palermo et ., 1998) primarily because of sand’savailabil-
ity, itsrelative ease of placement, itsrelative stability indoped areas, itsproven inhabitability by
benthic organisms, and/or the ease with which sand can be differentiated from underlying, often
finer-grained sedimentsduring monitoring. Finer-grained material can provide better chemical
barriersthan sandsbecause of itshigher sorption capacity and dsoitsrelatively lower permeability
(Palermoetd., 1998). However, theuseof finer-grained materialsinremedia cap design hasbeen
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limited, apparently mainly because of logistical difficultiesassociated with effective placement of
such material atop inundated substrates. Research hasal so shown that someinvertebrate organisms
can burrow moredeeply into finer-grained sedimentsthaninto sands (Palermo et .., 1998), how-
ever, itisuncertain asto what degreethis somewhat generalized observation hasdirectly influenced
thechoiceof granular over fine-grained materialsinin situ capping projects; it should be noted that
numerous physiologica aswell asvariousinherent and transient, substrate-related factors ultimately
and collectively control burrowing depths (e.g., PAermo et d., 1998; Bosworth and Thibodeaux,
1990).

Regulatory guidancefor conducting in situ remedia capping projectsrecently published by the
USEPA, with assistancefrom the US ACE and academic researchers(Palermo et al ., 1998),
indicatesthat anin situ sediment cap should beeffectiveinfulfilling threedifferent functions: (1)
physical isolation of contaminated sediments bel ow the benthic environment; (2) stabilization of
contaminated sediments, keeping them from being re-suspended and transported to other (e.g.,
downriver) areas, and (3) reduction of transport (flux) of dissolved contaminantsinto theoverlying
water column. Inthispaper, wecomparetherelative effectivenessof two different remedia sedi-
ment caps—asand cap and aclay mineral-based AquaBlok™ cap—in meeting thethree capping
functionswithinthe context of “typical” deep water and estuarinewetland ecosystems.

DESCRIPTIONSOF AQUABLOK™ DEEPWATER,ANDWETLAND ECOSYS
TEMS, AND CAPDESIGNSAND PROPERTIES
Description of the AquaBlok™ Sediment-Capping Technology

AquaBlok™ isapatented technol ogy based on ablend of clay minerals, polymers, and other
additives surrounding adense aggregate nucleussuch asgravel (Figure 1). For typical product
formulations, the clay component isoften comprised largely of bentonite, although other clay-sized
materials can be used in product preparati on to address specific project needs and capping objec-
tives. When appliedinlarge massto deep water or inundated wetland environments, AquaBlok™
particles settlethrough thewater column and acrossthetargeted sediment surface. Typicaly inless
than two weeks, the applied layer of AquaBlok™ particleshydratesand expands, coalescingintoa
cohesiveand low-permesbility barrier cap between the contaminated sedimentsand the overlying
deep water or wetland ecosystem (Figure 2).

The AquaBlok™ sediment-capping technology wasoriginaly developed for pil ot-scaletesting
ataU.S. military firing rangelocated in an estuarine salt marsh ecosystem on Eagle River Hatsnear
Anchorage, Alaska. Asaresult of decadesof ordinancetesting, sedimentsin vegetated and
ponded areas acrossthe site were contaminated by white phosphorous (WP). High waterfowl
mortality ratesin the site area, which attracted the attention of the USDA, the USEPA, and other
regulatory agencies, weredirectly linked to WP-contaminated sediments. Resultsof on-sitemallard
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mortality studiesconducted by USDA animal researchersindicated that AquaBlok™ waseffective
inisolating contaminated sedimentsto depths bel ow which test mallards could dabble. Based on
these study results, it isunderstood that AquaBlok™ isbeing considered asone of twoinsitu
sediment remedi ation technol ogiesfor expanded use at thisNational Priority List Ste. Complete
resultsof AquaBlok™ pilot testing at the Eagle River FlatssSiteare summarized by the USDA in
Racineand Cate (1995) and Cate and Racine (1996). A streamlined synopsisof pilot-study results
canasobefoundinHull etal., 1998a.

Preparationsare a so currently underway for pilot-sca etesting of AquaBlok™ and
AquaBlok ™-based sediment capsin the OttawaRiver, |ocated in northwestern Ohio. Thisfield-
demondtration project generdly involvesingtdlation and field-scaetesting of threedifferent capping
designsalong aparticular section of the OttawaRiver known to have elevated levelsof PCBsand
other contaminantsin sediments. Thethreecap designsbeing tested include AquaBlok™ exclu-
sively, AquaBlok underlain by ageogrid component, and AquaBlok plusgeogrid plusasurficia
stonearmor layer. Theprimary goa of thisproject isto assesstherelative effectiveness of
AquaBlok™ and AquaBlok™-based sediment capsin physically stabilizing or isolating contami-
nated sedimentsoccurringin ariverine environment representative of many Gresat Lakestributaries.
A secondary goal of the project, pursuant to aconditional Nationwide 38 permit issued by the
USACE, isastudy of the establishment of macroinvertebrate organisms above the encapsul ated
sediments, both asafunction of cap designand over time. A detailed description of the Ottawa
River steand itscharacteristics, including apresentation of laboratory settling-column and flume
studies conducted as part of the project, can befound in Hull et al., 1998a.
General Characteristics of Typical Degp Water and Wetland Ecosystems Relevant to In
Situ Capping

Siteconditions, including the phys cal environment, hydrodynamic conditions, sediment charac-
teristics, and waterway uses, will dictatethe overdl feasibility of remediating contaminated sedi-
mentsby insitu capping (Palermo et al., 1998). In comparing therelative effectiveness of sand
versusAquaBlok™ caps, differencesin atargeted site’ sphysical environment and hydrodynamic
conditionsare considered to bemost relevant. Particular aspectsof, and relative differences
between, these conditionsasmay apply to “typical” deep water and wetland ecosystemsare
summarized in Table 1. For the purposes of this paper, adeep water ecosystem could be broadly
represented by amajor river, alargelake, or an ocean. A typica wetland ecosystem may, inturn,
berepresented by an emergent, fresh water or salt water estuarine marsh occurring at either the
river-lake or theriver-oceaninterface. Inthat most sediment contaminantstend to be associated
mainly with clay-s zed particlesand organic matter, it may be assumed that sedimentsin both
environmentsaregeneraly fine-grained and saturated, low-density material sproneto consolidation
upon capping. And based onresultsof the US EPA’sNationa Sediment Quality Survey (USEPA,

290 Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch



19974), it can al so be assumed that sediments contain significant concentrations of PCBsand also
perhaps PAHS, pesticides, and/or metals.

Descriptions of Sand and AquaBlok™ Remedial Sediment Caps

The composition and thickness of components of acap can be considered astheremedia cap
design (Pdermoetd., 1998). Cap designsshould be devel oped after considering anumber of
design- and Site-related factorsincluding cap compatability with contaminated sediments,
compatability amongst cap components, the potential for bioturbation (sediment mixing) by indig-
enousinvertebrate organisms, the potentia for cap erosion, and the potential for contaminant
transport through the cap into the overlying water column.

Thedesign of remedia sediment caps can bereatively smplistic—composed of monolayersof
asingle capping sediment or material —or they can bemore complex, involving theinclusion of
geotextilesand/or avariety of fine-grained or granular componentsor layers(Paermoet a., 1998).
For the purposes of comparing therelative effectiveness of sand versus AquaBlok™ caps, we
consder asmplistic cap design for each cap type, assummarized in Table2. Alsoincludedin
Table2 areestimated valuesfor severa physical cap propertiesthat have particular relevancein
termsof cap effectivenessin minimizing contaminant transport. Methodsby which sand and
AquaBlok™ capsareinstalled into deep water and wetland ecosystemsarenot discussed inthis
paper; placement techniquesused in cap construction and installation arediscussed indetail in
Palermoet al., 1998.

RELATIVE EFFECTIVENESSOF SAND VERSUSAQUABLOK™ SEDIMENT CAPS
INMEETING RECOMMENDED FUNCTIONS

Asstated previously, anin situ remedial sediment cap should typically bedesigned to physi-
caly isolate contami nated sedimentsfrom the benthic environment, stabilizeandimmobilizethe
sediment mass, and reduce thetransport of dissol ved contaminantsfrom sedimentsinto theoverly-
ing water column (including transport into the bioturbation zone). Providedinthissectionare
discussionsof how effectivethe sand and AquaBlok™ cap designs (Table 2) should be at meeting
eachfunctionintypica deep water and wetland ecosystems. Alsoincluded in someof these
discussionsarewaysinwhich agiven cap design might be modified to meet capping functions, if it
appearsthat the cap design(s) may not do so.

Physical Isolation of Contaminated Sediments from the Benthic Environment

The benthic environment may be defined asthe realm of subagueous substrates (sediments)
that can provide habitat for variousepifauna andinfauna aquatic organisms. Physicd isolation of
contaminated sedimentsfrom thisenvironment and itsinvertebrate inhabitantswill likely beare-
quirement of cap designif aremedial objectiveisto reducerisk associated with contaminant expo-
sureto benthicinvertebrates, bioaccumulation of contaminants, and/or potentia movement of
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contaminantsinto thefood web (Paermoet d., 1998). Risk would bereduced through designing
andingtalling acap that either discouragesburrowing or that providesfor an adequate replace-
ment” subgtrate, at athicknessexceeding typica depthsof burrowing and bioturbation (sediment
mixing) for indigenousinvertebrate communities. Capping contaminated sedimentswith stonearmor
can discourage bioturbation into contaminated sedimentsand may a so attract arelatively great
diversity of sometypesof benthic organisms(Palermoet d., 1998). However, armoring would do
littleto offer aclean and viabl e replacement substrate for near-term col onization by infaunal organ-
ismsthat depend on particular soft substratefor habitat.

Thissection focuseson the potential viability of sand and AquaBlok™ capsashabitat for
colonization by macroinvertebrate organisms, which aretypically greater than about 1 mminsize.
Of particular concernisinvertebrate col onization of (and selectionfor) certain substratesaswell as
depthstowhichinfauna organismsmay bioturbate asafunction of substratetypeand conditions,
thetaxainvolved, and the presence of sediment contamination. Other factorsaffecting bioturbation
depthsand benthi ¢ col onization (such asvegetation, current vel ocity, water depth, and temperature)
will also bediscussed briefly, to the extent that thesefactorswill vary between typica deep water
and wetland environments. Adequate published informationisavailableregarding invertebrate
coloni zation of various sandy materia s—substratethat may be collectively considered smilar tothe
sand cap presently discussed (Table2). Incontragt, little macroinvertebrate colonization dataare
currently availablefor AquaBlok™, athough small red wormswerereportedly observed to occur in
capping materia during thefollowing growing season at the Eagle River Flatssite. Inlieu of
AquaBlok™-gpecific benthic data, published information rel ated to invertebrate col onization of
relatively fine-grained (st and/or clay rich) materialsisconsidered. Such substratemay collectively
be considered asbroadly equivaent to AquaBlok™ intermsof genera physical character and
related properties(Table 2). Resultsof the upcoming Ottawa River macroinvertebrate study should
provideimportant information related to invertebrate-AquaBlok ™ compatability.

Thetypeof substrate present isknown to exert both direct and indirect controlson thetaxa
present, primarily through salecting for invertebrate organismswith particular feeding modes. Direct
substrate controlson invertebrate taxapresent arerelated largely to sediment burrowability and
burrow stability, aswell as potential interferencesof substrateswith feeding behavior. Stable
burrows can beformed by subsurfacefeedersor insect larvaein cohesivefine-grained sediments,
but gillsand filtering systemsof other benthic organismsmay not tol erate thelargeamounts of
suspended fines present (Hartnoll, 1983; Hynes, 1970). In contrast, sandslack abundant finesthat
couldinterferewith feeding processes, but burrowability and burrow stability in sandy materid is
alsolower, thuslimiting habitation by invertebratesthat requireacompetent substrate for burrow
establishment. Indirect substrate controlson taxapresent are mainly related to the quantity and
distribution of organic (food) material present aswell asdissolved oxygen levelsinintergtitial pore
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waters, which typically decreasewith depth evenin clean sediments(Hartnoll, 1983); ingenerd,
fine-grained sedimentstypically contain higher organic content than sands, but also lower levelsof
dissolved oxygen (Hartnoll, 1983).

Generd subgtrateinfluenceson macroinvertebrate community diversity and richnessarea so
fairly well documented. Sand generdly offersardatively poor habitat with few specimensof few
speciesof macrofaunawhilefine-grained (muddy) substrates may bevery richin biomass, but lower
indiversity (Hynes, 1970). And asfurther illustration of direct and indirect substrate controlson
benthic communities, Hynes (1970) aswell asHartnoll (1983) reference studiesnoting significant
changesin macroinvertebrate diversity and/or populationswith changesin substratetypeat agiven
site, asmay be brought about by storm-rel ated deposition of fine-grained material overtop previ-
oudly exposed stony or cobbled areas. In situ capping guidance stating that col onization of asand
or armored cap would be sparse until “new” sedimentswith sufficient organic matter are deposited
onthecap (Palermo et a ., 1998) may also illustrate substrate controlson macroinvertebrate
colonization, at least intermsof food abundance.

Bioturbation depthsof infaunal organisms, whichisacritical aspect of benthic behavior from
the standpoint of isolating organismsfrom contaminated sediments by capping, arecollectively
controlled by physiological factors(including burrowing abilities, body Sze, lifestyle) aswell as
environmenta conditions(substrategrain size, bulk density, organic content, and pore-water
geochemistry) (Bosworth and Thibodeaux, 1990; Paermoet d., 1998). Although substrategrain
sizeismore-or-lessinherent, other substrate-rel ated parameters— particul arly geochemica param-
eterslikeredox —aretransient and can vary temporaly aswell asspatially, thusaffecting
bioturbation depths. Neverthel ess, results of benthol ogic and sediment-capping studiesgeneraly
indicatethat most infauna organisms—including amphipods, oligochaete (tubificid) worms, and
mud-dwel ling insects—typically occur withinthe upper 1 to 6 inchesof sediments (Bosworth and
Thibodeaux, 1990; Charbonneau and Hare, 1998; Hynes, 1970; Davis, 1974). Ingeneral,
bi oturbation by marine benthosisgreater than that of freshwater benthos (Palermo et al., 1998).
Some speciesof largebivalves, polychagte worms, and burrowing shrimp havethe ability to burrow
asdeeply asamost 80 inches (Bosworth and Thibodeaux, 1990; Brannon et al., 1987; Palermo et
al., 1998, Hynes, 1970). Few studieshave apparently been conducted that rel ate bi oturbation
depthsto particular substratetypesand conditionswhile* holding” other potentialy controlling
variables(e.g. organic content, or the degree to which contaminated pore waters have migrated
upwards) constant. However, several researchershave noted greater penetration depthsinto
“muddy” sedimentsthan into sandy sedimentsfor somemacroinfauna taxa, includingmidgeand
worm speciesindigenousto the Great Lakes (Palermo et al., 1998; Hinesand Comtois, 1985 [as
referenced by Bosworth and Thibodeaux, 1990]).
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Bioturbation depths are al so known to be affected by the presence of sediment contaminants,
not only directly through toxicity impacts, but a so indirectly through further reductionsin dissolved
oxygen levesininterstitia porewaters(Bosworth and Thibodeaux, 1990; Hartnoll, 1983; Hynes,
1960 [asreferenced in Hynes, 1970]). Bosworth and Thibodeaux (1990) found that organismsin
chemically impacted (aswell asphysicaly disturbed) substratesare often limited to the upper inch
or so, whereas, inlesspolluted or disturbed substrates, organismstend to occur at greater depths.
A stuation somewhat uniqueto remedia capping projectswhich could smilarly affect (limit) bur-
rowing depthsinvol vesthe upward advective seepage of contaminant-bearing porewatersinto caps
during cap-induced consolidation of sediments(Palermo et a., 1998; Zeman, 1994); this phenom-
enon typically occurswhen soft and compress ble sediments are encapsul ated by relatively perme-
able capping materiaslikesand. Infact, the expectation of such upward advective migration of
contaminated porewatersinto acap during sediment compaction—which effectively reducesthe
contaminant-free cap thickness availablefor low-risk bioturbation —requiresconsideration during
capdesign (Palermoetal., 1998). Significant cap-induced consolidation of soft, fine-grained
sediments has not been observed when using AquaBlok™ asthe capping material (Hull etdl.,
1998h), perhapsbecause of AquaBlok ™’ srelatively low bulk density and very low permesbility
(Table2). Consequently, consolidation-induced migration of porewatersinto the AquaBlok™ cap
should beinsignificant, thusmaximizing the contaminant-free thicknessavail ablefor low-risk benthic
colonization. Anapproximation of potential upward migration of aselected contaminant into
AquaBlok™ capsthrough diffusive (rather than advective) processes, which could aso havean
impact on benthic bioturbation and cap col onization, isaddressed | ater in this paper.

Littleinformation appearsto be availableindicating that invertebrate col onization of and
bi oturbation depthswithin wetland sedimentswould besignificantly different fromthat discussed
above. Nevertheless, invertebrate organismsare known to beimportant food-web componentsin
coastal wetlands (Mitsch and Gosselink, 1993), with many infauna species, including oligochaetes
and midgelarve, dso playingimportant rolesin decompositional pathwaysinwetlandsecosystems
aswdl (Krieger, 1992). Greater diversity and populationsof invertebrate taxatypically occur in
wetlandsthan in non-vegetated deep water areas, primarily dueto morediverse habitat resulting
from higher spatia and temporal variability in habitat-controlling factors (Hynes, 1970; Krieger,
1992; Mitsch and Gossdlink, 1993). Therefore, with respect to remedial capping and benthic
isolation, the same sand or AquaBlok ™ caps applied to deep water ecosystems should be equally
aseffectiveinwetland ecosystems. Fundamenta differences, such ascap characteristicsand
properties(Table 2), however, may need to be considered when eval uating potential cap impactson
wetland hydrology and vegetative establishment and growth. Furthermore, theintensity of
bioturbation (over and above depth), may be greater in more biologically productive and popul ated
wetland areas; the potential for thisshould beeva uated.
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In summary, aone-foot thick AquaBlok™ cap should beat |least aseffectiveinisolating
bi oturbating invertebrate organismsfrom underlying contaminated sedimentsin deep water or
wetland ecosystems aswould aone-foot thick sand cap. Nevertheless, regulatory guidance
(Pdermoet d., 1998) recognizesthe need for site-by-site characterization of indigenous benthic
communities(including an estimation of their associated bioturbation depths) inlight of themany
environmental, substrate, and geographic controlson asite’'sbenthos.  Site-specific benthic data
could ultimately indicatethat such acap thicknesscould, infact, be decreased while still accommo-
dating bioturbation depthsof local organisms. However, site-specificinformation may instead imply
that the cap thickness should be increased to maximize benthic protection, or that ageotextilelayer
be placed at the cap/sediment interface to minimi ze macroinvertebrate contact with contaminated
sediments. Finally, inregardsto habitat restoration, it would seem|ogical to useacapping material
that isphysically smilar to the contaminated sediments being capped in order to best accommodate
indigenousinfaunal species, e.g. infauna organismsrequiring competent burrows. Becausemost
sediment contaminantstend to be associ ated with finer-grained particles, it should follow that the
capping material should beasphysically similar tolocal (albeit contaminated) substratesaspossible.
Intermsof general physical propertiesand characteristics, AquaBlok™ would probably more
effectively meet thisrequirement at many impacted sitesthan would relatively non-cohesive, sandy
meaterias.

In Situ Stabilization of Contaminated Sediments Through Capping

Minimizing thephysical re-distribution of contaminated sedimentswithin adynamic aquatic
ecosystemisimportant for environmental and economicreasons. Firgt, highly contaminated sedi-
ments—such asthose occurring nearest to aprimary or secondary contaminant source—would
remain geographically localized, thus spatially minimizing and concentrating impacted areas of
highest biological risk. Secondly, aconcentration of larger portionsof total sediment contamination
into smaller areas should providefor more cost-effective sediment remediation, regardless of the
remedia technique(s) employed; largevolumesof dightly to moderately impacted sedimentsdis-
persed over broad areas can pose significant technical and economic challengesto effective sedi-
ment remediation.

Stabilization of contaminated sediment through remedia cappinginvolvespreventing or limiting
sediment re-suspens on and subsequent transport and redistribution by current or waveaction. In
genera, sediment re-suspensionwill only occur if erosiveforcesexerted on substrate (sediment)
surfaces exceed thoserequired to entrain non-cohesive or cohesive materid into thewater column
(Dortchetad., 1990). Therolethat remedia capscan play in minimizing exposure of sediment to
such erosiveforces, andin enduring theimpact of such forcesthemselves, isthe principal focusof
thissection. Intermsof cap functioning, itisassumedthat, if acap canremainin placeover time,
then theunderlying sedimentswill al'soremain physically stabilized andin place. Adequately meeting
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thisfunction would not necessarily, however, addressthe potentid for eventua vertical sediment
migration, or “winnowing” up through coarser-grained capping materias, whichisafactor that may
requireadditional consideration during cap design (Paermoet d., 1998).

Thepotentia for erosion of capping materialsupon exposureto current- or wave-related
forces can be eva uated on theoretical aswell asempirical bases. Predicting particlere-suspension
or entrainment by turbulent forces associ ated with wave oscill ation ismore complicated, for various
reasons, than modeling sediment movement under unidirectiona current flow (Dortchetd., 1990;
Tsal and Lick, 1986). Nevertheless, sedimentsgeneraly differ in erodability depending ontheir
non-cohesiveor cohesive character. For non-cohesive materiaslikesand or gravel, smaller par-
ticleswill typically beginto move (erode) beforelarger particles, mainly asafunction of water
velocity and turbulence aswell asthe drag and lift forcesexerted (Dortch et al., 1990). In contrast,
theerosive behavior of finer-grained, cohesve materiasisdictated by avariety of ofteninterrelated
factorsincluding clay content and mineralogy, shear strength, water content, bulk density, and
organic content (Jepsen et a., 1997; Kamphuis, 1990; USACE, 1998); even the quantity and size
of gasbubblespresent in the sediment can affect erosionrates (Jepsen et a., 1997). Predictingthe
erodability of cohesive sedimentsisfurther complicated by thefact that erosion ratescan vary with
sediment depth, primarily through depth-related changesin shear strength, bulk density, consolida
tion, and moisture content (Dortsch et al., 1990; McNell et al., 1996; Jepsen et a., 1997; US
ACE, 1998); such depth-related changes are typically not characteristic of coarser-grained, non-
cohesive sediments(McNell et d., 1996). Additiona research hasshownthat erodability of fine-
grained materia can also vary with pore-water chemistry aswell asthe exchangeable cations
present (Otsubo and Muraoka, 1988; Raudkivi and Tan, 1984).

Ingeneral, empirical observationsindicatethat, under tidal and other unidirectional currents,
loosefine sand erodes easiest and that increased resistanceto erosion for silt- and clay-sized
particlesisattributabl e to the presence of cohesive and adhesiveforces(Dortch et d., 1990), as
discussed above. Such observationsaregeneraly confirmed by resultsof large-scalelaboratory
flumestudiesof AquaBlok™, sand, and gravel resistanceto current flow, which arepublishedin
detail inHull et a.(1998b). AquaBlok™ —acohesive, clay minera-based material —displays
greater physical resistanceto sustained fresh water flow than does poorly graded fine sand and
poorly graded gravel. Relatively insgnificant erosional lossof hydrated AquaBlok™ (lossesonthe
order of lessthan oneinch in thickness) have been observed after severa daysof continuousflow at
velocitiesranging from approximately 5to 6 feet/sec (Hull et al., 1998b). In contrast, nearly
completeerosion of fine-grained sand samplesoccursunder lower sustained flow vel ocities (ap-
proximately 1.5t0 2.7 feet/sec) exerted over amuch smaller timeframe (lessthan onehour). A
moreor lessintermediate responseto erosiveforcesisobserved for gravel, inthat approximately 20
percent loss of sample massoccursunder aflow of approximately 1.8 to 3.2 feet/sec over aone-
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hour time period (Hull et al., 1998b); therdative res stanceto flow of larger-grained, non-cohesive
particleslikegrave or cobblesisthebasisfor placing armor layersatop fine-grained, non-cohesive
capping materialsin somecap designs(Palermoet al., 1998). Lessdataappear to beavailable
related to resistance of cohesive and non-cohesive capping materia sto other typesof erosive
forcesincluding those associated with tides, ice and debris scouring, and engine prop wash. These
topics could be addressed through further [aboratory study, as could an evaluation of AquaBlok™
(versussand) erodability under salt water or brackish conditions, or adetermination of capresis-
tanceto flowing waters contai ning substantia suspended materia —afactor which can grestly
increase erosion rates of even resistant cohesive materials (Kamphuis, 1990).

Differencesintheerodability of AquaBlok™ versussand capsin an estuarinemarshversusa
deep water ecosystem would generally be dependent on thetypes of erosiveforcesinvolved, as
well asthe buffering effect exerted by wetland vegetation. Except inlocalized channeled areas, less
current flow would be expected through an estuarine marsh, even during flood conditions, than
alongamgjor river; vegetation effects on dowing water movement and promoting sedimentationin
genera arewell known (Mitsch and Gosselink, 1993; USFWS, 1984). In contrast, portions of
estuarineor coastal marshes peripheral to open lakes or oceanswould generally be more exposed
toerosivetidal, wave, andice-related forcesthan would riverineareas. Relativeto sand, then,
AquaBlok™ may offer ahigher degree of sediment isolation and stabilization in deep water or
wetland environments exposed to significant erosiveforcesrel ated to current, wave, and/or tidal
forces.

Intermsof sediment re-suspension, it should also be noted here that the capping processitsel f
—and not just theinfluence of flowing waters— can cause sediment re-suspension to occur (Reible
etd., 1997; PAermoetal., 1998). Theextent towhichthisoccurswill generally depend on
physica propertiesof the sediment aswell asmethodsand rates of capping materia application.
Unpublished laboratory research indicatesthat placement of areatively thinlayer of sand atop
sediments prior to AquaBlok™ application can greatly reduce sediment re-suspension during
AquaBlok™ additions. Lesssediment re-suspenson may aso occur with moregradua application
of capping material. Silt curtainsmay aso beused to minimizelatera spread of sediment re-
suspension plumesfrom aproject site, if some degree of re-suspension does occur during cap
application. Another issuethat deservesmentionis potential interaction betweenin situ capping
materia sand dynamic subagueousfeatureslike* concentrated benthic suspensions,” or CBSs.
CBSshave been characterized by Toorman (1998) ashighly turbid yet fluid, near-bed layers
occurring atop fine-grained substrates; such near-bed layers may conceptually be considered
equivalent to benthic boundary layers, which occur “ onthewater side” of the sediment-water
interfacejust abovethe bioturbation zone (Wang et a., 1991). Research indicatesthat these
mobile, near-bed viscouslayers areamajor mechanism of transport of fine-grained sedimentsin
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coastal zonesand estuaries (Toorman, 1998). Thus, the need for determining the effectiveness of
sand or AquaBlok™ capsinimmobilizing and isolating such mobile, potentially contaminant-bearing
sediment massesof inherently low-bearing capacity.

Insummary, despitethefact that relatively low-energy environmentsare considered to bethe
most appropriate sitesfor insituremedia capping projects, regulatory guidance suggeststhat caps
be conservatively designed to accommodate periodic, high-flow events, e.g. 100-year floods
(Permoetd., 1998). Incorporation of such event-probability considerationsinto capdesignis
reasonablein that the greatest degree of sediment re-suspension and transport should be expected
to occur during such infrequent but extremeevents(e.g. Lick, 1992). Cohesive capping materias
like AquaBlok™ have demonstrated ability in withstanding sustained, high-flow conditions. Based
on laboratory flumestudies (Hull et a., 1998b), aone-foot thick AquaBlok™ cap will remainintact
and should be morethan thick enough to stabilize underlying contaminated sedimentsover an
extended period of time (and given numerous high-flow events). A one-foot sand cap may also be
effectivein stabilizing contaminated sedimentsat many sites(even without the presence of acobbled
armor layer), depending on the frequency, magnitude, and duration of high-flow conditions. How-
ever, sand’ shigh erodability relativeto AquaBlok™ may limit itslong-term effectiveness, consider-
ing the cumul ativeimpact of incrementa erosivelossesover successivehigh-flow events. When
armoringisnot included, analowancefor erosiona |ossesisoften made during the design of
granular (sandy) sediment caps, usually throughincreasedinitia cap thicknessto accommodate
sacrificial sand losses (Palermo, 1991; Palermoet al., 1998). Becauselong-term erosional |osses
for AquaBlok™ should berelatively minimal at most Sites, relatively thin caps (perhapslessthan
one-foot thick) could beinstalled to isolate and stabilize contaminated sediments—assuming that the
deployed cap still provides adequate protection for benthic organisms (asdiscussed previoudy) and
adequate reduction in contaminant transport into the overlying water column (asdiscussedinthe
following section). Additionally, when compared tothevertica dimensionsof sand caps, which
could beontheorder of several feet in some cases(Palermo, 1991), relatively thin yet still effective
AquaBlok™ caps should have minimal impactsonwaterway usesand navigability or Stehydrol-
ogy/hydraulics.

Findly, therolethat bioturbation can potentidly play inatering substrate erodability should
alsobeclearly recognized. Insomesituations, benthic colonization canincrease substrate stability,
e.g. through tubeformation. Inother cases, however, burrowing and bioturbation into substrates—
including capping materiaslikesand or AquaBlok™ —may reduceamaterid’soverall resistanceto
erosiveforcesthrough altering sediment-bed topography, or through gresatly increasing near-surface
water content and decreasing bulk density aswell as shear strength (e.g. Bosworth and Thibodeaux,
1990). Bioturbation can dso haveasgnificant impact onthetransfer of dissolved contaminants
from sedimentsinto the overlying water column, asdiscussed in thefollowing section.
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Reduction of Contaminant Transport from Sediments into the Water Column

In addition to physicaly separating invertebrate organismsfrom the bulk-contaminated sedi-
ment mass, in Situ capping can a so reduce biological risk by limiting the upward transport of
dissolved contaminantsinto the bi oturbati on zone established within capping materid. Limitingthe
rate and extent of contaminant transport into the bioturbation zone—aswell asincreasingthe
migration path along which the contaminants must travel —not only protectsinvertebrate communi-
ties, but al so decreases contaminant transfer into the overlying water column, thereby minimizing
impactsto surface-water quality. Once contaminants migrateinto acap’sbioturbation zone, how-
ever, and perhapsregardless of cap type (with the possible exception of armored caps), burrowing
and reworking of sedimentsgrestly increasestherate of pore-water rel ease and contaminant
migrationinto thewater column (Thomaet a., 1993; Bosworth and Thibodeaux, 1990).

Providedinthissection are estimatesfor |ong-term contaminant migration through either asand
or AquaBlok™ cap after the underlying sediment, and al so perhapsthecap itself, hasphysicaly
settled (theissue of upward migration of contaminated pore watersresulting from cap-induced
compaction and sediment de-watering was discussed previoudy). Theadvection-dispersion model
publishedin Appendix B of Palermo et al. (1998) was used asaguideto smulate vertical contami-
nant (solute) migration through sand and AquaBlok™ caps. Assumed cap designsand related
propertiesare summarized in Table 2. For the purposeof discussion, thisreview smulated PCB
migration, asrepresented by the PCB congener Aroclor 1242. Wefocus on PCBs becausethey
arepervasive contaminantsin sedimentsand becauselittle predictive data, e.g., partitioning coeffi-
cients, areavailablefor other contaminantslikeheavy metas(Pdermoet d., 1998). Included
below are (1) general descriptionsof the transport processesinvol ved and which process(es) likely
dominate under given conditions; (2) site-, cap-, and contaminant-rel ated assumptions consi dered
when conducting thismodeing effort; and (3) resultsgraphically summarizing s mulated ratesand
extent of PCB transport through sand or AquaBlok™ caps.

Contaminant transport through any sediment cap can occur by advection, molecular diffusion,
and mechanical dispersion (Paermoet d., 1998). Advectionrefersto thetransport of contaminants
aspart of bulk pore-water flow, with flow dictated mainly by hydraulic gradient and effective
porosity of theporousmedia. Molecular diffusionisaprocessinvolving movement of dissolved
ionsin responseto concentration gradients. And mechanical dispersion, which can bedescribed as
“diffusion-like” mixing relativeto the average pore-water vel ocity, occursasaresult of heterogene-
ity. Different mixing process(es) will dominate under different hydrologic conditionsand cap prop-
erties, mainly asafunction of theloca hydraulic gradient, hydraulic conductivity of thecapping
materia, and the degree of chemicd interaction occurring between adissolved contaminant and
particlesurfaces. Surfacereactions, or sorption, of contaminantsby organic carbon and/or clay
surfacesin substrate can significantly control contaminant transport, regardless of which transport
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process(es) aredominant. Ingenerd, diffusionthrough asubstrate (including capping material) will
alwaysoccur to somedegree, whileadvectionissignificant only if an upward hydraulic gradientis
actingonthecap (Pdermoet d., 1998) or if contaminant diffusonisrelatively dow. Theredative
magnitude of mechanica dispersion can be quantitatively estimated through determination of the
Peclet number. The Peclet number can be cal culated using estimatesfor effective cap thickness,
diffuson plusdispersion, and advective or seepage velocity, whichisafunction of local gradient and
substrate conductivity (Paermoet d., 1998). Thisparameter may also be approximated using
estimated mean grain-size diameter in combi nation with seepage vel ocity and diffusorn/dispersion
(Fetter, 1993).

A number of assumptionswere madeto conduct thismodeling effort, in additiontotheas-
sumption that consolidation-induced advectiveflow of sediment porewater isnot occurringinto
caps (discussed previoudy). Assumptionsrelated to Site conditions, cap and contaminant charac-
teristics, and the dominant transport processesinvol ved per capping scenario are summarized as

folows
® Capsareconstructedinafreshwater setting, either in adeep water or an estuarinewetland
ecosystem such aswould occur inaGresat L akestributary.

® Cap characteristicsincluding thicknessand related physical propertiesaresummarizedin Table
2, whereasestimatesfor parametersrelated to Aroclor 1242 areincluded in Table 3.

® Anupward hydraulic gradient of 0.0005 (unitless) isassumed to be acting on the base of either
the sand or AquaBlok™ cap.

@ Calculation of Peclet numbersfor each capping scenario given the above gradient and other
conditions(Tables2 and 3) indicatesthat dissol ved contami nant movement through the sand
capisdictated by diffusion plusmechanica dispersion. Incontrast, movement through the much
lesspermeable AquaBlok™ capisdictated moreor lessexclusively by diffusion; mechanica
dispersion should beinsgnificant through AquaBlok™ inthat advectiveflow isminimal.

® Concentrationsof Aroclor 1242 in porewaters present at the sediment/cap interface (the
mode!’ slower boundary) remain constant and equd toitsestimated equilibrium solubility in
freshwater (Table 3).

® Only upward migration of the contaminant through capsisconsidered, athough lateral transport
through each cap would also be occurring to some degree.

® Nodeposition of clean sedimentsisoccurring over thetop of either cap over time, nor isany
capping materia being lost through erosion over time.

® Thepotentia for long-term contaminant biodegradation in capsisnot considered.

Simulationsof vertical transport of dissolved PCBs (asrepresented by Aroclor 1242) through
either the sand or AquaBlok™ sediment cap over time—assuming a0.5% organic carbon content
uniformly throughout each cap—aregraphically summarizedin Figures3and 4. Simulation results
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indicatethat, for both cap types, minimal to no contaminant movement would occur into zones of
greatest cap bioturbation (upper 6 inches) withinthefirst 100 years. Nevertheless, at 500 years,
detectablelevelsof Aroclor 1242 may be present (with concentration decreasing upward) within
the 3-to-6 inch depth rangein the AquaBlok ™ cap (Figure 3), but not within the sand cap (Figure
4). Intermsof total contaminant masstransport, however, smulationsalso predict that, over the
courseof 2,000 years, asignificantly larger quantity of dissolved Aroclor 1242 will migrateinto the
bi oturbati on zone of the sand cap thaninto the AquaBlok™ cap’s bioturbation zone.

Inthat hydrophobic contaminantsare known to have ahigh affinity for substrate organics, the
quantity of organic carbon present can haveasignificant impact on contaminant movement through
capping materias. Work by Thibodeaux and Bosworth (1990) indicatesthat “ breakthrough times’
for Aroclor 1242 through asimilar, one-foot thick sand cap containing 0.2% organic content would
be about 670 years, versusabout 3,346 yearsat 1.0% organic content. For comparative purposes,
weaso simulated Aroclor 1242 movement through sand and AquaBlok™ capsassuming organic
carbon levelsof 0.2% (Figures5and 6). Asexpected, s mulation resultsindicatethat transport
through both the sand and AquaBlok™ cap will begreater at thisrelatively lower organic content,
although the effect of |owering organic carbon content wasmore significant for the sand cap.
Quantitatively, resultsof sand-cap smulationsat 0.2% organic carbon asoindicated, asdid earlier
modeling by Thibodeaux and Bosworth (1990), that cap breakthrough (bioturbationissuesaside)
may occur between 500 and 1,000 years (Figure6). Thisbreakthrough estimate may be somewhat
faster than Thibodeaux and Bosworths estimated 670 yearsin that therevised smulation consid-
ered advective and dispersive mixing processesto beinvolved, rather than just molecular diffuson
(Thibodeaux and Bosworth, 1990).

In summary, resultsof modeling effortsindicate that aone-foot sand cap and aone-foot
AquaBlok™ cap may beequaly effectiveinisolating bioturbating benthic organismsfrommigrating
PCB contaminantsover a100-year time period, assuming organic carbon concentrationsranging
from0.2t00.5%. Over longer periodsof time, however, the degree of contaminant migrationinto
and through thetwo capsdiverge, particularly at lower organic carbonlevels. Significantly higher
concentrations (and greater total masses) of dissolved PCB eventually enter intothesand cap’s
bioturbation zonethan into that of the AquaBlok™ cap. Exposureof invertebrate organismsinthe
sand cap to higher concentrationsof dissolved contaminants may ultimately poseagreater risk to
them directly, or to food-web dynamicsassociated with aremedia sand cap. The conservative
assumptionscons dered to conduct these simul ations—including constant dissol ved contaminant
concentrationsin porewatersat the cap/sediment interface aswell asno contaminant biodegrada:
tion or deposition of clean sedimentsover time—should be kept in mind when interpreting these
results, or when eval uating the gpparent differencesin cap performance. Thepotentia for incorpo-
ration of additional organic matter into capping materialsover time, particularly in vegetated wetland
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ecosystems, isalso not considered; thiscould substantially decrease thetransport of hydrophobic
contaminantsthrough either cap type. Duringitsmanufacture, AquaBlok™ would be particularly
amenableto effectiveincorporation of specialy engineered “ organoclays,” whicharerdatively
hydrophobic materia sthat can sel ectively enhance attenuation of organic contaminantslike PCBs
(e.g. Cadena, 1989); other materiaslikeiron oxides can also beincorporated into AquaBlok™ to
increase metd attenuation. Additional reactive organic materia could aso beincorporatedinto
sand, although mai ntaining ahomogeneousdi stribution of organicsduring the appli cation process
may present achallenge.

CONCLUSIONS
Sandy materiashave been used for anumber of in situ remedia capping projectsand, when
incorporated into appropriate cap designs, have proven to be effectiveinisolating sediment-borne
contaminantsfrom benthic organisms, physically stabilizing contaminated sediments, and/or reducing
thetransport of sediment-borne contaminantsinto the bioturbation zoneand overlying water col-
umn. Sand-based remedial capsand sandy substratesin genera have a so been shownto beviable
substratefor invertebrate colonization. Research alsoindicatesthat macroinvertebratesmay tend to
burrow lessdeeply into rel ativel y organic-poor sands, which could minimize potentid breaching of
sand cap/sediment interfaces; however, many environmental and physiological factorscollectively
control bioturbation depths, in addition to substrate grain size and food abundance and distribution.
Findly, sediment de-watering associ ated with compaction during sand application can effectively
increasethe shear strength and bearing capacity of the sedimentsbeing capped (Paermoet al.,
1998); lessde-watering and subsequent geotechnical stabilization of sedimentsmay occur during
cappingwithlesspermeable AquaBlok™, potentially requiring additional considerationsduring cap
design, e.g., inclusion of astabilizing geotextile at the cap/sediment interface; whilethismay require
additional cost, reducing the movement of contaminated porewatersinto capsmay beapositive
attributein some cases.
Despite sand’ s attributes as asediment capping material, results of thiscomparative study also
indicatethat AquaBlok™ could offer severa advantagesover sand in capping contaminated deep
water or wetland sedimentsin thefoll owing circumstances:
® Asopposed to more permeable sand material, AquaBlok™ application does not appear to
result insignificant compaction-related movement of sediment porewatersinto capping materid,
thus maximizing the effective, contaminant-freethickness of an AquaBlok™ cap.

® AquaBlok™ displayssignificantly higher resstanceto unidirectiond current flow than sand,
which could givemoreflexibility in cap design (perhaps no armor needed) aswell astherange
of hydrologic environmentsinto which AquaBlok™ caps could be applied.

® By virtueof itslower permeability and amenability to organic additions, AquaBlok™ should act
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asamoreeffective barrier tolong-termcontaminant transport of dissolved, sediment-borne
contaminantsinto the bioturbation zone.
® AquaBlok™ isphysicaly smilar tofine-grained contaminated sedimentsand could thereforebe
amoreeffective substrate than sandsfor colonization by locd invertebrate communities.
® By virtueof itshigher resistanceto erosiveforces and effectivenessasachemical barrier, a
relatively thin AquaBlok™ cap (onefoot or |ess) could be deployed to collectively meet all
functiona objectivesat agivendte. Suchardatively thin, yet effective cap could minimize
restrictionson waterway uses and navigation —as opposed to sand caps, which may need to be
applied at thicknessessignificantly greater than onefoot in order to meet functional objectives.
In summary, aone-foot AquaBlok™ cap would appear to be at |east aseffectiveasaone-
foot sand capinbiologicaly, physicaly, and chemicaly isolating sediment-borne contaminantsin
deep water and wetland ecosystems. Both capping materials can beviable substratefor
macroinvertebrate colonization. Both capping materiascan physically stabilize contaminated
sediments, either with or without additional capping components(e.g. stonearmor). Findly, trans-
port smulationsindicatethat both sand and AquaBlok™ caps can effectively limit upward migration
of hydrophobic contaminantsinto bioturbation zonesfor aperiod of many decades. Both cap types
should also berelatively easy to deploy, monitor, and maintain over time. Cost comparisonsfor
sand versus AquaBlok™ sediment capping can bereadily determined on asite-specific basis.
Costsfor implementing anin situ capping approach can be significantly lessthan costs associated
with sediment removal, treatment, and disposal in many applications. The appropriatenessof using
either sand or AquaBlok™ to cap contaminated sediments—aswell asimplementingthein situ
remedial capping approach in general —should be assessed on asite-by-site basisthrough careful
congderation of site and sediment conditions, potential disruption of existing ecosystems, naviga
tiona or other waterway use requirements, economic issues, and — perhaps most importantly —risk-
based project goals.
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Tablel. Siteconditionsand attributesof “typical” deep water and wetland ecosystems.

TYPICAL DEEP WATER

SITE ECOSYSTEM TYPICAL WETLAND
CONDITIONS COMPONENT (E;gr?:esl\;ir'\gq)
River Lake or Ocean
Physical Spatial dimensions of . . Variable; also temporal
Environment surface water Variable Variable variability
. . Typically shallow, < 6.6

Variable, but Variable, but )

Surface water depths usilly > 6.6 ft. | usually > 6.6 ft. feet_, p_rpbable temoral

variability
Tidal and/or wave Low High Could be high near
influences deep water boundaries
. Variable, Variable, .

ilr(lzf?ui::cne]ztlon o depending on depending on geor:i?ﬂli)r?ghtl)%h,location
location location

Hydrophytic vegetation Absent Absent Present

Invertebrate community | Present Present Present

Hydrod)_ ramce Current flow velocities Can be high Can be high Low
Conditions
. Could be high,

Tidal and wave energy Low High depending on location

Potential for periodically .

high (storm) flow High Low Low

Groundwater influences | Variable Variable Variable
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Table2. Genera designsand estimated physical propertiesfor sand and Aquablock™ sediment
caps.

GENERAL CAP DESIGN
AND ESTIMATED PHYSICAL SAND CAP AQUABLOCK™ CAP
PROPERTIES
A single, 1.0-foot thick layer of . i .
- pory gk, e granes | 4516 Lo e
%P Lesg sand containing some fined-grained g o P
sand and siltl. '
Mean grain diameter (microns) 2507 148
Total porosity (cm/cm) 0.27° 0.59"
Effective porosity (cnvcm) 0.25! 0.30°
Wet bulk density (g/cn) 2.0¢ 1.30°
Hydraulic conductivity (cnvsec) 1.0x 1035 5.0 x 10°°
Organic carbon content, or f_(g/g) | 0.005* 0.005°

from Thibodeaux and Botsworth (1990).

2particlesizefor fine- to medium-grained sand, per USDA classification.

Sestimated from rel ationship between effective and total porosity for loamy sand per Rawlset al., 1982.
“fromPaermoetd., 1998.

Sestimated from Heath (1984) for fine sandy material (asreferencedin Ohio EPA, 1995).

5from Otsubo and Muraoka, 1988 (considersonly clay fraction of AquaBlok™).

calculated from particle density and compacted dry bulk density values obtained from commercia bentonite
source (considers only clay froaction of AquaBlock™).

8conservatively assumed to be half of total porosity, though likely equal to a smaller percentage of total porosity,
based on very low hydraulic conductivity value.

*average value, determined inlaboratory (f_ for clay fraction of AquaBlok™).

Table 3. Parameter estimatesfor PCB congener, Aroclor 1242.

PARAMETER Aroclor 1242

Solubility in fresh water (ug/1) 450"

Organic carbon partition coeff., K . (L/kg) |198,000°

Diffusivity in water, D, (CnrP/sec) 4.5 x 1062

¥romUSEPA, 1997b
fromPdermoetd., 1998
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Aroclor 1242 Concentration in Cap Pore Water, ug/L
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Figure3. Simulated migration of Aroclor 1242 through one-foot AquaBlok cap (0.5% OC).
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Figure4. Simulated migration of Aroclor 1242 trhough one-foot sand cap (0.5% OC).
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Aroclor 1242 Concentration in Cap Pore Water, ug/L
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Figure5. Simulated migration of Aroclor 1242 through on-foot AquaBlok cap (0.2% OC).
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Figure6. Simulated migration of Aroclor 1242 trhough one-foot sand cap (0.2% OC).
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