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Background on Contaminant Migration and Exposure Pathways

The Protocols Technical Work Group is charged with reviewing existing testing methods and evaluation criteria for dredged material placement in the Delta, and recommending potential improvements.  An effective sediment evaluation program involves identifying relevant contaminant migration and exposure pathways, applying appropriate testing protocols to the pathways of concern, and evaluating test results using the most appropriate reference conditions, guidelines, and standards.

This handout provides a general overview of dredged material contaminant migration and exposure pathways.*  The purpose is to provide a starting point for more detailed discussions about relevant contaminant migration and exposure pathways for dredged material in the Delta.  The ultimate goal is to develop technical guidance and procedures that will: 

1)
Accurately address relevant contaminant migration and exposure pathways at various placement sites in the Delta (e.g. leachate to groundwater or adjacent surface water).

2)
Identify whether pathway-specific contaminant controls or management actions are necessary at proposed placement sites to avoid unacceptable adverse effects. 

Contaminant Pathways

Contaminant migration and exposure pathways (hereinafter referred to simply as pathways) are routes by which contaminants or constituents of concern (COCs) associated with dredged material may move or migrate from the dredged material placement site (e.g., at a levee, or a confined disposal site) into the surrounding environment.  Pathways are of concern for direct evaluation (e.g., testing) and possible management action when a complete exposure pathway exists to a receptor of concern.  However, placement site location, operations, or engineering design can interrupt the potential for a complete exposure pathway to exist, reducing or eliminating the need to evaluate that pathway for that placement site.

Different pathways, and different environmental receptors, can be of potential concern at different kinds of disposal sites.  General placement site types include unconfined aquatic, and confined disposal facilities (CDFs).  CDFs may be upland, nearshore, or aquatic.  There is essentially no confined or unconfined aquatic disposal in the Delta; most dredged material is at least initially managed at confined upland or nearshore placement sites.  Material is also reused on levees, which from a pathways perspective have characteristics of upland and nearshore.  Therefore, this discussion presents information about the general characteristics of pathways associated with upland and nearshore placement sites only.

____________

*
Discussion is distilled mainly from USEPA and USACE, Evaluating Environmental Effects of Dredged Material Management Alternatives – A Technical Framework, November 1992, EPA 842-B-92-008; and USACE, Evaluation of Dredged Material Proposed for Disposal at Island, Nearshore, or Upland Confined Disposal Facilities — Testing Manual, January 2003, ERDC/EL TR-03-1.  (Figure numbers shown are from those documents.)
Generic Pathway Diagrams

Pathways from a typical upland placement site (Figure 1-2) include:
1) Direct effluent discharge during filling and dewatering -> surface water.
2) Precipitation runoff -> surface water. 
3) Seepage through dike -> surface water.
4) Precipitation infiltration (leachate) -> groundwater. 
5) Volatilization -> atmosphere. 
6) Direct uptake -> plants and animals living on the dredged material, and subsequent cycling through food webs.  
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Effects on surface water quality, groundwater quality, air quality, plants, and animals depend on the characteristics of the dredged material, location, management and operation of the site during and after filling, and the proximity of the placement site to potential receptors of the contaminants. 
Pathways from a typical nearshore placement site are illustrated in Figure 1-3, and include:

1) Direct effluent discharge during filling and dewatering -> surface water.
2) Precipitation runoff -> surface water. 
3) Tidal pumping: seepage through or under dike -> surface water.

4) Tidal pumping: seepage from surface water -> dredged material in CDF.

5) Precipitation infiltration (leachate) -> groundwater. 
6) Volatilization -> atmosphere. 
7) Direct uptake -> plants and animals living on the dredged material, and subsequent cycling through food webs.  
[image: image2.emf]
The relative importance of pathways for a nearshore placement site (NPS) often differs from an upland placement site. A primary advantage of a NPS is that the saturated zone maintains anaerobic conditions in which contaminant mobility is minimized.  A disadvantage is that water level fluctuation via water level changes or other mechanisms can cause a pumping action through the exterior dikes, which are generally constructed of permeable material.  The pumping action may result in soluble convection through the dike in the partially saturated zone and soluble diffusion from the saturated zone through the dike. 
Discussion of Individual Pathways
EFFLUENT -> SURFACE WATER
Effluent is the water, with associated dissolved constituents and sediment particulates, discharged from a CDF during filling operations or subsequent dewatering.  If a CDF is hydraulically filled, there will generally be much more effluent than if a CDF is mechanically filled.  
Effluent Processes - Dredged material hydraulically placed settles, resulting in a thickened deposit of material overlaid by a clarified supernatant.  The supernatant waters are discharged from the site as effluent during active dredging operations.  The effluent may contain dissolved contaminants and suspended and colloidal particles with associated (adsorbed or held by ion exchange) contaminants.  A large portion of the total contaminant load is particle-associated.
CDFs are typically designed to retain virtually all the solid fraction of dredged material.  However, all solids cannot be retained during the disposal process, and associated contaminants are transported in dissolved form and with the particles in the effluent.  The only solids in the effluent are typically very fine-grained and are widely dispersed so that any accumulation on the bottom of the receiving water body is negligible.  Therefore, effluent typically has the potential for water column effects only.  It is important to distinguish intentional release of ponded water during filling and subsequent management of the CDF from runoff released from the CDF following precipitation.  Precipitation runoff is another contaminant pathway and will require separate evaluation if there is a reason to believe that contaminants might be released.
RUNOFF -> SURFACE WATER
Runoff is the water and associated suspended and dissolved materials released from an upland or nearshore placement site following precipitation events on exposed dredged material.   Like effluent, runoff typically enters nearby surface water but may be released onto the surface of the adjacent soil.  Unlike effluent, which is generated only during the disposal and initial dewatering of dredged material, runoff is a long-term pathway that exists as long as the dredged material surface is exposed to precipitation and there is a discharge of runoff from the placement site. Considerations of runoff retention through ponding, effects of vegetation, and low precipitation rates should be included in the evaluation process as the runoff pathway evaluation procedures are further developed.
Runoff Processes - The runoff pathway is of potential concern as soon as the water ponded during placement is decanted and the dredged material is exposed to precipitation.  It continues as long as the dredged material surface is exposed.  A schematic of CDF conditions and fate of runoff water in a CDF is shown in Figure 5-1.  Immediately after disposal and initial decanting processes, resuspension of newly placed dredged material through the process of precipitation impact on the dredged material surface will generate runoff water similar to effluent water produced during filling.  Suspended solids in the runoff can range up to 10 g/L during this stage, and most contaminants will be associated with these suspended solids.  Most heavy metals will be low in the dissolved phase and high nutrient levels associated with anaerobic conditions in the dredged material will still be present.  If placement site weirs are boarded such that they provide retention of runoff prior to discharge, TSS in runoff will be reduced.
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Figure 5-1. lllustration of the surface runoff process





Once the dredged material surface is exposed, the material begins to dry and oxidize. Runoff quality from dried and oxidized dredged material may differ significantly from the effluent water quality during dredged material disposal. For instance, some metals become very soluble once dredged material oxidizes, and simply controlling suspended solids discharges in runoff will not control the discharge of metals in runoff released from the placement site.
LEACHATE -> GROUNDWATER
Leachate is the water, plus associated dissolved and colloidal materials, that seeps through dredged material in a placement site and subsequently through dikes or foundation material.  Solid particles are not generally transported with the leachate and therefore the concerns for leachate quality are limited to the dissolved (including fine colloidal fraction) concentrations of contaminants.  The leachate pathway is perhaps the most technically complex to evaluate, yet nationally it rarely is of environmental concern because of the physical characteristics of most dredged materials, the nature of many sediment contaminants, and the ability to minimize exposure by prudent site selection.    For example, the siting process can usually eliminate sites near wells for potable water or over freshwater drinking water aquifers.  (Note that the Delta is a special circumstance in this regard.)
Leachate from dredged material is produced by three potential sources:  
1) gravity drainage of the original pore water, 
2) inflow of groundwater, and 
3) infiltration of precipitation.  
Immediately after dredging and placement, dredged material is saturated (all voids are filled with water).  As evaporation, consolidation, and seepage remove water from the voids, the amount of water stored and available for gravity drainage decreases.  Thus, leachate generation and transport through a placement site depend on site-specific hydrology and geohydrology, engineering controls at the disposal site, dredged material hydraulic conductivity, initial water content, and nature of any contaminants in the dredged material.  The potential leaching pathway and processes are shown in Figure 6-1.
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Figure 6-1. lllustration of potential leachate pathways





If there is leachate from dredge material in an upland placement site, it typically seeps through the vadose zone (soil above the water table) and/or the saturated groundwater zone where it can affect groundwater quality.  Leachate can also seep through the dikes to the surface of adjacent lands but this seepage typically evaporates or infiltrates and does not generally pose an environmental concern.  If the site is situated so that groundwater will flow through the dredged material (typically, in a nearshore site), percolating groundwater may be the primary source of water through the material.  If the in a nearshore site, surface water may be in contact with the dredged material as a result of fluctuating water levels and transport contaminants from the CDF in a process termed “tidal or wave flushing” (Schroeder 2000).
VOLATILIZATION -> ATMOSPHERE

Volatilization is the movement of a chemical into the air from a liquid surface. Volatilization from dredged material solids, even those that appear “dry,” involves desorption through a water film covering the solids and then from the water to the air. Two major conditions for possible volatile losses from dredged material in CDFs are volatilization from exposed dredged material and volatilization from dredged material submerged under ponded water (Figure 7-1). The volatilization pathway will be of concern only for sediments with comparatively high concentrations of volatile organic contaminants
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Figure 7-1. Illustration of locales or conditions for volatile emissions from CDFs

As dredged material is placed in the CDF, volatiles may escape through the air/water interface, and volatiles may escape from dredged material as the drying dredged material is exposed to the air.  There are occasions where workers might be exposed to volatile emissions while undertaking management actions at the CDF such as dike rehabilitation using dredged material from the CDF, dewatering using specialized equipment or trenching equipment to dewater the dredged material.  The approach for evaluation of the volatile pathway involves prediction of a flux rate of contaminants to air and calculation of the concentration of contaminants in air (mass/cubic meter), considering dispersion because of atmospheric processes such as wind. The receptor of concern for volatile emissions is humans working on site or humans adjacent to the CDF.
Consideration of Attenuation 

The evaluation of leachate should consider the effects of attenuation, mixing, and dispersion in the dikes and foundation materials (and potentially in the aquifer) between the dredged material and the leachate receptors. 
Contaminant migration via leachate seepage is a porous medium contaminant transport problem (Figure 6-2).  Solid particles will not migrate with the leachate, but the contaminants in the aqueous phase are convected with pore water in the dredged material as leachate. As leachate is transported through the porous media of the vadose zone, the contaminant concentrations are reduced as the leachate passes through cleaner layers of dredged material, foundation soils, and fine-grained soils.  This process is called attenuation.  The contaminant concentration of leachate exposed to a receptor (such as a well) is further impacted by disperion or mixing as the leachate is transported from the placement site to the receptor through the coarse-grained layers of an aquifer. In effect, the contaminant concentration in the leachate is diluted by the groundwater flow. Attenuation by adsorption to organic matter and interactions with fine-grained materials will also occur in the aquifer, but the effect is generally small as a result of low concentration of organic and clayey materials in the main regions of saturated groundwater flow.
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Leachate generation and transport depend on site-specific hydrology, engineering controls at the disposal site, dredged material hydraulic conductivity, initial water content, and nature of contaminants.  Therefore, evaluation of potential leachate impacts will be greatly affected by the nature of the site and the engineering controls in place.  Varying the engineering controls during the evaluation also allows selection of the optimum controls. Two aspects of leachate generation are of particular concern: 
1.
 Leachate chemical concentrations.  If maximum leachate chemical concentrations do not exceed applicable groundwater standards, this may be sufficient to indicate no need for leachate management actions.  However, maximum leachate concentrations exceeding such standards, without consideration of leachate flow and dispersion, do not provide sufficient basis for a decision to implement leachate control measures. 
2.
Leachate flow.  The flow of leachate and its interaction with groundwater flow is the mechanism for migration to a receptor.  The most significant effect of leachate management action is in the leachate mass flow.  For example, mass flow through a 1-m lift of the same dredged material will be higher from a 2-ha site than from a 1-ha site with the same precipitation and climate. 
Leachate flow in conjunction with leachate contaminant concentration determines the mass of contaminant that can potentially leave the site boundaries. Contaminant mass leaving the site boundaries is particularly important when comparing various leachate management actions such as depth of fill, drainage of surface water, collection, and treatment. 
To determine leachate mass flow, site-specific factors affecting leachate generation must be considered.  After dredging and disposal, dredged material is initially saturated (all voids are filled with water).  As evaporation and seepage remove water from the voids, the amount of water stored and available for gravity drainage decreases.  After some time, usually several years for conventional CDF designs, a quasi-equilibrium is reached in which water that seeps or evaporates is replenished by infiltration through the surface.  The amount of water stored when a quasi-equilibrium is reached and the amount released before a quasi-equilibrium is reached depend primarily on local hydrology, dredged material properties, and facility design features.  To predict time-varying leachate flow, all these factors must be considered.
Preproject estimation of leachate flow, therefore, requires coupled simulation of local weather patterns and hydrologic processes governing leachate generation. Important climatic variables include precipitation, temperature, wind, and humidity.  Important hydrologic processes include infiltration, runoff, and evaporation.  Important subsurface processes include evaporation from dredged material voids and flow in unsaturated and saturated zones.  The Hydrologic Evaluation of Leachate Production and Quality (HELPQ) model (Aziz and Schroeder 1999a and 1999b) can be used to simulate these processes for selected disposal scenarios.
