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Abstract 

Contaminants in the vadose zone may be a long-term source of groundwater contamination and need 

to be considered in remedy evaluations.  In many cases, remediation decisions for the vadose zone will 

need to be made all or in part based on projected impacts to groundwater.  There are significant natural 

attenuation processes inherent in vadose zone contaminant transport.  Attenuation processes include both 

hydrobiogeochemical processes that serve to retain contaminants within porous media and physical 

processes that slow the vertical rate of movement for disposed water and waste solutions.  In particular, 

the physical processes controlling fluid flow in the vadose zone are quite different and generally have a 

more significant attenuation impact on contaminant transport relative to those within the groundwater 

system.  A remedy evaluation framework is presented herein that uses an adaptation of the established 

EPA Monitored Natural Attenuation evaluation approach integrated into an approach based on a 

conceptual model focused on identifying and quantifying features and processes that control contaminant 

flux through the vadose zone.  This report presents a framework to support evaluation of contaminant fate 

and transport in the vadose zone and bridges this analysis to refinement of the site conceptual model, 

assessment of risk, and support for baseline risk assessment and remedy selection. 
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1.0 Introduction 

This document provides a remedy evaluation framework for inorganic, non-volatile contaminants in 

the vadose zone.  The framework is focused on sites where protection of groundwater is the remediation 

objective for vadose zone contamination, specifically for sites where waste disposal and aqueous 

discharges have distributed contamination within the vadose zone (e.g., buried solid waste is not 

specifically discussed).  Application of the framework is intended to work in concert with fate and 

transport modeling used to establish groundwater protection remediation goals, to fit within the Remedial 

Investigation/Feasibility Study process (or a Corrective Measures Study), support the baseline risk 

assessment and associated evaluation of the no-action alternative, and, as needed, evaluation of 

remediation alternatives.  The premise for this framework is that a structured approach to evaluating 

contamination in the vadose zone is useful because, in many cases, remediation decisions for the vadose 

zone will need to be made all or in part based on projected impacts to groundwater.  Another guiding 

premise is recognition that significant natural attenuation of waste fluids added to the vadose zone can 

occur and decrease the impact to groundwater because contaminant concentrations and the temporal 

profile of contaminant flux to groundwater are decreased by multiple processes in the vadose zone.  Thus, 

transport through the vadose zone is impacted by natural attenuation processes, and remediation in the 

vadose zone to protect groundwater is functionally a combination of natural attenuation and other 

remediation techniques, as needed, to further mitigate contaminant flux to groundwater.  Because of the 

potentially significant contribution of natural attenuation for transport of contaminants in the vadose zone 

and the emphasis of remediation on mitigating contaminant flux to groundwater, the remedy evaluation 

framework presented herein is structured to use an adaptation of the established U.S. Environmental 

Protection Agency (EPA) Monitored Natural Attenuation (MNA) evaluation approach and a conceptual 

model based-approach focused on identifying and quantifying features and processes that control 

contaminant flux through the vadose zone. 

MNA is a remedy defined by the EPA Office of Solid Waste and Emergency Response (OSWER) in 

“Use of Monitored Natural Attenuation at Superfund, RCRA Corrective Action, and Underground 

Storage Tank Sites” (OSWER Directive 9200.4-17P; EPA 1999).  The OSWER MNA Directive applies 

to soils and groundwater and defines natural attenuation processes included in an MNA approach as 

follows: 

The “natural attenuation processes” that are at work in such a remediation 

approach [MNA] include a variety of physical, chemical, or biological processes that, 

under favorable conditions, act without human intervention to reduce the mass, toxicity, 

mobility, volume, or concentration of contaminants in soil or groundwater.  These in situ 

processes include biodegradation; dispersion; dilution; sorption; volatilization; 

radioactive decay; and chemical or biological stabilization, transformation, or 

destruction of contaminants. 

For selection of MNA as a remedy, the OSWER MNA Directive describes three progressive elements that 

need to be satisfied.  The level of detail and number of elements needed at a given site depend on the site 

conditions and risk as determined by the EPA or the overseeing regulatory authority.  Thus, at some sites, 

only element 1 is required.  At other sites, all three elements may be required. 
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The elements are as follows: 

(1)  Historical groundwater and/or soil chemistry data that demonstrate a clear and 

meaningful trend of decreasing contaminant mass and/or concentration over time at 

appropriate monitoring or sampling points.  (In the case of a groundwater plume, 

decreasing concentrations should not be solely the result of plume migration.  In the case 

of inorganic contaminants, the primary attenuating mechanism should also be 

understood.) 

(2)  Hydrogeologic and geochemical data that can be used to demonstrate indirectly the 

type(s) of natural attenuation processes active at the site, and the rate at which such 

processes will reduce contaminant concentrations to required levels.  For example, 

characterization data may be used to quantify the rates of contaminant sorption, dilution, 

or volatilization, or to demonstrate and quantify the rates of biological degradation 

processes occurring at the site. 

(3)  Data from field or microcosm studies (conducted in or with actual contaminated site 

media) which directly demonstrate the occurrence of a particular natural attenuation 

process at the site and its ability to degrade the contaminants of concern (typically used 

to demonstrate biological degradation processes only). 

Although the OSWER MNA Directive provides the overall structure for application of MNA at a site, 

the EPA has published technical protocols that provide more specific details for the process of evaluating 

and implementing MNA.  These protocols are the functional processes that sites must follow for MNA 

remedies.  A technical protocol for MNA assessment has recently been published for inorganic and 

radionuclide contaminants in groundwater (EPA 2007a, 2007b, 2010).  This protocol provides a useful 

structure from which to develop a suitable conceptual model of the site, identify natural attenuation 

processes, and estimate contaminant fate and transport relative to meeting remediation goals.  These 

products from an MNA evaluation are also important for use in assessing the need for and determining 

the best approach to augment natural attenuation to meet remediation goals.  Specific guidance for vadose 

zone inorganic and radionuclide contaminants has not been published by the EPA.  However, an effective 

conceptual model and structured approach to estimate contaminant fate and transport, including 

consideration of natural attenuation processes, are needed in the vadose zone to evaluate remedies that 

can be protective of groundwater. 

This report discusses the extension of the existing groundwater-based MNA protocol (EPA 2007a) to 

support the evaluation of contaminant transport through the vadose zone and the associated natural 

attenuation of contaminants within the vadose zone.  Evaluation of transport is structured to facilitate 

refinement of the site conceptual model and assessment of risk, and to provide support for baseline risk 

assessment and remedy selection.  This approach supports consideration of active remedies to augment 

natural attenuation within the context of the recognized “enhanced attenuation” approach (ITRC 2010; 

Truex et al. 2011a).  The fluid flow and transport processes in the vadose zone are very different from 

those within the groundwater system, and many of these important differences are discussed in the 

subsequent sections of this report.  However, with modification, the general framework for assessment of 

MNA that has been proposed for metals and radionuclides in groundwater can be transferrable to 

evaluation of vadose zone contaminant transport and risk to groundwater.  Developing the vadose zone 

evaluation framework with the same structure and approach as the groundwater MNA framework was 
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done to ensure consistency in application and documentation for both groundwater and vadose zone 

evaluations and to support regulatory acceptance and application. 

The remedy evaluation framework is described in Section 2 along with presentation of concepts based 

on vadose zone transport characteristics (Section 2.1) and approaches based on lines-of–evidence, 

conceptual models, and other key elements of MNA (Section 2.2) that were used in development of the 

framework.  Section 3 provides additional background on vadose zone transport concepts that provide 

technical support for this approach.  Discussion of case study applications of the approach is provided in 

Section 4.  Potentially appropriate characterization and monitoring compatible with this approach are 

discussed in Section 5. 

 

2.0 Vadose Zone Remedy Evaluation Framework 

A remedy evaluation framework for inorganic, non-volatile contaminants in the vadose zone was 

developed that is linked to vadose zone transport characteristics (Section 2.1).  The framework uses a 

lines-of-evidence, conceptual-model-based approach and other key concepts from MNA (Section 2.2) and 

is based on evaluating remedies in terms of mitigating contaminant flux to groundwater (Section 2.3). 

2.1 Vadose Zone Transport Basis of the Remedy Evaluation 
Framework 

In the context of protecting groundwater, transport rates of disposed or otherwise discharged 

contaminants (typically at surface or near surface locations) through the vadose zone control the 

contaminant flux to groundwater which, along with groundwater mixing and attenuation processes, 

impact the contaminant concentrations within any resulting groundwater plume.  Several key processes in 

the vadose zone affect contaminant transport.  Hydraulic processes in the vadose zone can significantly 

alter the transport rate of contaminants along a flow path from a discharge location to the groundwater 

because of the characteristics of water movement in unsaturated environments (Section 2.1.1).  With long 

residence times and unsaturated conditions in the vadose zone, dispersive processes may impact 

contaminant movement through the vadose zone (Section 2.1.2).  In some cases, disposed waste may have 

physical properties that impact how contaminants move through the vadose zone (Section 2.1.3).  Similar 

to considerations in groundwater, contaminant solubility, sorption, and degradation/decay processes are 

important to contaminant fate and transport (Section 2.1.4).  The following sections examine these 

important processes in the vadose zone in the context of evaluating how the processes impact contaminant 

flux to groundwater and providing a contextual basis for quantifying this flux. 

2.1.1 Hydraulic Processes Impacting Movement of Added Water 

Unsaturated flow processes and potential preferential flow phenomena can impact movement of 

added water through the vadose zone and to the groundwater. 
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2.1.1.1 Unsaturated Flow Processes 

Unless water discharged as part of waste disposal or associated with other discharges such as leakage 

from engineered systems is large compared to the thickness of the vadose zone, water flow through the 

vadose zone will be slowed via unsaturated flow processes.  Further, in most cases, water discharged in 

association with waste disposal will occur over a finite timeframe and thus represent a “pulse” input to the 

vadose zone.  Figure 1 depicts several scenarios of contaminated water discharge to the vadose zone and 

progression of added water movement over time that results in a contaminant flux to groundwater.   

Figure 1 focuses on the movement of the added water to highlight key hydraulic considerations related to 

contaminant movement through the vadose zone.  The depicted flux to groundwater would need to be 

further evaluated based on contaminant solubility, sorption, and degradation/decay processes (see 

Section 2.1.4).  Figure 1 does not include the potential impact of preferential flow features; these features 

are discussed later in this section. 

Key features of hydraulic processes in the vadose zone related to contaminant flux to groundwater 

can be inferred from the scenarios depicted in Figure 1. 

• Lateral spreading of water in unsaturated conditions reduces the amount of a contaminated water 

pulse added to the vadose zone that can move vertically at a rate faster than the rate of water 

movement under recharge-driven (precipitation rather than waste-driven) conditions.  Lateral 

spreading decreases the moisture content and associated water pressure and thereby is a hydraulic 

process that dissipates the added water hydraulic driving force trending conditions back toward those 

associated with recharge-driven water movement rates.  In the unsaturated zone, hysteresis in wetting/ 

drying curves can also hasten dissipation of water pressure from added water back toward pressure 

gradients associated with recharge-driven conditions and thereby also may reduce the amount of a 

contaminated water pulse that can move vertically at a rate faster than the rate under recharge-driven 

conditions.  Thus, quantifying lateral spreading and hysteresis conditions are key elements for 

understanding the movement of a contaminated water pulse through the vadose zone. 

• As shown in Figure 1, there are characteristic curves of the flux to groundwater based on the 

magnitude of the added water pulse in relation to the vadose zone properties and the hydraulic 

properties of the vadose zone.  In the worst case for an added water pulse, there is a pulse of increased 

flux to the groundwater over a limited time related to the waste disposal.  All cases relax to a water 

flux that has a magnitude controlled by the recharge rate.  Thus, quantifying the recharge rate is 

important as part of estimating long-term flux to groundwater.  Efforts to estimate the expected 

characteristic shape and key elements that define the profile of the water flux to groundwater are 

important to evaluating overall impact to the groundwater. 

• Figure 1 depicts a special case where perched water features create flux conditions related to the 

perching zone properties and distance from the perched zone to groundwater.  Under most conditions, 

if the added water becomes perched, there was already perched water or high-saturation conditions in 

that zone under recharge-driven conditions.  Thus, the perched zone may not need to be completely 

dewatered to return to a flux on the order of the recharge rate. 

• Vadose zone hydraulic processes act to naturally attenuate water flow from a discharge location to the 

groundwater.  Thus, by evaluating the vadose zone hydrologic conditions in the context of 

information about the waste discharge, the character of the flux to groundwater can be estimated as 

part of accounting for natural attenuation processes in the vadose zone. 
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Figure 1. Conceptual depiction of waste discharge moving through a vadose zone  

(A – top, B – middle, C – bottom). 
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To estimate the unsaturated flow conditions depicted in Figure 1 for a given site, it may be useful to 

assess bounding values for the vertical water flow and associated water flux to groundwater based on the 

properties of unsaturated flow.  These bounding assessments can consider relative draining and recharge-

driven conditions in the vadose zone as depicted in Figure 2 along with the vertical profile of conditions 

at the site (i.e., a 1-dimensional assessment of a site using the type of information for sediment properties 

and moisture profiles that can be obtained from a borehole).  For sites where a water pulse was added, 

post-discharge conditions will tend to move along the curve toward the recharge-driven conditions over 

time.  With appropriate sediment properties and an assessment of the recharge-driven flux conditions for 

the site, flux to groundwater can be bound to values between the recharge-driven flux and the flux that 

corresponds to current or expected maximum saturation conditions in the vadose zone.  These values then 

relate to the characteristic shape of the flux curves shown on Figure 1A and Figure 1B.  A separate 

assessment would be needed to evaluate the movement of water out of a perched zone.  Site data can 

potentially be used to determine the current position on the saturation/flux curve and thereby assess the 

expected changes in the future as the site relaxes back toward recharge-driven conditions. 

 

Figure 2. Conceptual example relating saturation to relative water flux to groundwater in comparison to 

the water flux to groundwater expected for recharge-driven conditions. 

 

In Figure 1A, it is also of importance to estimate the timeframe over which the flux to groundwater 

was or is expected to be greater than the expected long-term recharge-driven flux.  Three elements of this 

type of assessment include 1) the current groundwater contaminant plume data (if present), 2) the water 

saturation profile along the centerline of the vadose zone migration path and related position along the 

curve shown in Figure 2 with respect to reaching recharge-driven conditions, and 3) numerical modeling 

assessments to estimate potential flux profiles based on estimates of waste discharge and vadose zone 

properties. 
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2.1.1.2 Preferential Flow Phenomena 

Some hydrologic features in the vadose zone have higher vertical permeability than the surrounding 

porous media and locally increase vertical transport of added water.  Figure 3 depicts a high vertical 

permeability feature and processes that relate to its impact on movement of added water at different times 

during and after waste discharge.  As noted in Figure 3, while vertical movement is enhanced during high 

saturation discharge conditions, the impact of the preferential flow path diminishes as saturation declines, 

for instance in the period after waste discharge has been terminated.  The impact of vertical features is 

related to the properties of the feature in relation to the surrounding porous media matrix (e.g., whether 

the matrix of the features is a coarser or finer medium or is a fracture) and the moisture conditions.  For 

instance, relative water flux through clastic dike vertical features compared to the surrounding porous 

media is a function of the moisture conditions (Murray et al. 2003). 

 

Figure 3. Conceptual depiction of processes related to the impact of localized high vertical permeability 

zones on vertical transport of added contaminated water in the vadose zone. 

 

2.1.2 Dispersive Processes Impacting Contaminant Movement 

Due to tortuosity, capillary forces, and intra-particle water, significant dispersion can occur during 

movement of contaminants through the vadose zone with some of the relevant processes depicted in 

Figure 4.  Contaminated water may enter pores on wetting and then not readily drain due to hysteresis for 

draining compared to wetting.  Diffusion of contaminants into pores that are functionally immobile zones 

due to tortuosity or presence as intra-particle pores disperses contaminants and lowers concentrations, 

leading to longer-term diffusion control of contaminants moving out of these functionally immobile zones 
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and overall dispersion of the contaminant plume.  Mixing of added water and existing pore water can also 

dilute contaminant concentrations, causing overall dispersion of the contaminant plume. 

In addition to these pore-scale processes, larger-scale dispersion can occur due to the hydraulic 

processes discussed in Section 2.1.1, especially as induced by variations in hydraulic properties along the 

flow path through the vadose zone. 

 

Figure 4. Conceptual depiction of pore-scale processes that can contribute to contaminant plume 

dispersion in the vadose zone. 

 

2.1.3 Waste Fluid Properties Impact on Hydraulic and Biogeochemical 
Processes 

Typically, wastes are disposed/discharged directly into the vadose zone (e.g., at the surface), and the 

waste fluid physical and chemical properties may influence hydraulic and biogeochemical processes for a 

portion of the vadose zone, depending on the nature and magnitude of these properties in comparison to 

the conditions within the vadose zone prior to disposal.  Key waste fluid properties are listed below along 

with potential impacts on contaminant transport through the vadose zone.  These factors are not included 

directly in this document but can be qualitatively evaluated based on the information below to determine 

the need to conduct more detailed site-specific analysis for sites where the impact of waste fluid 

properties may be significant. 

• Fluid Density – Waste solutions with higher density than that of the pore water will tend to have 

increased vertical versus lateral movement compared to pore water. 

• Viscosity – Waste solutions with higher viscosity than that of the pore water will tend to move slower 

with more fluid retention in the vadose zone and have increased vertical versus lateral movement 

compared to pore water. 
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• Solute Concentration – Waste solutions with higher solute concentrations may promote more 

diffusion of contaminants into pore water that is contacted during transport.  In addition, high solute 

concentrations may impact sorption and solubility reactions. 

• Non-Aqueous Phase Liquid Waste – Presence of a non-aqueous phase liquid (e.g., as a 

co-contaminant with inorganic, non-volatile contaminants) can complicate water flow processes and 

impact sorption and solubility reactions. 

2.1.4 Contaminant Solubility, Sorption, and Degradation/Decay Processes 

Contaminant transport is impacted by solubility, sorption, and degradation/decay processes that are a 

function of the contaminant properties and the biogeochemistry in the vadose zone.  These processes are 

essentially the same as those presented and described in detail in the EPA technical protocol for MNA of 

inorganic contaminants in groundwater (EPA 2007a, 2007b, 2010; ITRC 2010) and described with 

respect to conceptual site models by Truex et al. (2011a).  Potential considerations unique to the vadose 

zone include the following items: 

• presence of a gas phase that may be important for some biogeochemical processes related to its 

interaction and impact on pore-water chemistry 

• potential for more “extreme” chemistry or physical processes due to waste fluid properties as 

discussed in Section 2.1.3 

• potential for long residence times of contaminated pore water that may be more likely to favor 

equilibrium chemistry conditions and enable slower kinetic reactions to proceed more fully than in a 

faster-flowing groundwater setting. 

These processes need to be evaluated and considered in combination with the factors controlling 

water flux to the groundwater to estimate the contaminant flux to groundwater.  Figure 5 shows a 

conceptual depiction of the contaminant flux for different types of contaminant behavior (conservative 

non-sorbing, sorbing, and solubility [kinetic] controlled) compared to the water flux as depicted in  

Figure 1A (Section 2.1.1).  Each individual attenuation process (Figure 5) decreases contaminant 

concentrations or migration rates such that, over the long term, the combined impact is a cumulative 

contaminant reduction response that may be greater than the impact of any individual process. 

Solubility and degradation/decay process should be considered in terms of reducing the portion of the 

total discharged contaminant mass that will reach the groundwater.  Degradation/decay processes directly 

reduce contaminant mass unless products of degradation or decay are also contaminants.  Solubility 

reactions that cause contaminant precipitates can also functionally reduce the mass that will reach the 

groundwater if the precipitate solubility is low and rates of contaminant release over time back into pore 

water are small enough that concentrations remain below a level that would cause a flux to groundwater 

that exceeds groundwater protection goals.  Solubility reactions, in particular, need to be evaluated 1) in 

the context of the discharged waste chemistry and initial interactions with the sediments as the waste was 

released to define precipitates that may form rapidly due to the initial waste chemistry and 2) in the 

context of pore-water chemistry expected farther from the discharge location that is likely trending toward 

the pre-disposal pore-water chemistry. 
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Sorption processes do not reduce the contaminant mass that will reach the groundwater but delay 

transport and reduce contaminant concentrations in the vadose zone plume.  Sorption is a function of 

contaminant properties, sediment properties, and pore-water chemistry.  The discharged waste chemistry 

may impact pore-water chemistry (e.g., pH, solute concentrations) and sediment properties (e.g., surface 

phases due to precipitation/dissolution processes), especially near the waste discharge location.  Thus, 

evaluation of contaminant transport should consider waste chemistry impacts on sorption. 

 

Figure 5. Conceptual depiction of generalized water and contaminant fluxes to groundwater resulting 

from a pulse input of water and contaminants to a vadose zone. 

 

2.2 Monitored Natural Attenuation Basis of the Remedy Evaluation 
Framework 

To support baseline risk assessment, evaluating the need for a remedy, and facilitate remedy 

decisions, an approach is needed to evaluate natural attenuation processes in the context of contaminant 

transport and remediation goals.  For groundwater contamination, the EPA technical protocol for MNA of 

inorganic contaminants in groundwater ([EPA 2007a, 2007b, 2010], hereafter referred to as “EPA 

Protocol”) uses three progressive evaluation tiers and a final implementation tier to assess MNA as a 

remedy for inorganic and radionuclide contamination (Table 1).  This tiered assessment approach 

developed for groundwater plumes can be re-evaluated and used to develop a specific technical basis and 

the supporting guidance information for the vadose zone. 
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Table 1. Summary of MNA assessment criteria typically used for groundwater contamination sites and 

proposed for the vadose zone. 

Tier Objective Assessment 

I Demonstrate active contaminant 

removal from groundwater 

Is the plume expanding, static, or contracting? 

II Determine mechanism and rate of 

attenuation 

Is the MNA rate sufficient for attaining cleanup in 

reasonable time frame? 

III Determine system capacity and 

stability of attenuation 

Is the MNA capacity sufficient and sustainable to 

attenuate contaminant mass to below regulatory 

objectives? 

IV Design performance monitoring 

program and identify alternative 

remedy 

Can monitoring be implemented to verify performance 

and identify condition changes that may lead to 

failure? 

   

The type of information collected in an MNA-style evaluation is relevant to conducting analyses of 

contaminant transport through the vadose zone, baseline risk assessment, and consideration of the 

no-action alternative.  In addition, as with groundwater contamination, MNA may be sufficient as the sole 

vadose zone remedy or can be quantified for inclusion as part of a remedy along with other measures.  

Along with providing information to refine the site conceptual model, support baseline risk assessment, 

and evaluating whether MNA is sufficient as a remedy, an MNA-style approach is also a key initial step 

in remedy evaluation to define the need for and target the scale of other remedial measures.  Similar to 

groundwater assessments, examining contaminant fate and transport in the vadose zone requires 

evaluating data and making projections of future contaminant behavior to support a decision about 

whether to implement MNA (the first three tiers of the EPA Protocol) and providing a basis for 

monitoring design (the final tier in the EPA Protocol). 

By using a tiered approach as described in the EPA Protocol for groundwater, an MNA-style 

approach to evaluation of contaminant transport through the vadose zone can provide similar information 

to support remedy decisions.  However, because contaminant transport in the vadose zone is significantly 

different from transport in the groundwater, the specific elements under the tiered approach need to be 

modified from the groundwater approach.  The following sections outline the four-tier EPA Protocol for 

MNA in the groundwater and describe a parallel approach for applying an evaluation of contaminant 

transport in the vadose zone to support remedy decisions related to controlling contaminant mass 

flux/discharge into the groundwater.  Conducting this structured evaluation refines the conceptual model 

of the waste site in terms of contaminant fate and transport and provides a framework for overall remedy 

evaluation considering both the vadose zone and groundwater systems (Figure 6). 

The EPA Protocol considers natural attenuation for contaminant plumes in groundwater, and 

contaminants in the vadose zone would be considered as part of the source to groundwater.  However, 

contaminants in the vadose zone typically originate from a surface or near-surface waste release (e.g., 

disposal or leak of contaminated material) and then must move through the vadose zone to become a 

source to the groundwater.  Thus, the fate and transport of contaminants in the vadose zone affect the 

character of this source to groundwater plumes.  As in the groundwater, fate and transport of 

contaminants in the vadose zone can be attenuated due to natural processes that limit contaminant 

movement.  Natural attenuation in the vadose zone is a mechanism of source control relative to the 

groundwater and could be considered as sufficient to mitigate risk (e.g., a no-action alternative), or MNA 

may be all or part of a remedy addressing the released waste material. 
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Figure 6.  Vadose zone remedy evaluation and implementation flow chart. 
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In quantifying the magnitude of a vadose zone source with respect to its impact on groundwater, 

vadose zone pore-water contaminant concentrations are not directly important; instead, the overall mass 

discharge of contaminants to the groundwater over time (or the mass flux through a defined cross-

sectional area) is important.  The contaminant mass discharge from the vadose zone in combination with 

the flow and transport characteristics of the aquifer determines the concentrations within the resultant 

groundwater contaminant plume.  Thus, the role of natural attenuation in the vadose zone is in limiting 

the contaminant mass flux/discharge to the groundwater. 

The vadose zone approach is based on an overall conceptual model framework of contaminant 

movement in the vadose zone.  In this conceptual model, waste material released to the vadose zone is a 

perturbation of the pre-existing conditions and results in an increase of contaminants and/or moisture in 

the vadose zone.  Due to the nature of moisture movement in the vadose zone, the post-contamination 

moisture conditions will tend to return toward the pre-existing moisture conditions.  The pre-existing 

conditions are typically governed by the recharge rate, a function of precipitation, transpiration, 

evaporation, and unsaturated flow processes near the ground surface, resulting in an amount of water 

added to the vadose zone that continues to move vertically to the groundwater.  Under long-term 

equilibrium conditions (and under conditions where vapor-phase moisture transport is minimal), the rate 

of water movement is effectively constant throughout the vadose zone and equal to the average recharge 

rate.  When a pulse of water is added (e.g., through waste release), lateral and vertical unsaturated flow 

affect the movement of discharged water through the vadose zone and into the groundwater and dissipate 

the vertical movement of water as a function of travel distance and type of porous media contrasts in the 

vadose zone.  Movement of inorganic (non-volatile) dissolved contaminants may be slower than the water 

movement due to hydrobiogeochemical phenomena such as sorption, solubility, degradation/decay, and 

dispersive processes.  The contaminant discharge to groundwater over time is controlled by the 

combination of the moisture flux and the contaminant hydrobiogeochemical phenomena.  When inorganic 

contaminants are comingled with non-aqueous phase liquid waste discharges, additional transport 

phenomena must be considered. 

Tier I:  Demonstrate Natural Attenuation is Occurring 

The EPA Protocol Tier I evaluation for groundwater plumes uses evidence that natural attenuation is 

occurring to identify sites for which MNA may be appropriate.  Two basic types of information can be 

used for this assessment in groundwater.  Demonstrating that the plume is not expanding, posing a risk to 

receptors, is a primary approach whereby groundwater monitoring data can be used to define the state of 

the plume in terms of its behavior over time and its expected behavior in the future.  Another approach is 

to provide evidence that there is active removal of contaminants from groundwater (e.g., sorption or 

solubility reactions) that are expected to diminish contaminant concentrations over time. 

There is no direct exposure risk for a contaminant “plume” within the vadose zone (i.e., pore-water 

contamination); thus, movement or expansion of the vadose zone plume is a concern only with respect to 

impacting underlying groundwater.  Natural attenuation mechanisms can limit contaminant movement 

through the vadose zone, and this attenuation in the vadose zone is a mechanism for reducing source flux 

to the groundwater.  In this case, the Tier I assessment for the vadose zone is “Demonstrate that the rate 

of contaminant movement toward the groundwater is decreased by factors that limit vertical movement of 

disposed water and/or slow contaminant movement relative to water movement.”  For many sites, Tier 1 

will assessment will show that attenuation is occurring.  However, sites with small vadose zone thickness 
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compared to discharge conditions or with high recharge may not be able to justify that natural attenuation 

is functionally limiting contaminant movement in the vadose zone. 

Tier I Approaches 

• direct evidence or a transport analysis that demonstrates contaminant movement in the vadose zone 

has been slowed relative to the rate of release 

• data from sediment core samples showing partitioning of contaminants from the pore water to 

sediment-associated phases has occurred (e.g., comparison of extracted pore-water contaminant mass 

to contaminant mass remaining with the sediment) 

• groundwater monitoring data demonstrating a declining rate of contaminant migration through the 

vadose zone based on declining contaminant concentrations. 

Tier II:  Understand and Quantify Natural Attenuation Mechanisms 

The EPA Protocol Tier II evaluation for groundwater plumes requires determining the mechanisms 

and rates of attenuation.  Efforts for groundwater plume assessment would typically focus on data and 

analysis of geochemical or biogeochemical processes of contaminant attenuation.  In particular, 

contaminant sorption and solubility processes that contribute to attenuation of contaminant transport need 

to be quantified in the context of the groundwater flow system and geochemical conditions.  Figure 7 

summarizes the categories of groundwater attenuation mechanisms and processes that are typically 

considered. 

 

Figure 7. Attenuation mechanisms (green font) for inorganic contaminants in groundwater and factors 

that can impact attenuation (black font) (adapted from Truex et al. 2011a). 

 

For the vadose zone, there are two major components to attenuation:  1) hydrologic factors that limit 

water and contaminant flux to the groundwater and 2) hydrobiogeochemical phenomena such as sorption, 

solubility, degradation/decay, and/or dispersive processes that slow contaminant movement relative to 

water movement.  Figure 8 illustrates the type of mechanisms that may need to be considered for natural 

attenuation in the vadose zone.  Note that Figure 8 includes waste fluid properties and chemistry because, 

typically, wastes are directly released to the vadose zone and attenuation may be impacted by the nature 

of the waste material.  Also, in comparison to most groundwater situations, there are additional hydraulic 

processes in the vadose zone that can significantly affect water flow and may have a profound impact on 

contaminant attenuation.  In this case, the Tier II assessment for the vadose zone is “Determine the 

mechanisms and rates of water and contaminant flux reduction in the vadose zone.” 



 

15 

 

Figure 8. Attenuation mechanisms (green font) for inorganic contaminants in the vadose zone and 

factors that can impact attenuation (black font). 

 

Tier II Approaches 

To address the Tier II evaluation, a suitable conceptual model of the vadose zone is needed to identify 

important features and processes for the site in a way that supports estimating their impact on contaminant 

flux through the vadose zone.  At complex sites, the conceptual model would inform use of a numerical 

model to provide fate and transport estimates incorporating the relevant and important features and 

processes.  The conceptual model is an important technical basis for numerical model configuration and 

to support assumptions or sensitivities that need to be examined.  Key categories of information include 

vertical stratigraphy, vertical moisture content distribution (e.g., neutron logs), and estimates of lateral 

spreading for discharged water and contaminants, sediment hydraulic property, waste discharge, and for 

geochemical and sorption processes.  Site-specific information or information from other sources relevant 

to the specific site may be appropriate.  The conceptual model can also describe how this information is 

represented in the transport calculations and support associated generalizations that may be made to 

facilitate calculations. 

Potential approaches for Tier II include the following items: 

• Quantify the impact of the hydraulic processes shown in Figure 8 on moisture flux to groundwater: 

– Define sediment properties and distribution of hydraulically important features (e.g., layers or 

lenses) that need to be considered in evaluating moisture conditions. 

– Evaluate vadose zone moisture conditions to estimate flux conditions in comparison to recharge-

driven moisture flux.  For sites closer to recharge-driven moisture flux conditions, use of 

streamlined transport analyses may be possible (e.g., reliance on use of the recharge rate as the 

moisture flux for the future). 

– Estimate or measure rate of flux decline over time, based on moisture conditions at the site in 

relation to moisture conditions for recharge-driven conditions. 

– Evaluate the impact of waste fluid properties as appropriate. 
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• Quantify sorption, solubility, degradation/decay, and dispersive processes, taking into account 

changes with depth, waste disposal chemistry, and microbial processes: 

– Conduct sediment and pore-water chemistry analyses. 

– Perform sequential extraction analyses. 

– Evaluate biogeochemical evolution with time and depth from initial waste release as appropriate. 

– Evaluate the impact of waste fluid properties as appropriate. 

• Quantify or estimate moisture and/or contaminant retention and retained contaminant moisture mass 

as part of a vadose zone mass balance with released waste materials and discharge to groundwater. 

• Use attenuation mechanism parameters/measurements to estimate contaminant retardation relative to 

moisture flux. 

Tier III:  Demonstrate Effectiveness and Longevity in Meeting Remediation Goals 

The EPA Protocol Tier III evaluation for groundwater plumes focuses on two elements of natural 

attenuation that are important in demonstrating that MNA can meet remediation goals.  First, natural 

attenuation effectiveness is assessed based on the capacity of an aquifer system to attenuate contaminants.  

The aquifer system within the zone identified for treatment (e.g., before reaching a compliance location) 

must be able to attenuate the amount of contaminants that are present and reach targeted concentration 

goals.  Second, natural attenuation longevity in the aquifer is assessed.  Because contaminants are left in 

place, it is necessary to demonstrate that the mechanisms that decrease concentrations below the 

identified goals will be able to maintain acceptable concentrations in the groundwater over time, under the 

range of hydraulic and geochemical conditions that are expected.  That is, the attenuation mechanisms in 

the groundwater must be stable and sustainable. 

These assessments of natural attenuation capacity and longevity in groundwater are also relevant to 

the vadose zone.  For the vadose zone, demonstrating attenuation capacity and longevity points to the 

need to estimate the contaminant flux to groundwater over time and demonstrate that this flux will be 

acceptable over the long term.  Determination of the “acceptable” vadose zone flux must be linked to 

meeting goals identified for groundwater or other receptor/compliance elements for the site.  Thus, the 

extended Tier III assessment for the vadose zone is “Determine the system capacity and longevity of 

attenuation by quantifying the contaminant flux from the vadose zone to the groundwater over time and 

demonstrating that this flux will remain acceptable over the long term.” 

Tier III Approaches 

The Tier III assessment for the vadose zone would rely on predictive modeling or calculations based 

on recharge rate and the measured or expected range of pore-water concentrations to estimate the 

contaminant flux to groundwater over time.  This assessment can be conducted at different stages in site 

evaluation using different levels of detail appropriate for the required decisions.  For an initial assessment 

of potential groundwater impact, contaminant transport simulations similar to those conducted for the 

Hanford Site as described in Section 4 may be appropriate.  Use of additional information, such as 

described for the Tier II assessment, to refine estimates of fate and transport can be added as needed to 

support the technical basis for remedy decisions (e.g., consistent with a graded approach to modeling 

[DOE 2012]).  A conceptual model, lines-of-evidence approach linked to the attenuation mechanisms 
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inherent in vadose zone systems provides a structured approach to support the fate and transport 

assessment and can also be linked to remedy evaluation, in particular for consideration of natural 

attenuation contributions to the remedy. 

Potential approaches for Tier II include the following items: 

• Determine an appropriate recharge rate for use in the site-specific fate and transport analysis and 

whether changes over time should be considered. 

• Estimate the contaminant flux to groundwater as a function of time. 

• Conduct a mass balance of retained and mobile contaminants as appropriate to estimate total 

contaminant mass that will be discharged to the groundwater. 

• Consider changes over time that can impact the contaminant flux to groundwater and resultant 

groundwater plume: 

– changes in recharge rate 

– changes in pore-water chemistry that impact attenuation 

– changes in groundwater elevation or flow rate 

– changes induced by enhanced attenuation or active remedies in the vadose zone. 

Tier IV:  Design a Monitoring Approach 

The fourth tier of the EPA Protocol for groundwater plumes specifies designing a monitoring 

program using a network of wells to 1) provide adequate areal and vertical coverage to verify that the 

groundwater plume remains static or shrinks and 2) monitor groundwater chemistry necessary to ensure 

that attenuation mechanisms are being sustained.  This overall approach for groundwater is also relevant 

to the vadose zone in that it points to the need for verifying attenuation capacity and longevity, although 

the specific monitoring approach for groundwater using monitoring wells and groundwater chemistry 

assessment is not directly applicable in the vadose zone.  A key approach is to monitor multiple elements 

identified in the conceptual site model as important to assessing contaminant fate and transport within the 

system.  These “lines of evidence” can be used to verify remedy performance by providing near-term data 

on natural attenuation processes (capacity) and facilitate transitioning to long-term monitoring strategies 

that are focused on demonstrating continued compliance with remediation goals and longevity of 

attenuation (i.e., a progressive systems-based conceptual model approach [Bunn et al. 2012]).  For MNA, 

monitoring needs to address the objectives specified within the “Implementation” section of the EPA 

OSWER Directive 9200.4-17P, “Use of Monitored Natural Attenuation at Superfund, RCRA Corrective 

Action, and Underground Storage Tank Sites” (EPA 1999).  These implementation objectives are 

extensions of the proscribed MNA remedy evaluation approach that is strongly based on conceptual 

model development and establishing appropriate attenuation process knowledge (e.g., Tiers I, II, and III). 

Tier IV Categories of Vadose Zone Monitoring Approaches 

Developing the monitoring program based on a conceptual model of the site developed through 

Tiers II and III can help focus the monitoring effort.  For instance, only a limited set of data to verify 

recharge conditions or moisture content of key features in the vadose zone may be sufficient to 

demonstrate that the expected contaminant flux conditions are being maintained.  Infrequent monitoring 
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of relatively slow vadose zone transport may be appropriate.  If moisture conditions along a vertical 

profile including key features in the vadose zone were needed, provision of an access borehole with 

infrequent neutron logging may provide sufficient data to verify contaminant flux conditions.  Recharge 

rate is likely to be a key element of long-term contaminant flux, and monitoring of conditions related to 

recharge (e.g., surface vegetation/infiltration barriers, annual precipitation) may be sufficient to 

demonstrate that contaminant flux conditions are within an acceptable range.  Some categories of 

potential monitoring approaches are listed below.  Geophysical techniques may also provide a way to 

evaluate contaminant movement over time, for instance, based on changes in the volumetric distribution 

of electrical conductivity or moisture over time (e.g., through surface or cross-hole electrical resistivity 

tomography that can be operated autonomously or with infrequent manual surveys).  Using the conceptual 

model basis and information compiled through Tiers II and III should be considered in developing a 

monitoring program commensurate with the risk of groundwater impact.  Thus, some vadose zone sites 

may require no or minimal site-specific monitoring and rely more on overall system conditions such as 

precipitation and vegetative cover that relate to recharge rates.  The more site-specific monitoring 

approaches discussed in this section could be considered for waste sites with more potential risk to 

groundwater or where remedies are implemented. 

Potential approaches for Tier II include the following items: 

• Monitor lines of evidence verifying attenuation and fate and transport processes identified in Tiers II 

and III (e.g., the refined conceptual site model): 

– moisture and contaminant flux monitoring, including consideration of 

○ changes at controlling features that are indicators of overall moisture or contaminant flux 

○ quantifying recharge rate and changes over time 

– moisture/pressure distribution monitoring as an indicator of moisture flux or retention 

– contaminant distribution monitoring over time as an indicator of contaminant flux. 

• Monitor geochemical conditions related to stability of sorption, solubility, and/or degradation 

phenomena. 

• Monitor changes in groundwater conditions and enhanced attenuation or active remedy impacts 

relevant to vadose zone attenuation and impact to groundwater. 

• Transition to long-term monitoring configurations that build from the near-term lines-of-evidence 

monitoring data and use diagnostic elements of the overall environmental system and/or threshold 

monitoring approaches to demonstrate compliance in a streamlined approach that can be sustained 

over long durations. 

2.3 Remedy Evaluation Framework:  Evaluation Approach 

Concepts based on vadose zone transport characteristics (Section 2.1) and lines-of-evidence, systems-

based, conceptual model approaches and other key elements of MNA (Section 2.2) were compiled and 

incorporated into a remedy evaluation framework for inorganic, non-volatile contaminants in the vadose 

zone for use with a target of mitigating contaminant flux to groundwater.  The approach is outlined below 

along with references to key materials presented in Sections 2.1 and 2.2.  Section 3 provides additional 

background on vadose zone transport concepts that provide technical support for this approach.  
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Discussion of case study applications of the approach is provided in Section 4.  Potentially appropriate 

characterization and monitoring compatible with this approach are discussed in Section 5. 

Evaluation of contaminants in the vadose zone for inorganic, non-volatile contaminants should 

include the following elements with the goal of developing a conceptual model suitable to support the fate 

and transport assessment, baseline risk assessment, and remedy decisions, accounting for the natural 

attenuation processes in the vadose zone (which, in many cases, are expected to significantly impact 

contaminant flux to groundwater).  The fate and transport assessment, with technical support through the 

elements of the conceptual model, is applied to estimate the temporal profile of contaminant flux to 

groundwater, incorporating the important vadose zone features and/or processes that control this flux and 

identifying the location and magnitude of remedial actions that can be applied to augment natural 

attenuation, if needed, to mitigate the flux and meet groundwater remediation goals.  This approach 

follows the process of developing a conceptual model suitable for supporting projections of future flux to 

groundwater because it is likely that, in many cases, the baseline risk assessment and remediation 

decisions for the vadose zone will need to be made all or in part based on projected impacts to 

groundwater. 

• Use the tiered assessment approach as summarized in Figure 6 (Section 2.2) to develop a refined 

conceptual model of the site.  This structured process is intended to provide a suitable technical basis 

for quantifying the contribution of natural attenuation and making quantitative estimates of 

contaminant flux to groundwater.  The material in Section 2.1 can be used to provide qualitative and 

quantitative support for developing projections for the temporal profile of contaminant flux to 

groundwater.  A key element is in developing information about the mechanisms listed in Figure 8 

(Section 2.2), including the potential waste chemistry considerations described in Section 2.1.4. 

• Based on the projected contaminant flux to groundwater, assess the potential resulting concentrations 

in relation to groundwater remediation goals.  The temporal profile of the flux from the vadose zone 

is important to consider in this assessment because it may result in a finite pulse of contaminants to 

groundwater at concentrations for concern.  Depending on the nature of the contaminant pulse from 

the vadose zone and the timing of this pulse, natural attenuation or limited active remediation in the 

groundwater may be appropriate to consider.  For situations where the flux of contaminants from the 

vadose zone is expected to cause longer-duration contamination and/or will be delayed beyond a 

reasonable implementation period for groundwater actions, other management strategies or vadose 

zone remediation can be evaluated to identify actions that mitigate the flux through the vadose zone.  

The information gathered in the tiered assessment approach (Section 2.2) and associated flux 

estimates can provide a basis to identify effective targets for vadose zone remediation (e.g., chemical 

or physical flux reduction approaches) that enhance attenuation processes in the vadose zone.  

Enhancements may include actions that functionally  1) limit fluid flow (e.g., surface or subsurface 

recharge) through the contaminated zone; 2) change the amount, movement, and/or distribution of 

subsurface moisture; 3) change the properties of the contaminant or subsurface to increase 

contaminant/sediment interactions and slow contaminant transport; and/or, 4) remove a portion of the 

contaminant mass such that the remaining contaminant flux is low enough to meet groundwater 

remediation goals. 
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3.0 Vadose Zone Transport Concepts 

This section presents a brief description of vadose zone transport processes and highlights differences 

between processes controlling transport in the vadose zone compared to groundwater systems.  These 

differences in transport processes impact contaminant attenuation behavior and need to be considered/ 

evaluated during the remedy evaluation process described in Section 2.  In particular for the unsaturated 

vadose zone, physical transport processes including advection, dispersion, and diffusion are critical to 

understanding contaminant transport in the vadose zone, primarily because 1) there is a nonlinear 

relationship between water content and hydraulic conductivity that complicates water and contaminant 

flux and 2) subsurface interfaces can dramatically impact vertical moisture and contaminant movement.  

In addition, the nature of recharge at the water table and mixing of recharge water with groundwater are 

important relative to the resultant groundwater contaminant concentrations.  There is significant 

information about relevant biogeochemical processes due to their dominant roles in contaminant 

attenuation in groundwater systems, but these processes must be evaluated in the context of the vadose 

zone properties, especially due to the presence of a gas phase. 

3.1 Physical Transport Processes and Controlling Features 

The physical processes controlling fluid flow in the vadose zone are quite different from those within 

the groundwater system.  In addition, the transport attenuation processes are generally more significant in 

the vadose zone compared to the groundwater system.  The nonlinear relationship between water content 

and hydraulic conductivity must be considered in evaluating flow and transport through the vadose zone.  

Ultimately, a primary driving force for long-term transport is often the net recharge at ground surface, a 

function of precipitation, infiltration, and transpiration processes.  Subsurface interfaces that separate 

zones of different particle size distributions and properties (i.e., layering) are also important due to the 

impact on unsaturated flow processes.  Preferred flow pathways can occur at interfaces and may be 

important in the overall rate of vertical contaminant movement (e.g., dipping layers, vertical features, or 

fractures).  Smaller-scale interfaces may also be important relative to intra- or inter-particle contaminant 

diffusion and the relative mobility of water and contaminants within different micro-scale regimes of the 

subsurface.  Specific features of vadose zone moisture transport are discussed in the following sections. 

3.1.1 Moisture Retention, Capillary Trapping, and Gravity Drainage 

The most obvious difference between the vadose zone and groundwater is that the vadose zone is 

unsaturated with respect to water.  The groundwater system pore space is completely filled with water, 

and there is generally no gas present as a separate phase.  Above the capillary fringe in the vadose zone, 

there is some gas (i.e., air) present, and the pore space is not filled with water. 

Capillary forces act on pore water in the vadose zone and impact fluid flow and water content 

distributions.  Capillary pressure causes porous media to wick in the wetting fluid and displace the 

nonwetting fluid ( Cohen and Mercer 1990; Hillel 1998).  Water is generally wetting, and air is generally 

nonwetting.  The capillary pressure is also commonly referred to as suction or tension and converted to 

matric potential (in terms of head). 
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This relationship of capillary pressure, or matric potential, versus water content is termed the 

moisture retention curve (Figure 9).  The capillary pressure generally increases nonlinearly with 

decreasing water content.  Alternatively, capillarity generally increases with decreasing pore radius (or 

decreasing grain size).  Thus, the largest pores drain first and water contents are generally higher for 

finer-grained materials.  The last water to drain comes from the smallest pores. 

The dependence of the water content on the capillary pressure is a characteristic property of a soil 

(Figure 9).  General properties of the characteristic relationship can be determined based on soil type 

alone.  For example, the air-entry pressure is dependent on the largest pore size, which is proportional to 

the grain size.  Furthermore, the smoothness of the curve is related to the distribution of pore sizes; a 

narrow range of pore diameters leads to a step change in saturation.  The residual saturation is generally 

higher for finer-grained materials. 

 

Figure 9.  Illustrative soil characteristic curves for a fine (clayey) soil and a coarse (sandy) soil. 

 

This moisture retention relationship also varies depending on the direction and history (hysteresis) of 

change in water content, which will increase (wetting) during increased recharge/infiltration or decrease 

(drainage) after increased recharge/infiltration or during increased evaporation or drought.  Hysteresis is 

known to occur in multiphase immiscible systems in intermediate saturation ranges, which complicates 

the prediction of constitutive relationships (Kechavarzi et al. 2005).  Hysteresis is created by a 

combination of pore processes including saturation of variable pore sizes, saturation-dependent residual 

saturations, and non-wetting fluid entrapment (Lenhard 1992; Lenhard et al. 2004). 

 

Another force controlling unsaturated water content is gravity.  Gravity works to induce vertical 

migration of water, but the rate of movement is a function of both gravity and capillary forces.  For 

instance, accompanying a significant pulse of water infiltration (waste discharge), water content can be 

elevated near the surface such that there is water in larger pores where capillary forces are weaker and 

vertical movement (drainage) due to gravity can be rapid.  However, as the pulse of water moves through 

into the vadose zone, retention of water along the flow path reduces the amount of water that can fill 

larger pores and capillary forces begin to become significant with respect to control of water movement.  
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With further vertical and lateral movement, water content will continue to decrease and will tend toward 

conditions in the vadose zone where movement is controlled by the recharge rate (e.g., steady-state 

conditions). 

3.1.2 Darcy’s Law, Hydraulic Conductivity, and Relative Permeability 

Groundwater systems are water saturated (contain no gas phase), and thus only liquid water is 

available for fluid flow.  For groundwater systems, the Darcy flux [L/T] is a function of the hydraulic 

conductivity [L/T] and the hydraulic gradient [L/L] (Darcy 1856).  Water movement in the vadose zone 

can also be described with a version of Darcy’s Law that was modified by Buckingham (1907).  The 

driving force for infiltration flux is the hydraulic head gradient, which can be separated into the matric 

potential head gradient and the gravity unit gradient.  However, the primary difference for Darcy’s Law in 

the vadose zone is that the hydraulic conductivity is not a constant for a given porous medium.  The 

unsaturated hydraulic conductivity is highly variable as a function of the water content, which varies 

depending on the distance from the water table or with changes in grain size and permeability.  Generally, 

as water content decreases, the volume of water and the cross-sectional area within pores available for 

flow decreases, which restricts water permeability and water flow, similar to decreasing the pore size 

from a coarse to a more-fine grained material.  The relative water permeability of a given soil can change 

over many orders of magnitude with changes in saturation.  These processes control fluid and 

contaminant flux in the vadose zone and can act as attenuation processes for infiltrating water and 

contaminant mass. 

3.1.3 Unsaturated Infiltration and Recharge 

Recharge is when infiltrating water is released from the vadose zone and mixes with the groundwater 

system.  All precipitation may not infiltrate (e.g., surface run-off), and all infiltrated water may not 

recharge the groundwater system (e.g., due mainly to evapotranspiration and vadose zone storage).  The 

infiltration rate depends on water application rate at the surface, capillary pressure distribution in the 

subsurface, and water-relative permeability.  In some cases, water ponding at the surface may occur. 

Most waste discharges are associated with a temporary leak or release, which is terminated at some 

point.  As mentioned above, the water saturation increases during the additional infiltration period, but 

then drainage occurs, decreasing the water content and infiltration rates.  After the termination of water 

release, the elevated saturation dissipates rapidly during drainage where the added water is wicked 

laterally and vertically as a function of gravitational and capillary forces (Figure 10). 

Increased infiltration flux rates due to temporary releases are short-lived transient behaviors, and 

infiltration rates decay exponentially until they reach the long-term, natural recharge rate of infiltration.  

As water content decreases during this drainage process (Figure 10), the relative ratio of capillary to 

gravity force increases (Figure 9), which induces more lateral flow and increases retention and 

immobilization of water within vadose-zone pores.  This restriction to vertical flow with decreasing water 

content during drainage is also enhanced by the nonlinear decreases in hydraulic conductivity.  

Transitions in material permeability, especially horizontal layering (e.g., numerous sedimentary deposits), 

typically enhance these restrictions to vertical flow and induce increased lateral flow, which further 

reduces water content during drainage. 
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Figure 10. Illustrative plot of water saturation versus depth below land surface for both transient and 

steady-state infiltration cases.  The blue and green lines indicate steady conditions for 

natural, constant recharge and anomalously increased, constant infiltration rates, 

respectively.  The orange lines indicate the transient water content increase due to a 

temporary release of water and subsequent decline and dispersal during drainage. 

 

Infiltrated water released into the vadose zone will migrate through the vadose zone vertically and 

mix into the groundwater.  However, if the storage capacity and size of the vadose zone are large 

compared to the amount of water released, the water will be wicked into storage and trapped by capillary 

forces as the water saturation profile decreases (Figure 2 and Figure 10).  The size of the vadose zone, its 

capacity for water storage, and its tendency to spread/disperse infiltrating flow rates (i.e., water flux) 

control the water and contaminant attenuation behavior and capacity.  If these processes are quantified, 

they can be compared to release quantities to determine how much attenuation of the waste release will 

occur in the vadose zone (Figure 1).  This evaluation then supports consideration of MNA as a remedy 

and any subsequent evaluations of other or additional remedies that might be required.  Figure 1A 

illustrates a case where attenuation processes in the vadose zone partially mitigate the flux of an 

introduced pulse to groundwater.  Figure 1B illustrates the case where vadose zone attenuation is more 

significant and flux to the groundwater remains low.  

Significant quantities of water and contamination have been discharged and migrated into a thick 

vadose zone at the U.S. Department of Energy (DOE) Hanford Site.  Analyses and data from this site 

provide information useful to examine vadose zone transport processes (see also Section 4).  For instance, 

simulations conducted examining moisture changes at the Hanford 200 Area 216-U-10 site (U Pond) are 

an illustrative example of how added water pulses to the vadose zone dissipate over time.  Oostrom et al. 

(2008) conducted modeling investigations to predict carbon tetrachloride contamination distribution and 

transport behavior at the Hanford 216-Z-9 waste site.  In addition to and associated with the carbon 

tetrachloride modeling, this study also simulated large-scale infiltration and drainage that occurred in the 

area from 1954 to 2005. 
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A vast amount of water (1.628 × 1011 L) was released at the U Pond site from 1944 to 1985.  

Simulations of this release and subsequent drainage after 1985 were conducted.  The natural recharge 

water flux was assumed to be 0.5 cm/yr, which was applied for a steady-state pre-modeling simulation to 

obtain the initial water content distribution.  The modeled compared water saturations at different times to 

the initial (1944) water-saturation conditions along a cross section of the vadose zone.  Figure 11 shows 

the simulated conditions for 1985, at the end of water releases to the U Pond, and Figure 12 illustrates the 

conditions for 2007.  These simulation results illustrate the magnitude of lateral spreading during releases 

and the return to lower moisture content conditions that approach recharge-driven conditions after 

discharges cease. 

 

Figure 11.  Differences in water saturation between 1985 and 1944 (initial) (Oostrom et al. 2008). 

 

Figure 12.  Differences in water saturation between 2007 and 1944 (initial) (Oostrom et al. 2008). 

 

3.1.4 Heterogeneous Permeability Impacts on Infiltration 

There are significant implications for the vadose zone’s variable hydraulic conductivity that are 

relevant for the attenuation of the transport of water and contaminants.  Generally, for groundwater 

systems we consider coarse-grained materials (higher permeability) to have much higher hydraulic 

conductivities compared to fine-grained materials (lower permeability) for groundwater systems.  

However, capillary pressure holds water more tightly in fine-grained materials.  So, the largest pores drain 

first, which may be the majority of the pores within coarse-grained materials.  In the vadose zone, at the 

same capillary pressure, fine-grained sediment may have higher water content and a higher unsaturated 

hydraulic conductivity than coarse-grained material. 

The presence of low-permeability zones, or layers, acts to mitigate the magnitude of the infiltration 

rate, which is an attenuation process.  The lower-permeability layers, even relatively thin ones, will 

become a dominant control over the maximum infiltration rate, and they also serve to enhance lateral 
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fluid flow in the unsaturated zone.  This lateral flow is important as an attenuation process for several 

reasons.  First, increases in lateral flow equate to decreases in vertical flow toward the water table.  

Additionally, lateral migration increases the volume of vadose zone impacted and the amount of water 

that can be stored and trapped by capillary forces.  The additional volume of vadose zone increases the 

potential for geochemical retention processes (e.g., adsorption) to immobilize contaminants.  Finally, 

lateral flow increases the mixing of contaminated water with uncontaminated water, which attenuates 

concentrations and mass flux through dilution, diffusion, and dispersion. 

Three special cases for layered or heterogeneous permeability or grain-size distributions have 

relevance for contaminant attenuation processes in the vadose zone.  These include perched water tables, 

capillary barriers, and preferential flow systems.  Each of these cases is described below with relevance to 

contaminant attenuation. 

Perched water tables occur in the vadose zone when infiltrating water reaches a fine-grained, lower-

permeability material underlying a coarser, higher-permeability material.  This causes the flux to decrease 

due to the lower hydraulic conductivity of the fine-grained material until enough water collects to create 

ponding and saturation of the overlying higher-permeability material.  This may induce an increased 

saturation and pressure buildup in the overlying higher-permeability material that may also induce lateral 

flow, which along with the reduced vertical flux are both contaminant attenuation processes. 

Similarly, a capillary barrier involves principles of unsaturated flow between soils of different 

textures and permeabilities (Rasmuson and Eriksson 1988).  Capillary barriers occur when infiltrating 

water reaches a coarser, higher-permeability material underlying a finer-grained, lower-permeability 

material.  At initially gravity-drained conditions, the coarse material has a lower water content and lower 

unsaturated hydraulic conductivity than the overlying finer-grained material.  The air is trapped in the 

coarse material, and the water is wicked in the finer material due to capillarity; this force must be 

exceeded to allow flow into the underlying coarser material.  This causes the flux to decrease, or 

essentially stop, due to the lower hydraulic conductivity of the coarser-grained material until enough 

water collects in the overlying materials to exceed the air-entry pressure of the coarser-grained material.  

Therefore, capillary barriers are caused by differences in physical properties of soil textures and can occur 

naturally or are man-made.  These capillary barriers are used for various landfill or mine waste material 

covers to inhibit the infiltration of water vertically.  If they are naturally present in the vadose zone, they 

may contribute significantly to the attenuation of infiltrating water and contaminant mass flux vertically 

toward the groundwater.  As water and pressure build up above the capillary barrier, lateral flow is 

induced.  Both the vertical flux reduction and induced lateral flow are contaminant attenuation processes. 

Preferential flow may occur in the vadose zone due to heterogeneous permeability features or simply 

due to the physics of the infiltrating solution.  Unstable flow features (fingers or preferential flow paths) 

may occur in unsaturated infiltration due to the increased density of the overlying water relative to the 

underlying air that is being displaced (Glass et al. 1989a, 1989b, 1989c, 1989d, 1990, 1991; Parlange 

et al. 1990).  The formation and extent of these unstable flow features may be more exacerbated by higher 

density and higher viscosity infiltrating waste solutions.  In addition, vertical or steeply dipping features 

of elevated hydraulic conductivity may cause preferential flow.  These preferential flow behaviors may 

increase the rate of infiltration locally near these features while the water content is elevated.  

Alternatively, preferential flow can act as a form of contaminant attenuation if contaminants become 

retained within zones that are not part of these preferential flow paths. 
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3.1.5 Solute Transport 

Solute transport is affected by the advection, diffusion, and dispersion processes in addition to the 

potential biogeochemical processes discussed in Section 3.2. 

3.1.5.1 Advection 

The bulk movement of solutes due to, and associated with, flowing pore water is known as advection 

(Freeze and Cherry 1979).  Given that transport by advection is the movement of solutes along with 

flowing groundwater, the driving force for advection is the hydraulic head gradient.  The rate of advection 

(pore-water velocity) is directly dependent on the saturated porosity and hydraulic conductivity, which 

both decrease with decreasing water content, as described above.  The rate of advection, along with the 

rate of infiltration/recharge, can decrease by orders of magnitude with the unsaturated hydraulic 

conductivity and is typically much lower than rates observed in groundwater systems.  Additional 

advective transport behaviors may occur depending on the ionic strength and density of the waste solution 

that affect the pore-water behavior.  Preferential flow features may impact the spatial distribution and rate 

of advection.  Typically, vadose zone fluid flow and associated solute advection is considered to be 

dominated by gravity-driven vertical flow.  However, various unsaturated flow processes may change the 

relative amount of vertical and lateral advection. 

3.1.5.2 Diffusion Processes 

The movement of solutes due to random molecular motion is known as molecular diffusion (Freeze 

and Cherry 1979).  Diffusion is commonly described using Fick’s Law where the flux of solutes due to 

diffusion is proportional to the solute concentration gradient.  Elevated solute concentrations in waste 

solutions that contact native pore water may cause concentration gradients and lead to diffusional 

movement of solutes that disperses solutes and lowers concentrations.  Diffusion within variably saturated 

vadose zone systems can be influenced by changes in water content.  Generally, the rate of solute mass 

transport by diffusion is lower at lower water content, primarily attributed to increased tortuosity and 

reduced cross-sectional area available for mass transport at lower water content (Hu and Wang 2003). 

3.1.5.3 Dispersion Processes 

Dispersion is a physical mass transport process that has been described through analogy to diffusion 

due to the tendency for both processes to create solute transport through the spreading out of solute 

plumes (Freeze and Cherry 1979).  One significant difference is that diffusion occurs at the molecular 

scale and dispersion occurs at larger scales and is related to pore-water flow conditions.  The inter- and 

intra-pore velocity variations create variability in travel time, which smears out the concentration 

distribution.  The same behavior is observed in heterogeneous layered sediments when differences in 

permeability cause transport velocity and travel time variations.  The main phenomena that are 

responsible for dispersion include 

1. microscopic:  axial diffusion (concentration gradient); mechanical mixing (pore size variation); 

boundary layer mass transfer (dead-end pores) 
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2. macroscopic:  structured porous media (aggregation, fractures, macropores); tortuosity (relative 

magnitude of solute transport path length convolution) 

3. megascopic:  heterogeneous porous media (hydraulic conductivity variability). 

In the vadose zone, as water infiltrates, it may displace and/or mix with the antecedent 

(uncontaminated) pore water at the leading edge of the infiltrating contaminant plume.  Additionally, after 

the release of contaminant solution has ceased, natural recharge will continue with water that is 

presumably contaminant free, which will mix with the resident contaminated pore water.  In both of these 

cases, contaminant concentrations will be diluted through mixing with lower concentration, or clean, 

water, which acts as an attenuation process. 

According to capillary theory, as a medium desaturates, the largest pores are the first to dewater 

(Freeze and Cherry 1979).  These pores have the largest intrapore velocity variations, which would 

suggest that dispersivity decreases with decreasing water content.  Additionally, as the water content 

decreases from complete saturation, the variance of pore sizes that continue to conduct water decreases, 

which may also cause dispersivity to decrease.  Based on this reasoning, the longitudinal dispersivity 

should decrease with decreasing water content.  However, tortuosity may also have a significant role in 

changes in dispersivity with decreasing water content.  Water must migrate around pore spaces containing 

air, and as fewer pores are water filled, the water-filled pathway will become more tortuous.  This 

behavior would tend to increase lateral spreading and the magnitude of dispersivity.  Recently, 

researchers have presented data that suggests a trend of decreasing dispersivity with increasing water 

content (Padilla et al. 1999; Toride et al. 2003; Mayer et al. 2008).  However, our mechanistic 

understanding of processes controlling the changes in dispersivity with water content variations is still 

lacking, and few, if any, investigations have examined heterogeneities, spatially variable water 

saturations, or impacts of unsaturated flow hysteresis. 

3.1.5.4 Dispersion Due to Mobile/Immobile Zone Mass Transfer 

As opposed to axial or bulk-fluid phase diffusion, diffusive mass transfer from mobile pore water into 

and out of immobile pore water (e.g., water in dead-end pore space) is generally considered physical 

nonequilibrium transport (Brusseau et al. 1989).  Retention and rate-limited delays for solute transport 

resulting from the diffusive mass transfer between mobile and immobile pores are analogous to delays in 

transport due to adsorption (Brusseau et al. 1989, 1993).  The majority of research evaluating physical 

nonequilibrium has considered only water-saturated systems.  Recently, researchers have presented data 

that suggest significant variability in mobile to immobile pore-space fractions with changes in water 

content (Padilla et al. 1999; Toride et al. 2003; Mayer et al. 2008).  The vadose zone water retention at the 

pore scale may include water retained in dead-end pores or water that is not connected with the main 

drainage pathways. 

3.2 Biogeochemical Processes 

Geochemical processes and biological processes can have a significant impact on contaminant 

transport and attenuation processes in the subsurface.  In fact, these are considered to be of most 

significant importance for groundwater systems.  As such, the existing MNA guidance, including the EPA 

and Interstate Technology & Regulatory Council (ITRC) protocols (EPA 2007a, 2007b, 2010; ITRC 

2010) and the Scenarios document (Truex et al. 2011a), discuss these processes in detail.  The following 
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sections briefly introduce these processes with a focus on the relevance to the vadose zone and the 

differences between the behaviors in the vadose zone compared to the groundwater systems. 

3.2.1 Geochemical Considerations 

In contrast to many groundwater systems, geochemical considerations in the vadose zone must 

include the presence of a gas phase, potential for “extreme” chemistry due to waste solution 

characteristics (e.g., low or high pH, ionic strength, and others), and the potential for long residence time 

in the vadose zone.  In particular, presence of the gas phase may lead to exchange of oxygen and 

associated impact on the redox conditions of the pore water and exchange of other chemicals including 

carbon dioxide that may impact geochemical reactions of relevance to contaminant transport. 

3.2.2 Considerations for Biologically Mediated Processes 

Microbial activity is influenced by the water potential with generally decreasing activity with 

decreasing water content (Soil Science Society of America 1981).  The two key factors in the vadose zone 

with respect to microbial activity are the matric potential and the osmotic potential.  Thus, evaluation of 

biologically mediated processes in the vadose zone must consider the moisture content and associated 

matric potential and the solute concentration (osmotic potential).  Geochemical conditions also impact 

microbial activity.  Key factors include the pH, buffering capacity, oxidation-reduction potential, and the 

presence of dissolved or solid-phase electron acceptors.  Thus, presence of a gas phase and the associated 

impact on pore-water geochemistry need to be considered in evaluating microbial activity in the vadose 

zone. 

 

4.0 Potential Applications and Case Study Examples 

One application for the assessment of MNA for inorganic contaminants within the vadose zone is the 

Central Plateau of the DOE Hanford Site (DOE 2010).  The remediation efforts being developed for the 

deep vadose zone at the Central Plateau are central to the overall Hanford cleanup because the deep 

vadose zone contamination represents a potential ongoing source of contamination to the underlying 

aquifer and the Columbia River (DOE 2010). 

Currently, the largest inventory of subsurface contamination across the Hanford Site resides beneath 

the Central Plateau (DOE 2010).  The Central Plateau of the Hanford Site contains more than 800 waste-

disposal sites (e.g., ponds, ditches, cribs, trenches, reverse wells, and landfills) contaminated with 

radioactive and other hazardous contaminants.  The majority of these sites were used for disposal of 

liquid waste generated during reprocessing of spent uranium fuel to recover plutonium. 

Groundwater remediation is being implemented for several of the groundwater contamination plumes.  

However, a significant amount of contamination remains in the vadose zone beneath the Central Plateau 

and may impact groundwater in the future (Gee et al. 2007).  The potential attenuation of contaminants 

within the vadose zone is important for fate and transport assessment and evaluating protection of 

groundwater at these sites.  As described in the remedy evaluation framework herein, attenuation-based 

analyses are expected to be important in supporting effective remedy selection. 
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For the remedy evaluation framework, evaluation is conducted in the context of determining potential 

impact of vadose zone contamination on groundwater quality.  Previously, Fayer et al. (2010) 

summarized the major data collection and modeling efforts that are available for Hanford Site-wide 

evaluation of contamination and need for remediation.  In addition, Eslinger et al. (2006) developed a 

suite of interrelated computer codes, termed the System Assessment Capability (SAC), and used the SAC 

to conduct a series of risk analyses for nearly all of the Central Plateau waste sites (410 sites were 

included). 

The SAC considered the source term, waste release, vadose zone, groundwater, air, and the Columbia 

River, and it supports both deterministic and stochastic fate and transport models of radioactive and 

chemical contaminants in the environment and the associated human and ecological impacts.  For 

inventory, the SAC considered liquid discharges, solid waste burials, and unplanned releases, as well as 

some other releases.  This study did not address the residuals in the single-shell or double-shell tanks.  

The SAC models are capable of multidimensional simulations, but for reasons particular to this study, the 

vadose zone calculations were conducted in one dimension, in which the size of the wetted area was 

scaled based on maximum liquid discharge rates and minimum saturated hydraulic conductivity of the 

vadose zone lithologies.  Because all vadose simulations were conducted in one dimension, lateral flow 

induced by heterogeneities in sediment properties and geologic lithologies was not explicitly addressed. 

Individual site assessment included flow and transport simulation within the vadose zone linked to 

groundwater impact through a mixing model approach.  Contaminant concentrations and flow/flux rates 

were determined over time for the vadose zone at each site.  Then the contaminant-released activity or 

mass/concentration from the vadose zone to the groundwater was converted to a hypothetical 

groundwater concentration in the aquifer using a “dilution factor” approach as defined in the state of 

Washington’s Model Toxics Control Act (WAC 173-340).  The dilution factor from vadose zone to 

groundwater concentration is equal to the sum of the groundwater and vadose zone infiltration flow rates 

divided by the vadose zone infiltration flow rate.  The infiltration rates were output from the SAC 

modeling, and the groundwater velocity results were derived from published groundwater model results 

(Thorne et al. 2006).  The output of the SAC analyses used three time periods (2006–2100, 2101–3100, 

and 3101–12000 date ranges) to quantify predicted releases of contaminants (uranium, I-129, and Tc-99) 

from the vadose zone to groundwater. 

Thus, the SAC evaluation of waste sites is consistent with the vadose zone remedy evaluation and 

implementation framework (Figure 6), and uses a consistent evaluation approach to predict impact to 

groundwater and provides a means to prioritize contamination issues and remediation requirements across 

the entire Central Plateau.  The SAC results use information about waste disposal inventory and 

numerical modeling to predict contaminant impacts to the groundwater.  Thus, these results are useful as 

an initial categorization of sites and identifying relative priority based on predicted impact to groundwater 

(Table 2). 

The SAC results (Eslinger et al. 2006) were used as the root data for the categorization in Table 2.  

The predicted impact to groundwater at each of the 410 waste sites was evaluated based on the maximum 

concentration in groundwater divided by the drinking water standard (DWS), which was termed DWS 

Factor.  The listed waste sites were sorted (high to low DWS Factor) for each of the three contaminants 

for each of the three time ranges.  The sites were then classified, with DWS Factor greater than 10 as high 

impact and sites with DWS Factor ranging from 1 to 10 as medium impact to groundwater.  Low-impact 

sites had a DWS Factor equal to or less than 1 (not included on Table 2) and are candidates for no action 
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if supported by a risk assessment (a potential application of the framework).  Several of the waste sites 

contained more than one contaminant and were predicted to have differences in DWS Factor at different 

times.  Table 2 contains all the exceedances for each contaminant at the high- and medium-impact sites.  

The “DWS Factor” column for a specific high-impact site contains all DWS Factor values greater than 10 

at that site (separated by /), and the “Contamination Issue” column for the same site contains the 

description (in the same order as the DWS Factor column and separated by /) of which contaminants (Tc, 

I, or U) and time periods (1, 2, or 3) were predicted to have the DWS Factor values greater than 10.  For 

example, 241-SX-108 was predicted to have a DWS of 70 for Tc1 (Tc up to 2100), of 43 for Tc2 (Tc up 

to 3100), and of 53 for I2 (I up to 3100).  Red text is from groundwater concentration data.  For instance, 

the DWS Factor value of 56 in red and parentheses is an estimate from recent groundwater concentration 

data (for Tc1 in comparison to the SAC value of 70). 

Table 2. Categorization of vadose zone sites based on potential impact to groundwater.  Sites with 

predicted groundwater concentrations less than the DWS are not shown (~300 sites).  

Contamination issues are in the same order of presentation as the DWS Factor for each site (see 

text).  Contaminant issue is shown as I (I-129), Tc (Tc-99), and U (uranium) for time intervals 1 

(up to 2100), 2 (up to 3100), and 3 (up to 12000).  Red text shows information added based on 

recent groundwater plume data. 

Site Name Site_ID DWS Factor 

Contamination Issue 

and Time 

High Potential Impact Sites (Estimated Concentrations Greater than 10X of the Drinking 

Water Standard)

REDOX cribs and trenches 216-S-7 

216-S-1/2 

82(37)/30/11 

14 

I All Times 

I3 

S/SX tank farms & vicinity 241-SX-108 

241-SX-107 

241-SX-115 

241-SX-104 

241-S-104 

70(56)/43/53 

42(56)/14/17 

25(56)/13/17 

12 

22 

Tc1/Tc2/I2 

Tc1/Tc2/I2 

Tc1/Tc2/I 2 

Tc2 

Tc1 

T tank farm & vicinity 241-T-106 64(125)/104/57 Tc1/Tc2/I2 

U tank farm 241-U-104 23 Tc1 

Solid Waste - 200-ZP-1 218-W-4B 

218-W-5 

17 

12 

I3 

Tc3 

BC cribs/trenches multiple 10 - 17 Tc2 

TX/TY tank farms 241-TX-107 23/11 I1/I2 

B, BX, BY tank farms & vicinity BX-102 115/4/34 U1/I1/Tc1 

B, BX, BY tank farms & vicinity BY-cribs 14/2 Tc1/I1 

U cribs 216-U-1/2 12/46/3 U1/Tc1/I1 

B cribs 216-B-12 10 U1 
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Table 2.  (contd) 

Site Name Site_ID DWS Factor 

Contamination Issue 

and Time 

Medium Potential Impact Sites (Estimated Concentrations Between 1X and 10X of the 

Drinking Water Standard) 

S/SX tank farms & vicinity 241-SX-104, 

108, 109, 

110, 111, 

112, 113 

1-10 Tc1/Tc2/I2/I3 

U tank farm 241-U-104 

241-U-112 

241-U-110 

241-U-101 

2/10/9 

6(3)/2/4 

1/2/2 

6/2/3 

U3/I2/Tc2 

Tc1/Tc2/I2 

Tc1/Tc2/I2 

Tc1/Tc2/I2 

TY cribs & vicinity 216-T-26 

216-T-18 

2/8/4/2/2 

3 

Tc1/I1/I2/I3/U3 

I1 

REDOX cribs and trenches 216-S-1/2 

216-S-9 

216-S-7 

9(37)/14/2 

3 

2 

I1/I2/Tc1 

I3 

U3 

A/AX tank farms 241-A-103 

241-AX-102 

9/7 

1(7)/1 

Tc2/I2 

Tc1/Tc2 

BC cribs/trenches multiple 1-9 Tc2/Tc3/I3 

All others in 200-UP-1 216-W-LWC 7/1 I1/I2 

TX/TY tank farms 241-TY-103 

241-TX-107 

241-TY-105 

241-TY-101 

241-TY-106 

6/7 

6 

5/1/2 

2/2 

3 

I2/Tc2 

Tc1 

Tc1/Tc2/I2 

I2/Tc2 

Tc1 

TX trenches 216-T-25 

216-T-24 

216-T-23 

216-T-22 

6/2 

2 

2 

2 

I1/I2 

I2 

I2 

I2 

PUREX cribs and trenches 216-A-5 

216-A-10 

216-A-4 

6(9)/3/2 

5(9)/1 

3(9)/2 

I All Times 

I1/I2 

U1/U2 

C tank farm & vicinity UPR-200-E- 

81 

82 

86 

 

3 

4/4 

4/1 

 

I3 

Tc1/Tc2 

Tc2/Tc3 

T tank farm & vicinity 241-T-103 

241-T-109 

241-T-106 

241-T-101 

1/2/3 

1 

1 

1 

I1/I2/Tc2 

Tc2 

I3 

I2 

Solid Waste - 200-ZP-1 218-W-3AE 3 Tc3 

U cribs 216-U-12 2 U3 

All others in 200-ZP-1 UPR-200-W-

135 and W-2 

2 Tc1 

U ponds and ditches 216-U-10 1 U1 
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The remedy evaluation framework is intended to enable refinement of initial SAC-based site 

evaluation (e.g., from Table 2) using a structured approach to improve the evaluation of impact to 

groundwater and feed directly into remedy selection efforts.  The approach would help identify those sites 

for which natural attenuation alone is likely sufficient (e.g., where additional remedy development is not 

needed) and highlight sites for which natural attenuation will need to be augmented.  For sites where 

natural attenuation must be augmented, the approach is also intended to facilitate determining how to 

target remedy development and implementation in terms of the location and extent of actions that are 

needed to meet groundwater protection goals (e.g., Table 2). 

Application of the structured remedy evaluation approach presented in this report is recommended as 

part of preparing for future feasibility studies and the process for remedy selection mandated by the 

Comprehensive Environmental Response, Compensation, and Liability Act and the Resource 

Conservation and Recovery Act.  Below, several examples of site conditions and associated data that 

illustrate some portion of the evaluation approach are presented. 

Uranium contamination near the BX Tank Farm (BX-102).  There is a uranium contamination plume 

in the groundwater in the B/BX/BY Area (Figure 13).  A recent series of reports, including Lindenmeier 

et al. (2008) and Serne et al. (2008, 2010), developed an update of the conceptual model for the BX-102 

area based on recent data collection and identified key information about the uranium distribution in the 

vadose zone.  The data in Figure 14 show that there is a significant inventory of uranium in the vadose 

zone.  However, a large portion of the uranium inventory is in chemical forms that are functionally 

immobile.  The amount of remaining mobile uranium in the vadose zone has been estimated, and the 

mobile inventory may be impacted by additional attenuation processes during transport.  Figure 14 also 

illustrates that, currently, the majority of the inventory is in the vadose zone, with only a small amount 

within the groundwater.  Thus, to date, uranium migration through the vadose zone has been slow and has 

resulted in some of the uranium mass becoming functionally immobile. 

In this area, the Cold Creek Unit (CCU) low-permeability layer is structured such that a perched 

water zone is present and has intercepted movement of contaminated water through the vadose zone and 

thereby attenuated the flux of contaminated water through the vadose zone.  As shown in Figure 1C, the 

perched water zone is a feature that is expected to control the continued future flux of contaminated water 

into the groundwater.  The CCU feature at BX-102 acts as a limit for the future flux of mobile uranium.  

The characteristics of the perching layer control the water flux under current perched water conditions 

and relate to the water saturation conditions that would be expected once the perched water dissipates.  

Investigation of the properties of the perching zone could be used to estimate the water saturation 

conditions that would correspond to recharge-driven conditions. 

Figure 15 illustrates the elevated water content at and above the CCU (~220-230 ft bgs) and at other 

lower-permeability layers.  Well 299-E33-45 is near BX-102 and was significantly impacted.  The 

remedy evaluation framework can be used to evaluate attenuation associated with the perched water and 

other processes associated with predicting the contaminant flux to groundwater.  Key remediation 

decisions supported through refining the estimate of flux at this controlling features are 1) determining the 

amount of water removal that will hasten return to recharge-driven conditions (at the BX-102 site, there is 

also a need to confirm and consider the impact of poorly sealed well bores) and 2) predicting the uranium 

concentrations in groundwater for recharge-driven conditions to assess whether additional vadose zone or 

groundwater actions are necessary. 
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Figure 13. Site map indicating waste site and well locations for both BX and BY areas (Serne et al. 

2010, Figure 1.1). 
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Figure 14. Depiction of the estimated uranium inventory in the vadose zone at the BX-102 site.  Data 

from Serne et al. (2010). 
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Figure 15. Lithology, stratigraphy, geophysics, and water content versus depth for well 299-E33-45 

(Serne et al. 2008). 
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In addition to illustrating the impact of low-permeability zones in interrupting vertical water 

migration through the vadose zone and producing perched water zones, other data collected as part of 

previous BX-102 conceptual model efforts highlight other components that may be important to consider 

in applying the remedy evaluation framework. 

Figure 16 illustrates the pore-water concentration profiles for several contaminants in the BX-102 

area well 299-E33-45.  Note that the elevated concentrations are generally above the lower-permeability 

layers, which can be used to evaluate attenuation behavior. 

 

Figure 16. Lithology, stratigraphy, geophysics, and pore-water concentrations versus depth for 

well 299-E33-45 (Serne et al. 2008). 

 

Water (A) and acid (B) extractable U concentrations with depth at BX-102 and at well 299-E33-45 

are presented in Figure 17, illustrating that a significant amount of the uranium is immobile (acid 

extractable) and supports the observations in Figure 14. 
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Figure 17. Water (A) and acid (B) extractable U concentrations with depth at BX-102 and at 

well 299-E33-45 (Serne et al. 2010). 

 

Matric potential data were measured by filter paper technique and are presented below with depth 

along 299-E33-45 (Figure 18) and 299-E33-338 (Figure 19).  Well 299-E33-45 is near BX-102 and was 

significantly impacted, and well 299-E33-338 is farther away from BX-102.  Both locations have drastic 

changes near and below the CCU, which likely are due to the changes in permeability above and below 

the CCU that cause the perching and lateral spreading of water.  Above the CCU at well 299-E33-45, the 

core matric potential is low for the entire profile, and the data are much lower than the line (representing 

unit-gradient, steady-state conditions).  This suggests that vadose zone water flux is still downward and 

greater than expected for natural recharge conditions.  At well 299-E33-338 above the CCU, matric 

potential is generally higher than at well 299-E33-45, which indicates a lateral hydraulic gradient and the 

potential for lateral spreading.  This type of data supports the evaluation of the hydraulic gradient and the 

potential for vertical and lateral flow. 

Technetium contamination beneath the SX Tank Farm.  Similar to the BX-102 example, the CCU 

may be controlling flux through the vadose zone, causing high moisture conditions above and within the 

CCU (Figure 20 and Figure 21).  As with the BX-102 example, moisture conditions in finer grained zones 

such as the CCU are expected to be relatively high under recharge-driven conditions.  The Tc-99 data 

collected in boreholes surrounding the tank farm show that lateral spreading has occurred with Tc-99 

observed up to 50 m from the tanks.  The lateral spreading diminishes moisture conditions as an 

attenuation mechanism and an assessment of moisture conditions and porous media properties could be 

used to assess current fluxes in relation to the fluxes expected under long-term recharge-driven 

conditions. 

The remedy evaluation framework may be used to evaluate attenuation associated with the high water 

content CCU and other processes associated with predicting the contaminant flux to groundwater.  Key 

remediation decisions supported through this type of analysis could identify the extent of water removal 

that would hasten return to recharge-driven conditions (e.g., through pore-water extraction or 

desiccation).  Prediction of Tc-99 concentrations under recharge-driven conditions could be used to assess 

the need for and extent of Tc-99 removal from the vadose zone (e.g., pore-water extraction), or to support 

consideration of other mitigation approaches (e.g., significant desiccation, surface infiltration barriers). 
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Figure 18. Matric potential by filter paper technique on core and grab samples with depth along 

well 299-E33-45 (Serne et al. 2008). 
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Figure 19. Matric potential by filter paper technique on core samples with depth along 

well 299-E33-338 (Serne et al. 2008; Lindenmeier et al. 2008). 
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Figure 20. Lithology, stratigraphy, and moisture and Tc-99 profiles at the 299-W23-19 borehole at the 

edge of the SX tank area. 



 

41 

 

Figure 21.  Moisture and Tc-99 profiles at the slant borehole beneath the SX-108 tank. 

 

Technetium contamination at the BC Cribs and Trenches site.  The CCU is not present in the vadose 

zone beneath the BC Cribs and Trenches site (Figure 22).  Thus, similar to the BY Cribs example and 

unlike the BX-102 and SX tank farm examples, moisture and contaminant flux would be expected to 

behave as shown in either Figure 1A or Figure 1B.  Data, including electrical resistance surveys  

(Figure 23; Serne et al. 2009), show that lateral spreading of the contamination and associated added 

water has occurred.  Similar to the BY Cribs example, lateral spreading diminishes moisture conditions as 

an attenuation mechanism and an assessment of moisture conditions and porous media properties could be 

used to assess current fluxes in relation to the fluxes expected under long-term recharge-driven conditions 

(e.g., to assess whether future fluxes are expected to resemble Figure 1A or Figure 1B).  The BC Cribs 

and Trenches site has been the focus of vadose zone investigations (e.g., Ward et al. 2004; Truex et al. 

2011b, 2012).  These efforts have included simulation of water and Tc-99 flux to groundwater (Ward 

et al. 2004).  These simulations predict that most of the Tc-99 will reach the water table under recharge-

driven conditions (Figure 24), but at fluxes that cause the groundwater Tc-99 concentration to exceed the 

DWS.  Additional simulations and investigation of Tc-99 transport in unsaturated sediments (Jansik et al. 

in review) is ongoing to refine the understanding of potential future groundwater impact at the BC Cribs 

and Trenches site. 
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The remedy evaluation framework evaluation can be applied to evaluate processes associated with 

predicting the contaminant flux to groundwater.  A refined conceptual model and evaluation of 

groundwater impacts can support decisions regarding potential need for and extent of active remedies at 

this site. 

 

Figure 22. Laboratory-sample-derived Tc-99 and moisture profiles for borehole 5923 (left) located 

between four cribs and borehole 4191 (right) located adjacent to the B-26 trench at the 

BC Cribs and Trenches site (200-BC-1 Operable Unit).  Note the 5923 data is at location 

offset from the cribs discharge such that information must be interpreted with respect to 

lateral moisture and contaminant flow and transport.  Lenses of higher silt content materials 

are not necessarily laterally continuous at the BC Cribs and Trenches site.  This figure is 

adapted from information reported in Serne et al. (2009). 

 

Technetium contamination at the BY Cribs site.  A conceptual model of the vadose zone was 

developed (Serne et al. 2010) identifying key information about the technetium (Tc-99) distribution in the 

vadose zone.  The data in Figure 25 show that there is a significant inventory of Tc-99 in the vadose zone.  

Figure 25 also shows a significant inventory in the groundwater, suggesting that attenuation within the 

vadose zone has only partially mitigated Tc-99 contaminant flux.  Tc-99 is not expected to undergo 

significant chemical alteration to immobile forms in oxic sediments, and thereby is expected to have less 

geochemical attenuation compared to a contaminant such as uranium. 
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Figure 23. Estimated lateral distribution of ionic strength (used as a surrogate for contamination) in the 

vadose zone at the BC Cribs and Trenches site (200-BC-1 Operable Unit) (Serne et al. 2009). 
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Figure 24. Simulated water flux across the water table (left) and predicted Tc-99 concentrations over 

time in the groundwater (right) beneath the trenches portion of the BC Cribs and Trenches 

site (Ward et al. 2004).  The dashed line in the right plot is the Tc-99 drinking water 

standard.  Note that the time scales are different on the two plots.  Water flux has returned to 

recharge-driven conditions by about the year 2345 and the bulk of the Tc-99 enters the 

groundwater after that time. 

 

Figure 25. Depiction of the estimated technetium inventory in the vadose zone at BY Cribs using data 

from Serne et al. (2010). 
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As with the BC Cribs area, the CCU is not present in the vadose zone beneath the BY Cribs  

(Figure 26).  Thus, unlike the BX-102 and SX tank farm examples, moisture and contaminant flux would 

be expected to behave as shown in either Figure 1A or Figure 1B.  Figure 26 for well 299-E33-342 at the 

BY Cribs suggests that there are no significant layers of lower permeability that mitigate vertical water 

flux. 

 

Figure 26. Lithology, total gamma, and water content versus depth for well 299-E33-342 in the 

BY area.  Note that the low-permeability CCU is not present in this area. 
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Data, including electrical resistance surveys (Figure 27 and Figure 28; Serne et al. 2010), show that 

lateral spreading of the contamination and associated added water has occurred.  Similar to the SX Tank 

Farm example, although without the influence of the CCU as a controlling feature, lateral spreading 

diminishes moisture conditions as an attenuation mechanism, and an assessment of moisture conditions 

and porous media properties could be used to assess current fluxes in relation to the fluxes expected under 

long-term recharge-driven conditions (e.g., to assess whether future fluxes are expected to resemble 

Figure 1A or Figure 1B). 

 

Figure 27. Electrical resistivity survey depicting lateral extent of low resistivity expected to correspond 

with the vadose zone contaminant distribution (Serne et al. 2010). 
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Figure 28. Electrical resistivity survey depicting a vertical slice of the subsurface where the low-

resistivity region is expected to correspond with the vadose zone contaminant distribution 

(Serne et al. 2010). 

 

Lateral water and contaminant spreading are also supported by the data presented in Figure 29.   

Figure 29 shows Tc-99 concentration profiles at the BY-49 Crib and well 299-E33-341.  The waste was 

released at the location of the cribs, and contaminants present at the well indicate lateral spreading of the 

discharge waste. 

Figure 29 also shows that Tc-99 has transported through the entire vadose zone and reached the 

groundwater at the BY area, contributing to a groundwater contamination plume.  The current impact of 

this contaminant flux is depicted in Figure 30, showing the arrival of nitrate and Tc-99 from the vadose 

zone, mixing with the groundwater, and increasing the groundwater concentration. 
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Figure 29. Tc-99 concentration profiles at the BY-49 Crib and well 299-E33-341 (Serne et al. 2010). 

 

Figure 30. Groundwater concentrations over time of nitrate (black) and Tc-99 (green) at well 299-E33-7 

in the BY area (Serne et al. 2010). 
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At this BY area location, the remedy evaluation framework for the vadose zone can be applied to 

evaluate processes associated with predicting the contaminant flux to groundwater.  Data collection and 

simulation or analyses conducted with the framework could be used along with interpretation of the 

existing groundwater plume to increase confidence in predictions of future impacts and selection of an 

appropriate remedy.  Key remediation decisions supported through this type of analysis could identify the 

extent of water removal that would hasten return to recharge-driven conditions (e.g., through pore-water 

extraction or desiccation).  In addition, prediction of Tc-99 concentrations under recharge-driven 

conditions could be used to assess the need for and extent of Tc-99 removal from the vadose zone (e.g., 

pore-water extraction) or to support consideration of other mitigation approaches (e.g., significant 

desiccation, surface infiltration barriers). 

As illustrated in part by the case studies presented above, the type of data collected in previous and 

ongoing characterization and conceptual model efforts can be used to support key components of the 

remedy evaluation framework described in this report. 

 

5.0 Characterization and Monitoring Approaches  
Supporting Remedy Implementation 

A systems-based approach to characterization and monitoring, structured around refinement of a 

conceptual site model, is recommended to support the remedy evaluation framework described in this 

report and subsequent remedy implementation.  Initial conceptual models should be refined through the 

framework presented in this document (illustrated in Figure 6) to support contaminant fate and transport 

modeling, baseline risk assessment, and remedy evaluation and selection.  The framework and integration 

of characterization and monitoring are intended to be consistent with the approach for monitoring in the 

recently published Scientific Opportunities for Monitoring at Environmental Remediation Sites 

(SOMERS):  Integrated Systems-Based Approaches to Monitoring (Bunn et al. 2012). 

The rate of contaminant movement through the vadose zone (the mass flux and/or discharge) is a 

primary parameter used to assess potential impacts on groundwater.  Direct measurement of contaminant 

flux in the vadose zone is rarely possible.  However, this overall objective can be appropriately addressed 

using a lines-of-evidence approach in which the data collected are used to quantify the key factors related 

to contaminant migration and enable interpretation with respect to contaminant flux to the groundwater.  

Although each site is unique, a general conceptual model can be used to describe key characterization and 

monitoring targets (Figure 5 and Figure 31). 

A primary goal of monitoring for non-volatile contaminants is to provide information useful to 

understanding and quantifying the contaminant distribution in the vadose zone and transport to 

groundwater.  Characterization and monitoring data integrated into a descriptive conceptual model to 

identify the site-specific controlling features and processes are an important part of an overall strategy for 

predicting future states.  Predictive (numerical) analyses are also part of that strategy, as are the iterative 

nature of monitoring and modeling.  The results of predictive analyses and the refinement of these 

analyses with monitoring data can be important to the interpretation of monitoring data, in terms of 

verifying appropriate remedy performance.  For most sites, waste disposal (time “a” on Figure 31) has 

already occurred, but important information may be available to describe site conditions during the time 

of active disposal (i.e., top curve).  If these data are available, they can be related to predictions of, or 
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monitoring approaches for, describing the contaminant flux to the groundwater (i.e., bottom curves).  Key 

components of vadose-zone monitoring based on the generic transport framework (Figure 31) are 

discussed below and include the categories of 1) water flux, 2) contaminant flux and its relationship with 

water flux, 3) remediation processes, and 4) volumetric moisture and contaminant measurements. 

 

Figure 31. Generic description of the vadose zone as a transport path from the surface to groundwater 

for non-volatile contaminants. 

 

1. Water Flux.  The contaminant flux to groundwater is directly related to the water flux through the 

vadose zone.  Figure 31 shows the generic progression of water flux over time.  One target for 

monitoring (and predictive analysis) is determining the shape of the water output (from the vadose 

zone to the groundwater) flux curve over time and whether the site is currently at generic time “b,” 

“c,” or “d.”  At generic time “b,” the water discharged with the waste disposal has not yet reached 

groundwater.  At generic time “c,” water flux at the water table is increased compared to pre-disposal 

conditions because the discharged water has reached the water table.  At generic time “d,” the peak of 

discharged water has passed into the groundwater and the water flux is at, or diminishing to a rate 

consistent with, long-term surface recharge conditions.  Knowledge of whether the site is currently at 

generic time “b,” “c,” or “d” should be a goal of characterization, predictive analysis, or monitoring 

the water phase movement for those sites already impacted by anthropogenic activities.  This type of 

knowledge may be useful in supporting streamlined monitoring approaches, especially for long-term 

monitoring if the dynamics of the contaminant flux are expected to be minor.  The actual timescale 

and magnitude of the water flux changes are controlled by the discharge conditions, vadose zone 

properties, and their distribution (especially for controlling features such as interfaces between porous 

media zones with different properties) and the net surface recharge conditions.  Thus, monitoring 

approaches that target these elements and focus on identifying changes over time are potential 
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components of a vadose zone monitoring program.  For most sites, especially progressing from time 

“c” to time “d,” the recharge rate will be a primary indicator of water flux and no or only limited 

monitoring of other controlling features may be needed to define the water flux. 

2. Relationship Between Contaminant and Water Fluxes.  Contaminant flux and its relationship with 

water flux (and therefore, also the relationship between the contaminant and water distribution) is 

controlled by contaminant interactions with sediment surfaces (e.g., adsorption or precipitation/ 

dissolution processes) or by microscale transport phenomena such as intra-particle diffusion.  Thus, 

lines-of-evidence vadose-zone monitoring may include monitoring for contaminant distribution (or 

surrogates such as ionic strength), factors that control the interactions (e.g., master variables for pore-

water chemistry), and/or indications of changes in interactions (e.g., sediment surface properties, 

ionic strength).  The conceptual site model should indicate the type of contaminant interaction 

expected under either natural attenuation or remedy conditions.  Thus, the conceptual site model 

would 1) identify the expected contaminant behavior relative to moisture movement (e.g., as depicted 

on Figure 31) and 2) potentially quantify expected fluxes for each contaminant (e.g., through 

geochemical, geological, and predictive analyses).  Direct measurement of contaminant flux in the 

vadose zone is rarely possible.  In cases where continued vadose-zone monitoring may be needed to 

verify the expected contaminant flux, use of periodic or time-lapse geophysical measurements may be 

a viable option.  Periodic assessment of contaminant conditions at controlling features may also be 

possible.  In some cases, measurement of groundwater contaminant concentrations may be a viable 

part of a monitoring strategy.  Continued efforts to improve contaminant monitoring in the vadose 

zone, for instance as described by Bunn et al. (2012), may provide improved methods in the future.  

Because of the difficulty in direct measurement of contaminant flux, developing a technically 

defensible conceptual model and associated fate and transport evaluation is of critical for the vadose 

zone and is the basis of the structured approach for the framework presented in this report. 

3. Volumetric Moisture and Contaminant Measurements.  Volumetric measurements or measures of the 

vertical distribution of moisture and contaminant distribution and changes in these distributions can 

be interpreted in terms of current or future contaminant fluxes to groundwater.  This type of approach 

provides information about the mass distribution of water and/or contaminants in the vadose zone.  In 

some cases, monitoring the water flux can be simplified, especially for long-term monitoring.  For 

instance, if water flux conditions for the site are at or near the long-term water flux (i.e., 

approximately equal to surface recharge rate), monitoring for water flux to groundwater reduces to 

monitoring of net surface recharge. 

4. Remediation Processes.  Some remedies impart specific changes to the vadose zone or contaminants 

that can be directly or indirectly (e.g., indicators or surrogates) monitored over time and related to 

contaminant flux to groundwater.  Approaches may include monitoring of remedy impacts to vadose 

zone properties (e.g., permeability, sediment surface properties, pore-water chemistry), moisture 

conditions/distribution, contaminant properties (e.g., redox state, precipitates), or the remedy 

amendments (e.g., addition or removal of oxygen, addition or transformation of organic carbon, 

concentration of oxidant or reductant).  All remedies target one or more processes that decrease water 

and/or contaminant flux, which may be monitored to evaluate remediation progress, as noted above. 

The vadose-zone monitoring components discussed above have the potential to provide data that can 

be interpreted in a lines-of-evidence approach.  These components have been discussed in the context of 

an overall objective to understand and quantify the contaminant flux to groundwater and associated 

vadose zone remedy performance.  For each site, this goal can be applied at different levels of rigor 
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appropriate to the overall remediation approach and the relative importance of the vadose zone 

contamination.  For instance, some sites may require only a prediction of contaminant flux from the 

vadose zone to the groundwater and minimal confirmation of site conditions used to support this 

prediction.  At other sites, where the vadose zone is more closely tied to a groundwater remedy, more 

detailed monitoring and quantification of contaminant flux may be needed.  Thus, the monitoring design 

and program will also be related to decisions that need to be supported with the monitoring data.  Table 2 

also illustrates this type of prioritization across several sites that can inform both monitoring and remedy 

decisions.  In any case, the components outlined in this section offer candidates for categories of vadose-

zone monitoring design that can provide data and information to interpret the impact of vadose zone 

contamination on groundwater quality within the framework of a conceptual site model and associated 

predictive analyses. 

The framework presented here focuses on contaminant movement through the vadose zone.  At sites 

with emplaced waste forms or previously buried waste, contaminants may not have been released to the 

subsurface but may be released over time.  The same framework—viewing the vadose zone as a pathway 

to groundwater and the release as a transient event—applies in these cases.  However, additional elements 

may be important to detect the releases.  Each category of vadose zone monitoring discussed above may 

be applicable, although applied to locations and for targets relevant to the potential waste source and site 

conditions. 
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