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EXECUTIVE SURIMARY 

Introduction 
The Hanford Site End State Vision document (DOyRL2003-59) states: “There should be 
an aggressive plan to develop technology for remediation of the contamination that could get 
to the groundwater (particularly the technetium [%I).” In addition, there is strong support 
from the public and regulatory agencies for the above statement, with emphasis on 
investigation of treatment alternatives. In July 2004, PNNL completed a preliminary 
evaluation of remediation technologies with respect to their effectiveness and 
implementability for immobilization ofWTc beneath the BC Cribs in the 200 West Area 
(Truex, 2004). As a result of this evaluation, PNNL recommended treatability testing of in 
situ soil desiccation, because it has the least uncertainty of those technologies evaluated in 
July 2004 (Treatability Test Outline, September 30,2004). 
In 2005, DOE-RL and Fluor Hanford convened an independent technical panel to review 
alternative remediation technologies, including desiccation, at a three-day workshop in 
Richland. Washington. The panel was composed of experts in vadose-zone transport, 
infiltration control, hydrology. geochemistry, environmental engineering, and geology. Their 
backgrounds include employment in academia, government laboratories, industry, and 
consulting. Their review, presented in this document, is based upon written reports from 
Hanford, oral presentations from Hanford staff. and each panel members’ years of experience 
in their particular field of expertise. 
The purpose of this report is to document the panel’s evaluation of various treatment 
alternatives with potential for minimizing contaminant migration in the deep vadose zone at 
the Department of Energy Hanford Site. The panel was tasked with assessing the most viable 
and practical approach and making recommendations for testing. The evaluation of vadose- 
zone treatment alternatives was conducted to be broadly applicable at a variety of locations at 
Hanford. However, because of limitations of time, the panel was asked to focus on one 
example, mTc contamination below the BC Cribs and Trenches. It is well recognized that 
conditions at BC Cribs and Trenches are not the same as those at other Hanford locations, but 
it was selected so that the panel could develop an understanding of site conditions at one 
location. The recommendations in this report are not intended to address the regulatory 
decision process for this site. 
Evaluation Approach 
The implementability, effectiveness, and cost of technologies that have potential to remediate 
deep vadose-zone contaminants strongly depend upon subsurface conditions, history of 
disposal. and the resulting contaminant and moisture distribution. The panel generally agreed 
with the conclusions of Truex (2004, PNNL Letter Report: Evaluation of In Situ 
Technologies for Immobilization of Technetium Beneath the BC Cribs), but evaluated other 
options and also performed a detailed evaluation of Truex’s “preferred option,” desiccation. 
Truex noted that the following features must be considered when implementing any of the 
treatment technologies: 

amount of water introduced to the subsurface; 
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impact on water distribution in the subsurface, if hydraulic conductivity is changed; 

contrasts in permeability at multiple intervals within and immediately below the 
contaminated zone; and, 

thickness and areal extent (Le., volume) of the contaminated zone. 

Another critical document reviewed by the panel is the report entitled “Vadose Zone 
Contamimant Fate-and-Transport Analysis for the 216-B-26 Trench” by Ward et al. (2004), 
which produced a conceptual model for the 216-B-26 Trench to support evaluation of 
remediation alternatives. Modeling was conducted for two remedial alternatives: no action 
and capping. The capping alternative was also included in the panel’s evaluation. 

Uncertainties Related to Deep Vadose-Zone Remediation 
Prior to review of individual technologies for minimizing downward transport of deep 
vadose-zone contamination. the panel identified a number of uncertainties that must be 
considered during the analysis. Uncertainties were classified as related to 1) current 
subsurface conditions, using data from BC Cribs and Trenches as an example, 2) impact of 
technologies, and 3) episodic or extreme events. 
Because data on subsurface conditions at Hanford are somewhat limited, due to the high cost 
of characterization. the panel recognizes that there is significant uncertainty regarding the 
extent of vertical migration of many of the contaminant plumes. For example, at BC Cribs 
and Trenches, borehole data throughout the vadose zone is available from only one borehole. 
At Hanford, typically there is also limited information on continuity and interconnectivity of 
sediment layers and horizontal extent ofcontaminants. This is true at BC Cribs and 
Trenches, although the recent surface high-resolution resistivitiy (HRR) geophysical survey 
has produced promising results in better characterizing subsurface contaminant distribution. 
Borehole information is now required to validate the geophysical data. If its performance is 
confirmed with borehole data, HRR may prove to be a cost-effective volumetric method to 
characterize contaminant distribution in the subsurface at Hanford where high-salt aqueous 
wastes were introduced. In order to determine the maximum extent of penetration of 
radionuclides, such as %Tc, HRR surveys will have to target the entire thickness of the 
vadose zone. 
Uncertainties associated with the impact of technologies implemented as a remedial action 
include: delivery of fluids, changes in subsurface pressure distribution, geochemical impacts, 
and unintended impacts (such as improper well installation). 
Uncertainties associated with episodic or extreme events (both short-term, such as floods or 
earthquakes, and long-term, such as climate change) are discussed in terms of the 
requirement for robustness of any technologies selected for implementation. 
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Review of Technologies for Minimizing Downward Transport of Deep Vadose Zone 
Contamination 
The panel reviewed ten technology alternatives, six of which had been reviewed by Truex 
(2004) and one of which had been reviewed by Ward et al. (2004). Those technologies that 
had been evaluated by Truex (2004) include: in situ gaseous reduction, vadose-zone 
bioreduction, vadose-zone permeable reactive barrier, saturated zone in situ redox 
manipulation permeable reactive barrier, in situ grouting, and vadose-zone desiccation. 
Ward et al. (2004) reviewed surface infiltration control with engineered bamers. Additional 
technologies reviewed by the panel include: soil flushing, perturbation geochemistry, and 
energy-based (e.g.. thermal) enhancements. As a result of the technical review, priority 
technologies, as described below, were recommended for further consideration. 
The panel generally agreed with the conclusions of Truex (2004), whose preliminary 
evaluation described vadose-zone desiccation with the least uncertainty of the six 
technologies. Technologies that require injection or extraction of fluids, particularly liquids, 
in the subsurface are impacted by significant uncertainties, due to our limited knowledge of 
subsurface heterogeneities and our ability to access contaminants in finer-grained layers 
within the section. Gas-phase injection (e.g.. desiccation) is somewhat less impacted by 
these uncertainties. In addition, technologies that rely upon redox manipulation present 
concerns related to the ability to maintain reducing conditions over an extended period of 
time and the inefficiency of the reduction due to the presence of oxygen and co- 
contaminants, such as nitrate and sulfate, which significantly increase the mass of reductant 
required to produce and maintain reducing conditions. 
Recommendations for Deep Vadose-Zone Remediation 
To evaluate options for deep vadose-zone remediation at the Hanford Site, the panel 
recommends focus on contaminant flux as a key to success. Each of the options should then 
be evaluated within that context. 
An overarching recommendation by the panel is implementation of surface infiltration 
control as a surface barrier at sites with vadose-zone contamination that has potential to or 
already has impacted the aquifer. The surface barrier is likely to provide significant benefit 
towards minimizing further downward transport of contaminants already present in the deep 
vadose zone. It must also include a monitoring system that will be operated until the peak 
solute flux has passed. The time-scale of the monitoring may well span several hundreds of 
years or longer. 
Because PNNL recommended further study of desiccation, the technical panel conducted a 
more extensive review. As such, the panel concluded that factors previously unidentified 
require that modeling and laboratoryhield testing be conducted to determine the viability of 
the technology. A number of issues, such as vadose-zone heterogeneity, energy balance, 
geochemical effects, osmotic effects, and implementation issues (e.g., installation of a large 
number of wells) may impact the effectiveness, implementability. and cost of desiccation and 
should thus be further examined. The panel also recommended that modeling be conducted 
to investigate the viability of thermal enhancements to desiccation, although significant 
issues with implementation likely exist. 
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As requested by Fluor Ilanford, the panel developed a flow chart (Figure ES-1) to describe 
the recommended path fonvard for investigating remedial alternatives for deep vadose-zone 
rcmcdiation at the Hanford Site. Figure ES-1 calls for evaluation of the effectiveness of 
desiccation for potential application at numerous sites at Hanford. Concurrent with this 
evaluation for the overall Hanford Site, specific-site activities that include 1) reduction of 
uncertainty about contaminant location and 2) modeling effectiveness of surface infiltration 
reduction at that particular site should proceed. 
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For a specific site, after completion ofsite investigations and modeling ofeffectiveness of 
infiltration control, a go/no-go decision should be made. If the baseline flux (no infiltration 
control) is found to exceed guidelines or standards, surface infiltration control is 
recommended. The panel strongly recommends this be the first line of attack for vadose- 
zone control. lfthe modeling shows that flux with surface infiltration control still exceeds 
guidelines or standards, further work to evaluate promising deep vadose-zone remediation 
technologies is recommended. 
Because the problem of contamination in the deep vadose zone is widespread at the Hanford 
Site, modeling and testing of the effectiveness of desiccation as a potential remediation 
technology should be conducted immediately so that results can be incorporated into 
remedial alternative evaluations at specific sites. The first step in the evaluation of the 
effectiveness of desiccation involves modeling 99Tc fluxes at the water table, with 
consideration of heterogeneity (building upon the latest site characterization data), energy 
balance, geochemical changes in pore water during evaporation, osmotic effects, 
implementation, risks, and cost. 
Based on the modeling results, laboratory studies of desiccation effectiveness should be 
conducted to answer key questions, focusing on the factors identified above. At the 
conclusion of both modeling and laboratory studies, there is a key decision point regarding 
potential viability of desiccation at the Hanford Site (Figure ES-I). 
If desiccation is determined to be not viable at a particular site, periodic monitoring of the 
infiltration control and reassessment of deep vadose-zone technologies are recommended. If 
desiccation appears to be viable, the panel recommends a pilot-scale field demonstration that 
focuses on the identified engineering and risk factors in a real-world setting. If the pilot- 
scale field demonstration of desiccation is performed, another go/no-go decision is required 
after its completion. Ifit is determined to be a viable alternative, the full-scale system should 
be designed based upon the results of the demonstration, built, and implemented with both 
performance and long-term monitoring as a system component. 
BC Cribs and Trenches Site Conceptual Model 
Thd panel was asked to provide specific recommendations regarding remediation of wTc 
below the BC Cribs and Trenches. As such, the panel reviewed the conceptual models of 
Truex (2004) and Ward et al. (2004). Based upon these models and new site characterization 
data. the panel described the vadose-zone conceptual model beneath the BC Cribs and 
Trenches in terms of 1) known facts, 2) inferences, and 3) uncertainties. 

. 

Known facts relate to the physical size of the facility, period of operation, 
approximate quantity and chemistry of waste disposed, and available subsurface 
characterization data (e.g., Borehole C4191). 

Inferences relate to the depth of waste penetration based upon high-resolution 
resisitivity (HRR) data recently collected across the entire site, likely subsurface 
chemistry, and driving forces for migration. 

Uncertainties relate to the total depth of migration of mobile contaminants across the 
site. effectiveness of the proposed remedial technologies, and lithologic controls (i.e.. 
heterogeneity). 



WM P-273 97 
Revision 0 

The panel recommends that performance metrics for minimizing wTc migration in the vadose 
zone must be formulated in terms of reduction of mass flux, which could potentially be 
accomplished through 1) improving the ability of the vadose zone to retain contamination 
and buffer its release or 2) decreasing the infiltration rate that controls long-term steady-state 
outputs of both water and contaminants, or 3) reducing wTc mass through in situ removal. 
The first approach includes chemical stabilization and water-removal methods. The second 
involves decreasing infiltration, which impacts long-term flux from the accumulation zone. 
The third involves treatment that results in removal of wTc from the vadose zone, e.g., in situ 
soil flushing. 
Recommendations Tor Testing, Demonstrating, and Deploying Technologies a t  the BC 
Cribs and Trenches 
The panel recommends that DOE and the regulatory agencies establish an effective 
regulatory path forward for the BC Cribs and Trenches, which includes an early assessment 
of the effectiveness of surface infiltration control, refining the work by Ward et al. (2004) 
through use of new site Characterization data followed by establishment of a ROD for the 
surface infiltration control, while including later assessment of alternative enhancements, 
such as desiccation, pending the results of laboratory and field testing. The panel also 
recommends further characterization to reduce uncertainty regarding the vertical distribution 
of 99Tc and subsurface heterogeneity in the target volume prior to the later assessment of 
alternative enhancements. 
Refinement of Ward et al.'s (2004) modeling should be conducted to: 1) include the recently 
collected HRR and borehole data collected for HRR validation; 2) identify alternative 
infiltration-control strategies, and 3) examine "Tc fluxes at the water table in terms of 
sustainability, reliability, and robustness to extreme events and compare to the no-action 
alternative. 
A decision regarding implementation of active subsurface remediation must take into account 
the current distribution of wTc at the site. As such, the panel recommends the following 
characterization activities at BC Cribs and Trenches. 

Perform an additional HRR survey to target greater depths in the vadose zone (Le.. to 
the water table), thus providing information on the limits of vertical penetration of 
wTc; 

Drill additional boreholes to collect depth-discrete data (e.& wTc, nitrate. moisture 
content, geology, porosity, bulk density) throughout the vadose zone in areas of 
suspected deep penetration, Le. Cribs; data shall be collected from both discrete core 
samples and downhole geophysical logging tools (pulsed neutron for porosity and 
dual gamma for density); data will also be used to validate the additional HRR 
survey, 
Install additional monitoring wells and collect groundwater samples underlying and 
downgradient of the Cribs (utilizing the new boreholes if possible); and, 

Perform comprehensive 3-D data analysis to better characterize subsurface 
heterogeneity within the deep vadose zone. 
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1.0 INTRODUCTION 

1.1 Background 
The Hanford Site End State Vision document (DOERL2003-59) states, in Alternative 
(Variance) 3: "There should be an aggressive plan to develop technology for remediation of 
the contamination that could get to the groundwater (particularly the technetium [wTc])." In ' 
addition, comments from the public workshops for the End State Vision concluded that 
Variance 3 strongly supported the above statement. Currently, regulatory agency interest in 
deep vadose-zone treatment is high. Both the U.S. Environmental Protection Agency and 
Washington State Department of Ecology have urged Department of Energy Richland (DOE- 
RL) to investigate treatment alternatives. 
In 2004. a preliminary technology assessment was conducted by Pacific Northwest National 
Laboratory (PNNL) (Truex. 2004) to evaluate a number of remediation technology 
alternatives. In addition, Ward et al. (2004) analyzed fate and transport of vadose-zone 
contaminants, comparing no action to capping as a remedial alternative. As a result of this 
work, Truex recommend further testing of vadose-zone desiccation as a potential remedial 
method for minimizing migntion of mobile contaminants in the vadose zone, thus enhancing 
groundwater protection. The next step proposed by DOE-RL and Fluor Hanford was to 
convene an independent technical panel to review a number of alternatives, including 
desiccation, based upon their specific experience and the work completed todate at Hanford. 

1.2 CoaVObjectives 
The purpose of this project was to evaluate various treatment alternatives targeted to 
minimize contaminant migration in the deep vadose zone at the DOE Hanford Site in 
Washington (WA). The evaluation was completed by an independent technical panel tasked 
with assessing the most viable and practical approach and providing recommendations 
regarding testing required, before the preferred alternative can be applied at specific locations 
at the Hanford Site. Although the evaluation of alternatives is broadly focused on application 
at a variety of locations at the Hanford Site, the panel was also asked to provide specific 
recommendations regarding remediatiodfixation of wTc currently located at depth in the 
vadose zone below the BC Cribs and Trenches in the 200 East Area. 

1.3 Approach 
In early 2004, Fluor Hanford identified a number of technical experts from academia, 
national laboratories, industry, and the federal government to participate as a technical panel 
for the review of alternatives. The experts have significant experience in a number of fields, 
including vadose-zone fluid migration, hydrogeology, aqueous geochemistry, numerical 
modeling, and environmental engineering. Panel participants include: Dr. Mark Ankeny, 
Idaho National Laboratory, Dr. Jan Hendrickx, New Mexico Institute of Technology, Dr. 
Dawn Kaback. Geomatrix Consultants, Inc.. Dr. Brian Looney, Savannah River National 
Laboratory, Dr. Stephen Silliman, University of Notre Dame, Mr. Edwin Weeks, United 
States Geological Survey, and Dr. Michael Young, Desert Research Institute. The panel 
participated in a three-day workshop in Richland WA the week of April 25.2005. The 
workshop agenda is provided in Appendix A. On the first day, presentations on historical 
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operations and the PNNL technology evaluation and modeling efforts were made by staff 
from Fluor Hanford, CHZMfIiII, and PNNL. The panel also attended a tour of the PNNL 
laboratory facility where laboratory testing on various aspects of vadose-zone transport is 
being conducted. The remainder of the workshop involved internal panel discussions and an 
outbriefing to the broad stakeholder group at the conclusion of the workshop. After the 
workshop, the panel prepared this report to document their findings and recommendations. 

Section 1.0 of the report provides introductory information such as background, 
goaVobjectives of the project, and approach. Section 2.0 provides a brief description of the 
Hanford Site vadose-zone conceptual model regarding fate and transport of mobile 
radionuclides. Section 3.0 identifies general issues related to deep vadose-zone remediation. 
Section 4.0 provides the evaluation of alternatives. which is targeted broadly towards 
application at any of the waste management units at the Hanford Site. Technologies were 
evaluated as to whether they could reduce mass flux of contaminants or delay arrival of 
contaminants at the water table, and remain insensitive to uncertainties in field conditions, 
including potential extreme events. Technologies showing promising long-term 
performance, while minimizing contaminant flux, are preferred. Section 5.0 provides 
recommendations for deep vadose-zone remediation at Hanford, while Section 6.0 presents 
the BC Cribs and Trenches conceptual model and recommendations for testing, 
demonstrating, and deploying technologies at that site. 
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2.0 IIANFORD 200-AREA VADOSE-ZONE CONCEPTUAL hlODEL 

2.1 
The 200 Area at the Hanford Site has a significant historical record of liquid waste disposal. 
Because of the large size of the site and the complexity of waste disposal operations. the 
panel was asked to concentrate on the BC Cribs and Trenches in the 200 West Area as an 
example site. A more detailed conceptual model of the BC Cribs and Trenches is provided in 
Section 6. Here we describe basic conditions that may be present at numerous waste sites in 
the 200 Area of the Hanford Reservation; however, significant differences exist site by site. 
The following highlights key elements of the 200-Area vadose-zone conceptual model; these 
elements are organized into categories based on the approximate level of certainty or 
uncertainty. 
What We Know 

Key Elements of the Current Conceptual Model 

Millions of gallons of liquid wastes, many of which were brines containing 
radionuclides, were disposed to the subsurface at numerous locations at Hanford. 

Some mobile contaminants (e.& 99Tc, NO,) have migrated to depth, reaching the 
water table in some locations and not in others. Because of its extended half-life and 
high mobility, 93Tc is a priority contaminant for remedial strategy development. 
Appendix A contains information on 99Tc chemistry. 

In the 200 Area, the depth to the water table is approximately 65-100 meters. 

The vadose zone at Hanford consists of unconsolidated fluvial sediments, primarily 
sands, gravels, and cobbles, with thin layers of silts. 
The current moisture profile in the vadose zone varies widely from d to 15 weight 
percent, with higher values associated with finer grained layers. 

What We Suspect 
Heterogeneity is impacting subsurface migration pathways and rates. Preferential 
pathways that accelerated transport of contaminants to great depths in the vadose 
zone and even to the water table are believed to exist, but are dificult to predict. 

Surface geophysical methods (high-resolution resisitivity [HRR]) may be able to map 
contaminant plumes due to their high salt content. 

Total depth of migration ofmobile contaminants (e.g:. 93Tc. NOJ) is not known at 
every waste site. 

Effectiveness of proposed remedial technologies has significant uncertainties. 

Lithologic controls (e.g., thickness and continuity of silty zones and the role in 
focusing water flow, and the role of coarse zones in forming capillary barriers or in 
facilitating waste penetration) are not well understood at this site. 

Mat Is Unclear 
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Geochemical conditions (impact of waste brines and their interaction with subsurface 
minerals) must be considered during any evaluation. 
Impacts of variable methods of wastewater discharge complicate the situation. 

2.2 Linking the Conceptual hlodel to a'n Evaluation of Deep Vadose-Zone 
Treatment Options 

The implementability, effectiveness, and cost of technologies that target deep vadose-zone 
contaminants strongly depend on subsurface conditions, the history of disposal, and the 
resulting contaminant and moisture distribution. Such technologies require the ability to 
deliver amendments to or remove moisture or contaminants from target zones. 
The panel generally concurred with the criteria developed by Truex (2004) in his feasibility 
study evaluation for the BC Cribs. Specifically, Truex noted that the following features must 
be considered in the implementation of any in-situ treatment technology: 

amount of water introduced to the subsurface; 

impact on water distribution in the subsurface, if the hydraulic conductivity is 
changed by the in situ technology; 

contrasts in permeability at multiple intervals within and immediately below the 
contaminated zone; the layers of finer-grained material are typically very thin (mm to 
15 cm); layers identified as generally c o m e  may be laminated by very thin lenses of 
finer-grained material; 

depth and thickness of the contaminated zone in the subsurface; 

areal extent of contamination. 
Truex (2004) opted not to consider technologies that required flushing or addition of large 
volumes of liquid reagents. In reviewing the feasibility study, the panel conditionally 
accepted this as an appropriate conclusion. To confirm this preliminary assumption, 
additional analysis (documented later in this report) was performed. 
Notably, because Truex (2004) focused exclusively on in situ treatment technologies, the 
work did not include evaluation of the performance of infiltration control as a long-term 
remedy nor potential synergies to be considered if infiltration control were combined with 
any of the proposed in situ methods. However, Ward et al. (2004) evaluated the impact of 
surface infiltration control as engineered barriers. 

2.3 
The ultimate goal of remedial activities is to reduce contaminant release and flux to the 
groundwater. Thus, the panel recommends the measures of the success for such actions 
should specifically target and quantify flux-reduction performance, and modeling and 
decision tools that support these measures also focus on flux reduction. The importance of 
this concept was highlighted during discussions of vadose-zone desiccation as a remedial 
alternative. because desiccation may increase contaminant maximum point-concentrations, 
while decreasing overall flux. Because flux is difficult lo directly measure. conceptualize, 
and compare to regulatory standards, the panel recommends use of a flux-averaged 
concentration for modeling, interpretation of field monitoring data, and decision making. 
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7 he simplest method for calculatiiig a [lux-averaged coiiccntration 1s based upon a standard 
geometry for groiiiidw~iter monitoniig wells, as shown in Figtire 1 Looney and Falta (2000) 
present a discussion ofthis concept for a site at ~rookhavcn National Laboratory. A 
projected coiitamiiiaiit cu~icentratioii in a standard well geometry is conelated with the flux 
to groundwateK. The maximum calctrlated conceiitratio~? is predicted at the ~~uwn-~ad ie i i t  
edge o f  the area where the subject waste was released to the water table. 

I L” 

Figure 1, S i m ~ l i ~ e d  Geometry of a C ~ n t a m i ~ a n t  Plume ~ ~ a n a t i u g  from a Waste 
Site 

As an example, if a remediatian, strcli as desiccation, results in doubling of  the n i a x i ~ u ~  
point coilcentration, but reduces the flow to less than half, the calculated groundwater 
concentra~ioIi in the well will reflect the net change in flux (and be in units of concen~ration 
that are traditional to regulatory decisioii-ma kin^). If the plume i s  thinner than the length o f  
tlie well-screen, then the composite maximttm point conceiitration is reduced proportionally 
by the water drawn in from the “clean” screen interval. If the contai~inated interval is 
thicker than the length o f  the well screen, then the undiluted, composite maximum~point 
concentration will be measured by the well. 
Another iiiteresting feature o f  this approach i s  the projected vertical trajectory of the plume 
after it leaves the footprint ofthe waste-disposal area. This behavior suggests a strategy of 
monit~ring plumes in three dimensions and that the vertical flow component he Considered 
when designing and installing such monitoring wells (tlirough selection o f  an appropriate 
standard screen length and shiltiiig thc vertical positions of the screens as distance from the 
subject waste site increases). Consistent 
throughout the plume will minimize pot 
across a site. 

11 o f  thc recouimeiided approach 
blems assoeiatcd with in~e~retatioii  of data 
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The panel recommends that IIanford consider implementing this or an equivalent monitoring 
approach on a site-wide basis to develop consistent remediation decisions across the site and 
aid in communication with regulators and stakeholders. Currently, Hanford uses this 
approach for some (e.g.. the down-gradient well), but not all, modeling calculations. 
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3.0 UNCERTAINTIES RELATED TO DEEP VADOSE-ZONE REhlEDlATlON 
The panel recognized that significant uncertainties regarding the contaminant problem and 
possible solutions remain, and that they must be strongly considered when evaluating 
alternatives for minimizing contaminant migration in the deep vadose zone. Critical to the 
deliberations of the panel was the recognition that significant uncertainties remain with 
respect to: (1) current subsurface conditions (geology, spatial distribution of moisture content 
and contaminants, subsurface geochemistry and mineralogy, etc.), (2) long-term impact of 
the various possible technologies with current and future subsurface conditions, and (3) 
possible future changes in the natural or anthropogenic environments that might impact the 
eflicacy of the technologies. As a result, the panel considered possible impacts of these 
uncertainties as an important component in the selection and design ofpriority technologies. 
It is noted, however, that the time limitations placed upon the panel made it impossible for 
the panel to thoroughly assess any of the uncertainties / extremes. Thus, a critical 
recommendation (Section 5 )  calls for detailed modeling to consider the potential impact of 
these uncertainties / extremes to be performed. This uncertainty analysis was targeted 
towards conditions at the BC Cribs and Trenches as an example, but should be specifically 
applied during a similar analysis at other appropriate locations at the Hanford Site. 

3.1 

Uncertainties related to subsurface conditions are described in terms of the BC Cribs and 
Trenches example, further discussed in Section 6.0. Uncertainties would often be similar 
from site to site across the Hanford Site. 

3.1.1 

A maximum depth of penetration of contaminants cannot often be determined due to limited 
subsurface data. As an example, at BC Cribs and Trenches there are data available from only 
one borehole that extends throughout the vadose zone. A recent surface HRR survey 
(Rucker and Sweeney, 2005) indicates that, in the areas of the Cribs in the northeastern 
portion of the site, contamination may have extended well beyond 50 meters depth, as 
observed near the trenches in the one borehole. This example illustrates the uncertainty 
associated with determining the maximum depth of penetration. Complicating the picture is 
the fact that the current HRR surveys did not target greater depths and thus cannot define the 
base of the contaminant plume across the entire site. 
This uncertainty clearly impacts all proposed technologies that require targeting zones of 
current contamination (either through reduction in moisture content or stabilization of the 
contaminants through geochemical means) and may also impact the timing required for 
technologies reliant upon interception of the contaminant through groundwater capture and 
treatment. 

3.1.2 Continuitynnterconnectivity of Sediment Layers 
Subsurface heterogeneity, known to be present at the BC Cribs and Trenches and other 
subsurface locations at the Hanford Site, appears to affect flow and transport of contaminants 
and will have similar effects on injection or extraction of fluids as part ofan active 

Uncertainties Related to Current Subsurface Conditions (the BC Cribs and 
Trenches Example) 

Extent of Vertical Migration of the Contaminant Plume(s) 
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renied~at~on systeni The presence o f  highly hctcrogeneous layering at the BC Cnhs and 
Trenches i s  indicated in Figure 2 (Ward et al,, 2004). 

Figure 2. Exposure of Subsurface Sedi~ents  at ~auford’s  200 East Area 
ard et al., 2004) 

Flow in unsaturated porous media is extremely sensitive to the continuity and 
interconnectivity o f  fine-~ained sediments of variable grain size. Fine-grained sediments 
can hold more moisture at a given soil-water potential than can most coarse sediments. 
Further, the hydraulic conductivity is strongIy dependent upoii moisture content, such that 
hydraulic conductivity at saturation tends to be significmtl y higher for coarse-grained 
sediments than fine-grained sediments, but this relationship reverses as the moisture content 
decreases (Nillel, 1398, Figure 8.5). Without detailed eli~aeterization of the relationship 
between sediment type, eonduetivity, and moisture content, it is difficult to estimate which 
sediment type will dominate fluid-flux distribution in the vadose zone. In addition, this fluid- 
flux distribution arnortg sediment types will vary as the mean nioisture content varies in 
space or time, The conductivity versus pereeyi~-moistLire relatioilship varies most 
s i ~ i ~ e ~ t l y  for coarse sediments, and as such, can change CLraniatieally if moisture is 

added to the subsurface. In a relatively dry setting like Hanford, fine-grained 
ay have lower resistance to partially saturated flow (higher relative pe~~eabi l i ty)  

than coarse-~ained sedimeiits, but an evaluation o f  soil liydrau~ie properties would he 
needed to ascertain how the resistance chsuiges with water content. 

co#rse-~ruined se~imei~ts  is critical to ~ n d e r ~ ~ a n d ~ i ? g  both c a r r ~ n ~ ~ n  
~ a ~ e n ~ ~ a ~  changes in fluxes related to ap~~icution of ~arious ~e~nedia  
fact that borehole data for the entire vadose-zone interval exist for only one location at the 
UC Cribs and Trenches introduces s i ~ i ~ c a n t  Lincertai~ity regarding lateral continuity of the 
fiiier grained layers identified in C4E91. As a result, this uncertainty must be applied to 
analyses ofpotential flow pathways for both fluids and gases that might be introduced or 
extracted during an active remedial action. 

owledge of the loca~i#n, c o n t ~ n a i ~  and ~ ~ ~ ~ e r c # n i g ~ c f i ~ ~ ~  among ~a~vers o f ~ ~ ~ e -  and 
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3.2 
In addition to uncertainties related to current conditions in the subsurface, there are a number 
of uncertainties related to proposed remediation I stabilization technologies and their impact 
on the subsurface. Many of these are discussed in Truex (2004) and are further described 
here. 

3.2.1 Delivery of Fluids 
Most of the methods investigated to minimize the movement of contaminants from their 
current location in the vadose zone to the water table involve source treatment or barrier 
development/treatment by the injection and/or removal of fluids, either gas or liquid. Hence, 
for problems involving areally extensive contamination, successful implementation of active 
treatment will require nearly complete volumetric coverage to be achieved. 
The presence of subsurface heterogeneity can lead to substantial difliculty in achieving such 
coverage.’ Specifically, flow tends to follow preferential pathways that are defined by the 
distribution of particle size and initial distribution of moisture content. For example, fine- 
grained sediments with high relative moisture content will tend to have far higher resistance 
to the movement of a gas than will coarse-grained sediments with low relative moisture 
content. For such problems, bypass zones remain essentially untreated, due both to well 
placement and vadose-zone heterogeneity. Experience gained by the petroleum extraction 
industry during enhanced recovery operations and the in situ solution mining industry can 
shed substantial light on the issues of bypass flow and well placement. The impact of 
physical heterogeneity on formation of bypass zones remains an active topic of research. 
When the invading fluid is a liquid (e.& water, gel, etc.), this problem is exacerbated by the 
fact that movement of liquids in the vadose zone tends to be dominated by gravity, such that 
horizontal migration away from a point source is usually quite minimal (the primary mean 
direction of motion tends to be vertically downward). Hence, distributing fluids horizontally 
without creating substantial vertical flux of the invading liquid is usually problematic. 
Finally, because problems of transport and delivery are scale dependent, bypass flow may be 
much less significant for treatment of localized contamination. Thus, proposed methods that 
may be rejected for deployment at the BC Cribs and Trenches might be suitable for small 
sites of point-source contamination. Because of this scale issue, treatment options should be 
considered for each site separately. 
3.2.2 Change in Subsurface Pressure Distribution 
Technologies that involve injection or withdrawal of fluids (liquids or gases) will necessarily 
change subsurface pressure conditions (in both the soil liquid and soil gas phases). Such 
changes could alter distribution of flow in the subsurface (again, both liquid and gas), 
including the possibility that a change in driving force may cause migration of contaminated 
fluids. 

3.2.3 Geochemical Impacts 
The wTe plume is associated with extremely high loadings of other contaminants including 
nitrate, sulfate, and sodium. These high loadings combined with uncertainty of the local 
mineralogy. make it dificult to predict geochemical interactions likely to occur under either 
natural conditions or the influence of technologies that directly or indirectly impact such 

Uncertainties Regarding Impact of Technologies 
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factors as mean moisture content or redox state. These uncertainties impact, to varying 
degrees, all potential remediation technologies 
Due to the complexityof the contaminants present in many of the sites contaminated in the 
deep vadose zone, hydraulic and/or chemical manipulation of the contaminated regions may 
lead to complex chemical interactions and reactions, including precipitation and/or 
dissolution of mineral phases, creation of colloidal materials. and changes in oxidation state 
of various constituents. It is not clear that the conrplcr geoclieniical changes that may 
occiir in association with many of tlrepotential remediation tecltnologies have been 
adequately modeled, parficularly under field conditions. As a result, signijcan t 
uncertainty erists with respect to the nragrritude of remediation efforf required, impacts of 
the rentediation, the theperiod over which remediation nriglrt occur, or the long-term 
sirstainability of the remediation e//ort. 

As a specific example, that of desiccation, changes in pore water chemistry occurring as a 
result of the intended remedial action will require significant additional study and 
consideration. These potential changes were not sufficiently addressed in the Truex (2004) 
feasibility study or in the PNNL draR treatability test plan (PNNL, 2004). The evaporation 
of pore water may increase contaminant concentrations and may affect mobility through: 1) 
chemical changes that promote enhanced adsorption of contaminants, including more 
available sites due to precipitation of high-surface area phases; and, 2) co-precipitation of 
mineral phases with contaminants as saturation is exceeded, occluding contaminants from 
interaction with pore water and preventing their continued migration. and 3) possible 
chemical reactions that change vadose-zone transport properties. 
It was noted further that precipitation and adsorption are strongly influenced by pH 
variations. In acidic plumes, pH is controlled by interactions with mineral phases. These 
include pH buffering by dissolution of minerals and sorption of acid to mineral surfaces. 
Pore water in the vadose zone is under the influence of carbon dioxide partial pressures that 
exceed atmospheric (Pcoz=lO~” atm.) (Karberg et al., 2005). If air is used to dry the vadose 
zone, then the Pmz of the system will be reduced to 
corresponding amount. This may result in enhanced adsorption of metals and radionuclides, 
as well as contribute to precipitation of mineral phases. 
Although redox-based stabilization is a widely proposed approach for treatment of redox- 
sensitive contaminants, such as metals and some radionuclides (e.g., ”Tc), the biggest 
uncertainty lies with maintenance of reducing conditions in the subsurface within a normally 
oxidizing target volume. The amount of reductant and the need for repeated treatment, due 
to the continuing presence of the contaminant, are major questions as to the viability of the 
process. When assessing the viability of this process, co-contaminants (such as nitrate and 
sulfate), must be considered in terms of requirements for producing and maintaining reducing 
conditions, as well as the potential side effects of their reduction. Current proposals for 
redox manipulation rely on chemical reagents and/or on microbial metal reduction. Gas- 
phase chemical reduction has been studied by various investigators (Thomton, et al., 1999 
and 2003). Chemical reduction by aqueous solutions of sodium dithionite has also been 
studied and implemented full-scale at the Hanford Site (e.g. Amonette et al.. 1994; Williams 
et al., 2000). Other aqueous solutions such as those containing Fe(II), Cu(l), or Sn(l1) may 
also reduce %Tc. The Natural and Accelerated Bioremediation (NABIR) program of DOE 

atm. and pH will rise by a 
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has fundcd several projects to microbially reduce wTc. Examples can be found on the 
NABIR website http:l/w.lbl.govMABIR. 

Another factor that contributes to the inapplicability of vadose-zone redox manipulation at 
Hanford is the extreme quantities of co-disposed competing electron acceptors, particularly 
nitrate. Figure 3 shows a redox ladder, which demonstrates that the “tons” of nitrate co- 
disposed with the wTc would compete for electrons and inhibit the eflectiveness of redox 
manipulation until almost the entire nitrate pool is depleted. In the 100-D Area where in situ 
redox manipulation has been deployed to treat chromium through injection of liquid sodium 
dithionite. calculations have shown that more than 97% of the reductant is utilized removing 
nitrate and oxygen from the system and less than 3% targets the contaminant ofeoncem, Le. 
chromium. These chemical challenges were not fully considered in the Truex (2004) 
feasibility study, and as such, provide additional and compelling reasons why redox 
manipulation is not appropriate for many sites at Hanford, including the BC Cribs and 
Trenches. 
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Figure 3. Simplified “Redox Ladder” for wTc and a Few Key Co-Disposed 
Constituents at  the BC Cribs and Trenches 

. 3-5 

http:l/w.lbl.govMABIR


WMP-27397 
Revision 0 

3.2.4 Physical Effects 
Physical effects of soil desiccation may include an increase in soil surface area due to micro- 
fracturing aner rewetting of the soil. Micro-fracturing may cut across finer-grained layers 
that are current retaining the contaminants, thus potentially promoting further downward 
migration of contaminants remaining in the vadose zone. 

3.2.5 Unintended Impact of Technology 
In addition to the hydraulic and geochemical uncertainties associated with developing 
technologies for remediation of the deep vadose zone, the installation of the equipment 
required by these technologies provides additional uncertainties. In particular, any 
permanent intrusion into the subsurface (e.& well casing, tubing, etc.) creates a potential 
preferential pathway (along the line of the intrusion) for migration of excess fluid into the 
deep vadose zone. Such preferential flow can create new point sources of water, thus 
changing the flow dynamics in the vadose zone and potentially driving existent contaminants 
deeper. One extreme event associated with a variance in procedures for installation of a well 
could introduce significant quantities of a fluid phase into the vadose zone. While such an 
event is extremely unlikely in the short term (e&, the next 100 years), the potential for such 
an event may increase over time. 

3.3 
In addition to the uncertainties in current conditions and impact of technology, uncertainty 
enters the analysis of potential technologies via possible extreme events (e.g., floods, 
earthquakes, extreme weather patterns) or long-term changes in climate (e.& increase in 
mean annual precipitation). 
As outlined in Sections 1 q d  2 ofthis report and discussed in further detail in Section 4, 
when considering long timeframes, the primary driver moving contamination towards the 
water table is net recharge. Hence, one category of extremes of concern in selecting 
appropriate technologies involves resistance of a proposed technology to short-term 
infiltration extremes as well as long-term increase in the differential between annual 
precipitation and evapotranspiration, both ofwhich could lead to an increase in net recharge 
to the deep vadose zone. 

Short-term extremes might include a combination of events, such as a late-Autumn fire that 
destroys most vegetation (including desiccation of the root zone), followed by a warm winter 
period with heavy (e.& - one meter) snow, and followed by an advancing warm front with 
heavy rain. This event would lead to substantial excess surface water (due to the snow melt 
and additional rain) and minimization of evapotranspiration. Thus, potential for infiltration, 
and thereby potential for increased recharge to the deep vadose zone, is substantially 
increased. 
Long-term extremes would include change of weather patterns leading to an increase in mean 
annual precipitation, while maintaining or decreasing evapotranspiration. Estimates for such 
changes in climate, including observations of historical increases in precipitation and 
predictions of future increases of mean annual precipitation for the Pacific Northwest. can be 
found in the reports by other authors, including Mote (2003) and Mote et al. (1999). 

Uncertainties Related to Episodic or Extreme Events 
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In considering natural extremes, it quickly becomes apparent that a number of scenarios can 
bc imagined which, in the correct combination, could lead to failure ofmany remediation 
technologies that leave the 99Tc in the subsurface, if no surface infiltration control were 
implemented. Further, prediction of the impact of these events is highly sensitive both to the 
postulated event and to the existing surface and subsurface conditions at the time of the 
event. Hence. there is uncertainty in predicting either the probability or the impact of such 
extremes. 
Rather than attempt to directly model a number of extreme scenarios, the panel suggests that 
each technology seriously considered for implementation be assessed for the degree to which 
it is robust to a number of classes of extremes without reference to a particular extreme 
scenario. 
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4.0 REVIEW OF TECIINOLOCIES FOR nllNlhllZlNG DOWN\VARD 
TRANSPORT OF DEEP VADOSE-ZONE CONTAhIlNATION 

4.1 Introduction 
This section provides information on the panel’s review of various technologies for 
minimizing transport of deep vadose-zone contamination at the Hanford Site. As mentioned 
previously. the review attempts to consider technologies for deployment at any site at 
Hanford where deep vadose-zone contamination is known to be present. The panel began by 
reviewing the evaluations completed by Truex (2004) and Ward et al. (2004). The panel 
reviewed the Truex preferred alternative, desiccation, in greater detail and also assessed a 
few additional alternatives. This report does not attempt to repeat the conclusions of the 
Truex or Ward et al. reports, but provides information on key points that are either distinct 
from the Truex report or that we believe need to be further emphasized. 

4.2 

Truex (2004) performed a preliminary screening and identified six active remediation 
technologies for application to the deep vadose zone at the BC Cribs. Ward et al. (2004) 
evaluated one active remediation technology as compared to the no-action alternative. Each 
of these seven technologies is further discussed in this section and information on additional 
technologies that the panel evaluated is also provided. The focus in this section is on key 
issues and recommendations, which have been described by Truex and Ward et al. regarding 
implementation at Hanford. 

4.2.1 In Situ Gaseous Reduction 
In situ gaseous reduction (ISGR) was demonstrated by PNNL at the White Sands Missile 
Range in New Mexico in 1998 to treat chromate-contaminated soils (Thornton et al., 1999 
and 2003). Hydrogen-sulfide gas (200 ppm) was injected into a single injection well at 
depths of 1-6 meters for 76 days. This well was surrounded by six extraction wells (at a 
radius of 10 meters), which were operated as soil vapor extraction units to optimize flow of 
gas through the vadose zone. 
Conclusions of the demonstration include the following. 

Evaluation of Alternatives to Minimize Contaminant Migration in the Deep 
Vadose Zone 

Seventy percent of the chromate at the site was reduced to C i 3  thus verifying the 
effectiveness of the approach. 

The effectiveness of ISGR was limited by subsurface heterogeneities, with 
channeling of the injected gases in the most permeable sands. The deeper, less 
permeable sands were bypassed by the injected gases. 
The amount of hydrogen sulfide used during the test exceeded the amount predicted 
by the laboratory treatability study. 

As discussed in Truex (2004), the gas-phase variant appears to be the most promising variant 
that might be applicable to this target contaminated zone. Unfortunately, the chemical 
conditions in much of Hanford’s deep vadose zone are poorly suited to the necessary redox 
manipulation. 
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Panel concerns include the following. 

Subsurface heterogeneity may serious impact the effectiveness of gaseous injection 
into the vadose zone at the Hanford Site. The finer-grained layers that contain more 
9”Tc and water may be dificult to treat, based on the BC Cribs and Trenches 
example. 

The limited capacity ofthe treated zone to maintain anoxic conditions may limit 
ISGR effectiveness. The presence of co-contaminants, such as nitrate and iron, and 
the influx of oxygen will require significant amounts of reductant to maintain anoxic 
conditions. For example, the sodium dithionite injected into the 100-D aquifer to 
reduce chromate, utilized 97% of the injected reductant to reduce oxygen and co- 
contaminants and only 3% was utilized to reduce the chromate. 

As a result of the above concerns, the panel does not recommend gaseous reduction for 
vadose-zone treatment as a practicable option for most Hanford waste sites, especially larger 
sites like the BC Cribs and Trenches. 

4.2.2 Vadose-Zone Bioreduction 
Vadose-zone bioreduction requires addition of a microbial substrate to the subsurface to 
stimulate indigenous microorganisms that can produce anoxic conditions, thus reducing the 
9”Tc to a less mobile form. If the microbial substrate is added as a gas, the same issues as 
ISGR fieterogeneity of the subsurface and maintenance of anoxic conditions) are applicable. 
In addition, there is additional concern regarding whether suficient indigenous microbial 
biomass is present in the vadose zone with the desired metabolism. Laboratory experiments 
have shown 9”Tc reduction by microorganisms, but other studies have shown populations that 
limit the applicability of this method. Injection of gaseous substrates for microbial reduction 
has been demonstrated only in the laboratory, thus adding further uncertainty to this 
alternative. 
If liquid amendments were required (this was not considered by Truex), significant issues as 
described in the section on Soil Flushing (Section 4.2.8) would apply. The panel 
recommends that this alternative not be further considered for this application. 

4.2.3 Vadose-Zone Permeable Reactive Barrier 
Creation of a vadose-zone permeable reactive barrier is a variation on a theme that the ISGR 
and the vadose-zone bioreduction presented in the previous two sections. It simply calls for a 
smaller volume to be treated, but requires improved knowledge of contaminant transport 
rates in the vadose zone, so that the barrier is active when the contaminants migrate through 
it. The uncertainty associated with when to implement such a technology makes it an 
impractical choice. In addition, the concerns already mentioned above apply to this option as 
well. 

The requirement to maintain anoxic conditions for a very long period of time 
introduces a significant uncertainty and would require continuing treatment and 
monitoring. 

The presence of the co-contaminants identified above (e.g., nitrate and iron), as well 
as oxygen, make it dificult and costly to maintain anoxic conditions. 
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4.2.4 Saturated-Zone In Situ Redox Manipulation Permeable Reactive Barrier 
In situ redox manipulation (ISRM), which involves injection of a reducing liquid (dithionite) 
into the aquifer through wells, has been demonstrated and deployed at the Hanford Site in the 
100-D Area (Amonette et al.. 1994; Williams et al., 2000). ISRM has effectively reduced 
chromate to Cr+3 in all of the injection wells. However, a number ofthe wells have shown 
breakthrough, with rising chromate concentrations, within three years after injection. The 
dithionite injections were originally predicted to maintain anoxic conditions for 23 years and 
thus have not been as effective as predicted. Some of the reasons for this change in 
technology effectiveness include 1) subsurface heterogeneity causing preferential pathways, 
which may be deficient of iron required to maintain reducing conditions, and 2) the presence 
of co-contaminants. such as nitrate, not originally included in the estimate of longevity. 
The panel does not support this alternative, in large part because it requires the contaminants 
to reach the water table prior to treatment. Specific issues include the following. 

The actual time required for the 99Tc to travel to the water table is highly uncertain 
and so the timing of implementation of this alternative would also be highly 
uncertain. 

The requirement to maintain anoxic conditions for a very long period to time 
introduces a significant uncertainty and would require continuing treatment and 
monitoring. 

The ability to treat a continuous volume of aquifer is highly uncertain due to our 
limited knowledge of subsurface heterogeneity. 

The presence ofthe co-contaminants identified above make it diflicult to maintain 
anoxic conditions. 

4.2.5 Vadose-Zone In Situ Grouting 
Small demonstrations of in situ grouting to contain waste in place have occurred at several 
DOE sites: 1) Viscous Liquid Barrier at Brookhaven National Laboratory, and 2) a wax- 
based grout demonstration at Sandia National Laboratories in New Mexico. Remedial 
actions using in situ grouting have been completed at Oak Ridge National Laboratory in 
1996, Idaho National Laboratory (INL) in 1991, Brookhaven National Laboratory in 1999, 
and Savannah River Site in 2000. After completion of an evaluation of in situ grouting 
methods for mixed radioactive waste landfills (Amstrong et al.. 2002). wax-based grout was 
deployed as a non-time critical removal action at INL to stabilize beryllium reflector blocks 
and outer shim control cylinders buried in soil vaults and trenches at the Subsurface Disposal 
Area in the Radioactive Waste Management Complex (Lopez et al., 2005). In situ grouting 
was also evaluated as a remedial option for Pit 9 at Los Alamos National Laboratory TA-54 
Site. Major issues with use ofthis technology include delivery of the grouting fluid (Le. 
requires closely space injection ports) and validation of the effectiveness of the delivery 
(DOE, 2004). 

e The number of boreholes required to ensure complete coverage of the grout would be 
very large and extremely costly, because of the cost of drilling at the Hanford Site and 
because of the large volume of investigative-derived waste (IDW) that would result. 
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Due to the depth of the contamination in the 200 Area, direct-push technology that 
could minimize the amount of IDW or large-diameter augers are likely to be 
unsuccessful. Thus, costs of drilling would be extremely high. 

Effectiveness of delivery depends upon subsurface heterogeneity, which could impact 
the effectiveness of the grout. 

Validation and monitoring of the performance of the continuous volume of grout 
would be extremely difficult. 

The panel does not believe that in situ grouting of the vadose zone is a practicable approach 
for the Hanford vadose zone. 

4.2.6 Vadose-Zone Desiccation 
Vadose-zone desiccation is described as the injection of dry (dried) air, accompanied by the 
withdrawal of an equal volume of wet air in an array of wells. The particular application for 
this study was to immobilize wTc, but it may be applicable for: other radionuclides, such as 
tritium and iodine-129; metals, such as chromium; and nitrate. Because Truex’s (2004) 
evaluation showed vadose-zone desiccation to have the least uncertainty among the active 
remediation technologies and because the panel believes it is worthy of further consideration, 
a discussion follows. Further details are provided in Appendix C. 
In 2001. a field demonstration of desiccation was performed as part of the Hanford 
Subsurface Air Flow and Extraction (SAFE) Project (Cameron et al., 2002). Results include 
extraction of -1000 gallons of water during a two-week test. However, this volume includes 
both water present in the vadose zone and in the injected air, as there was no 
dehumidification of air prior to injection. 
Because Truex’s evaluation was sceening level, it did not provide details on how the 
technology could be applied, potential strengths and weaknesses, or how the geology might 
affect the technology performance, both short and long-term. Many questions remain 
unanswered and must be evaluated before a decision to implement desiccation at Hanford 
should be made. The panel identified the following findings and concerns regarding 
implementation of desiccation as an active remedial action at the Hanford Site. 

4.2.6.1 

A major uncertainty regarding the feasibility of desiccation concerns the amount of water 
that should be removed. Our assumption is that desiccation should remove excess water that 
includes both water added to the vadose zone by waste-disposal activities and excess 
recharge that occurred as a result of removal of vegetation. 
To assess the potential requirements of desiccation, we considered the effective depth of 
water that must be removed from the subsurface by desiccation. As noted in Section 2.0, we 
suspect that wastewater may have penetrated to greater depths at some locations compared to 
others. However, for this evaluation, we considered average conditions over a proposed 
treatment area, because more detailed information was not available. If we assume that 
wastewater was evenly discharged over the disposal area, we can estimate the mean depth of 
water to be removed by desiccation. For the BC Cribs and Trenches example, the panel 
calculated that an average erective depth of-1.3 meters of contaminated water was 

Uncertainty Regarding Quantity of Water to Be Removed by Desiccation 
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introduced to the vadose zone. Because vegetation was removed in preparation for waste 
disposal, recharge was likely enhanced both during and after operations. If the additional 
recharge is assumed to have averaged about 25 mdyear  for 40 years, an additional one 
meter of water, not in equilibrium with the long-term recharge ofabout one mdyear,  would 
have infiltrated. Thus, to effectively remove most of the excess recharge, desiccation may 
require removal of an effective thickness of more than 2 meters of excess recharge across the 
entire BC Cribs and Trenches site (22 acres). Considering disposal operations, effective 
thickness of excess recharge could be significantly greater immediately beneath the waste 
disposal facilities. However, using the average value for the site and assuming a volumetric 
moisture content of 0.1, the zone to be desiccated would be approximately 20 meters thick. 
In Appendix D, Section D-2, it is explained that the effect of desiccaiion depends not only on 
total volume of water removed, but also on initial water content. For example, in a loamy 
sand, a decrease in water content from 0.41 to 0.40 decreases the solute flux from 3.5 x lo6 to 
2.8 x IO6 mg/day-m2 which is a decrease of 20 percent. However, a decrease in water content 
from 0.072 to 0.062 decreases the solute flux from 23.7 to 0.221 mg/day-m2 which is a 
decrease of two orders of magnitude. This means that the removal of a small amount of water 
in a relatively dry soil may have a large impact on solute flux. 

4.2.6.2 General Limitations on Rate of Water Removal 
The performance of the desiccation system will be determined by the following: 

injectiodwithdrawal rate 

temperature and moisture of the dry injected air 

temperature and moisture of the exhaust air. 

Further, the injectiodextraction rate for air will be limited by the horizontal permeability to 
air of the unsaturated sediments at their prevailing moisture content, and to a lesser extent, by 
well spacing and the diameter of the wells. As described in Appendix C. the withdrawal rate 
per unit length of well screen is limited by the need to maintain the exhaust pressure above 
that of a perfect vacuum. For a 40-meter well spacing, the maximum withdrawal rate is 
about 200 m3/m/d!Darcy of permeability. Field tests to determine air permeability of 
proposed injection zones are required prior to final assessment of the feasibility of 
desiccation. These data can then be used to determine the maximum feasible 
injectiodwithdrawal rate. 
However, a rough estimate of the air permeability of Hanford sediments can be made from 
the existing data set, as described in Appendix C. A reasonable estimate of horizontal 
permeability to air for Hanford vadose-zone sediments is about 100 Darcies. For such a 
permeability, the maximum withdrawal rate per unit screen length would be - 20,000 
m3/m/d. For scoping calculations, it will also be assumed that the injection and withdrawal 
wells will be screened over a 10-meter interval, so that each will have a production rate of 
200,000 m3/d, or 2.3 m'/second. For high production rates, sizing of the wells to avoid 
excessive pressure loss between the well screen and land surface, termed "well loss,). 
becomes an important engineering consideration. This is particularly true when substantial 
vacuum is being produced at the well screen. Based upon an equation to compute well losses 
developed for the natural gas industry (Katz, 1959, p. 306, Eq.7.37). pumping air at a rate of 

4-5 



WMP-27397 
Revision 0 

200,000 standard (15OC and 1 atm.) m3/d would require an extraction-well diameter of0.25 
m to avoid excessive well loss. 

The net amount ofwater removed per unit volume of injected air is controlled by the 
saturated water vapor density, pvr, of the removed air at its prevailing temperature minus the 
vapor density of the injected air. At the start of desiccation, the temperature of the removed 
air will be equal to the formation temperature. which is about 15 "C at the Hanford Site, and 
p,,at that temperatureis about 13 g/m? For desiccation to be practical, the injected air would 
require dehumidification, which can be accomplished using commercially available 
dehumidification units. For scoping calculations, we assumed that the air is passed through a 
desiccant-based dehumidifier prior to injection that reduces its pv (vapor density) to 2 p/m3 
(dew point of-IO "C). Based on these assumptions, each meter of exhaust air will initially 
remove 11 g ofwater net. Although the initial drying rate will be limited by energy balance 
considerations as desiccation continues, this estimate may be used to obtain a best-case 
estimate of the time required to obtain maximum areal coverage of the drying front. 

The maximum extent of the desiccation drying front in a standard five-spot 
injectiodwithdrawal operation will be achieved when the injected dried air breaks through to 
the withdrawal well. To obtain an initial estimate of the rate of advance of the desiccation 
drying front, we rely upon concepts developed by the petroleum industry to evaluate water- 
flood operations. While we recognize that sweep efficiency will need to be be determined 
specifically for desiccation, we provide order-of-magnitude estimates of time of 
breakthrough of the injected fluid by using the sweep efficiency of 72%, computed using an 
analytical equation developed by Collins (1961, p. 186). For the 40-m spacing ofalternating 
injection and extraction wells (Cameron et al., 2002), each extraction well will affect an area 
of 3200 m2. The volume of water contained in a I-m thick slab of this area, assuming a 
volumetric moisture content of 0.1, is 320 m3. Removal of 72% of that mass, with a net 
vapor extraction rate of 11 gh ' ,  would require the injection o f2 .1~10  m of air. Based on 
the maximum allowable extraction rate of 20,000 m3/m/d given above, breakthrough might 
be reached in about 2.9 years if energy-balance considerations are ignored. Note that this 
injectiodwithdrawal rate is about 14 times that used during the Hanford SAFE Project of 
1,440 m3/d/m (Cameron et al., 2002). At that injection rate, breakthrough would occur alter 
approximately 40 years. 

4.2.6.2.2 Energy Limitations on Volume of Water Removed 

After considering energy-balance effects, the panel believes that the dried air would advance 
more slowly than computed above. About 2,500 J (joules) of energy are required to 
evaporate one gram ofwater. This energy must be derived either from the injected air or 
from the porous medium through which the air passes. Moreover, as shown in the following 
paragraphs, the energy available by cooling the formation is limited, and would be depleted 
in a relatively short time. Thus, as a first approximation, the rate of vapor extraction will 
depend on the energy available from the injected air. 

7 3  

Repeating the calculations above, but Considering only the energy available from the injected 
air, dried air injected at the mean annual temperature for Hanford of 15 "C will become 
water-vapor saturated (at approximately 7 g/m3) at its wet-bulb temperature of 5.5 "C. Thus, 
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energy limitations restrict the long-term net extraction rate within the air phase to 5 dm'. 
rather than the 11 dm' previously calculated. For these conditions, breakthrough would be 
predicted to require approximately 6.4 years, rather than 2.9 years computed assuming that 
vapor extraction occurs at formation temperature throughout the period of desiccation. 

These calculations are based on the assumption that the formation will provide little of the 
energy required to evaporate the pore water. This assumption is verified by considering the 
energy available for evaporation of water within each meter depth of the porous medium (and 
assuming minimal conduction of thermal energy from above or below the zone of 
desiccation). Cooling 1 m3 of formation by 9.5 "C (the difference between the formation 
temperature of 15'C and the wet-bulb temperature of the injected air of 5.5 "C) releases 
l.9xlO'J of energy, enough to evaporate 7,600 g ofwater, or 7.6 mm of water depth per 
meter thickness of the desiccated zone. Thus, the formation would contribute only 
approximately 8% of the evaporation required for complete desiccation. Further estimates by 
the panel led to the conclusion that the energy stored in the formation would impact the 
desiccation process only during the first approximately 100-200 days of injection of dry air, 
afler which time further evaporation of water would be dependent solely on the energy 
available in the air phase. 

Additional energy for evaporation of water would be available by heat conduction from 
zones above, below, and in front of the cooling front. Computations based on analytical 
solutions for heat conduction indicate that the heat flux from these areas would be no more 
than a few per cent of the heat flux derived from cooling the zone within the cooling front, 
however, and can be ignored for this first cut at understanding the impact of energy balance 
considerations on the feasibility of the desiccation treatment. 
The above computations assume that the injected air will be dried by desiccant cooling to a 
pv of 2 dm3. but will be injected at the mean annual temperature.,(Note: The efficiency of 
the desiccation operation will vary as ambient vapor density changes, but will generally be 
substantially less if the air is not dried; modeling using historical temperature and humidity 
data should be performed to assess long-term desiccation efficiency.) One approach to 
minimize energy-balance issues would be to heat the dried air to a temperature at which its 
wet-bulb temperature is equal to the formation temperature. For air injected at a dew-point 
tempenture of -10 "C, this temperature would be about 37 "C. An alternate approach would 
be to limit injection to, say, April-October. Assuming that vadose-zone dessication. on the 
basis of these rough calculations, is considered to be viable, various options concerning 
injected air temperatures should be tested by computer simulation. 

4.2.6.3 Osmotic Effects on Volume of Water Removed 
Because brine is present in the vadose zone at many Hanford waste sites, saturated water- 
vapor pressure equilibrium with the gas phase will be lower than if no brine were present. 
[meet ing (1925), Kelly and Selker (2001). and Weisbrod et al. (2003)l. This reduced vapor 
pressure would: 1) impact the early dynamics of the desiccation process, and 2) ultimately 
further reduce the efficiency and rate of desiccation. In the early stages of desiccation, 
moisture will be most rapidly removed from the cleanest areas and most slowly from 
contaminated areas containing waste brine; in fact, it is possible for water to be moved from 
clean areas and deposited into brine areas until the drying front moves past. When the brine 
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area begins to desiccate, the pore water will become more and more concentrated, further 
reducing vapor pressure and slowing the rate of drying. This osmotic effect would 
compound the energy limitations described above and result in desiccation time frames that 
are likely to be significantly longer than those estimated solely through consideration of the 
carrying capacity of the air at formation temperature. 

4.2.6.4 Chemical Effects of Desiccation 
Desiccation, in theory, results in the delay of the arrival of contaminants at the water table. 
However, as evaporation occurs within the vadose zone, concentrations of contaminants 
remaining will increase. Hence, a secondary, non-conservative impact of desiccation may 
occur related to remobilization of these contaminants after drying. Rewetting and 
remobilization, should they occur, may cause a temporary increase in peak concentrations 
and mass flux of contaminants reaching groundwater. The processes impacting mass flux 
and peak concentration are complex, as indicated above, and remobilization should bc 
modeled under field conditions to determine potential impacts of desiccation on timing and 
duration of arrival of contaminants at the water table (Appendix D). 

4.2.6.5 Installation of Injection/Extraction Wells 

The panel is concerned about desiccation performance related to both areal and volumetric 
coverage. As mentioned above, if a five-spot array is not effective in 28% of the area, 
significant moisture, potentially containing 99Tc, would be retained after breakthrough of 
dried air. In addition, finer-grained layers, containing higher moisture content and likely 
wTc, would be bypassed due to air-flow blockage. 
The PNNL proposed test plan suggests that the problem of bypass can be ameliorated by 
reversing flow between the injection and exhaust wells. However, air-flow reversal would 
result in wet air being drawn into previously desiccated zones, where water vapor could re- 
condense, and the degree of improvement in desiccation performance would be uncertain. 
Reasonably complete volumetric coverage may require substantially closer well spacing or 
the use of additional wells left idle during the initial drying phase and then activated after 
breakthrough of drier air in the primary wells. 
In addition, desiccation would likely require a large number of injection and extraction wells 
through potentially contaminated geologic media. Several concerns related to installation of 
a large number of wells must be considered before a decision to pursue an active remedial 
action: 1) the potential for downward migration of contaminants due to drilling and well 
installation could be significant, as this is likely to have occurred at Hanford in the past; 2) a 
significant volume of IDW requiring waste disposal will be generated; and 3) the cost of 
installation of wells at designed spacing will likely add significantly to overall project cost. 

4.2.7 Surface Infiltration Control 

This section describes recharge conditions through three periods of time: prior to waste 
disposal, during waste disposal, and after waste disposal to analyze recharge through time 
and predict the impact of such an action into the future. 
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4.2.7.1 Prior to Waste Disposal 
It is reasonable to assume that prior to the liquid waste disposal at many Hmford waste sites, 
including BC Cribs and Trenches, the water-content profile was in a state of dynamic 
equilibrium with the 

soil hydraulic properties, 

depth to the water table, and 

deep percolation rate. . 
The soil hydraulic properties, ofcourse, can be considered static in time. The depth to the 
water table is > 100 m, so we can safely assume that upward capillary movement from the 
water table will not affect shallower recharge processes. The deep percolation rate (or flux), 
however, will be very important, because that rate will affect the long-term, steady-state 
water content and hydraulic conductivity profiles in the porous material. 
To understand how the fluxes affkct water content and hydraulic conductivity. the Richards 
Equation shows that the driving force for water movement is from gradients in soil-wafer 
potential and gradients in gravity, and that the two forces are additive. Stephens (1995) 
stated that gradients in soil-water potential during infiltration events tend toward zero close 
to ground surface (maybe several meters below ground surface), leading to a condition where 
gravity becomes the dominating force. This is known as the unit-gradient condition and it 
shows that deep water flux equals the hydraulic conductivity. Or, said a different way, the 
hydraulic conductivity and water-content profiles will adjust themselves to the long-term flux 
at ground surface. 
In a non-uniform profile like at the BC Cribs and Trenches site, the water content and soil- 
water potential will vary depending on the texture of the porous material and the flux placed 
upon the system. The hydraulic conductivity will also vary locally and with changes in 
moisture content. During periods of large changes in recharge, the distribution of moisture 
and conductivity can be quite complex and the unit-gradient assumption may not apply, 
especially when viewed on the local scale (tens of centimeters). However, when the flow 
system is viewed more globally and over a time scale that avenges across transients in 
recharge, the hydraulic system will eventually approach steady state in a horizontally layered 
system, where discharge rates at the base of the profile will approach recharge rates near the 
ground surface. Local-scale heterogeneities might cause lateral flow, but as long as the 
recharge rate does not exceed the local-scale hydraulic conductivity for any layer, we can 
expect predominantly vertical flow. 

4.2.7.2 During and After Waste Disposal 
During the time period when liquid waste was disposed, the steady-state flux and water 
conditions in the vadose-zone profile were altered. At the BC Cribs and Trenches example, 
liquid disposal in the cribs and trenches was intermittent. sometimes occurring in sudden and 
large pulses. Though rapid pulses of fluids into unsaturated porous material could lead to 
preferential flow, layering in the soil eventually will dampen out these pulses, and, at some 
depth, soil water flow rates will become more uniform and less susceptible to preferential 
flow (Young et al., 1999); though supporting documents indicate that soil layering creafed 
potential preferential flow paths and increased lateral flow, from a broad context, water 
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moved downward. As the liquid waste percolated deeper into the profile, water content in 
the porous material increased to a level that was consistent with a “new” time-averaged flux 
(natural recharge plus the liquid waste-disposition rate), which decreases over time. 
Below the wetting front, the vadose-zone water-content profile corresponds to the “old” 
recharge rate compatible with natural recharge only. This can be seen clearly in the vicinity 
of Borehole C4191 (Figure 8). where water contents towards the bottom of the hole are 
significantly less than in the upper portion of the borehole. In fact, a cursory analysis of the 
data indicates a distinct decline in water content between 170 and 194 It bgs, from -6.5% to 
-2% by weight. Hence, below 194 ft bgs, unit-gradient conditions likely exist, with a water- 
content range that corresponds to pre-disposal (natural) activity recharge rates. Soil-moisture 
conditions in the interval between 170 and 194 !I bgs appear to be subject to re-equilibration 
(see Section 4.2.7.3). impacted both by gravity and local gradients in soil-water potential, 
thus allowing the possibilityof relatively complex flow patterns at these depths. It is less 
clear, and requires further clarification through field characterization and modeling, as to the 
behavior of the vadose zone above 170 feet, which could be undergoing internal drainage 
from the disposal practice and recharge from ground surface. Thus, one possible 
interpretation of the observed water contents at these shallower depths is that this portion of 
the vadose zone remains in a period of re-equilibration. A second possible interpretation, and 
one which we consider to be more likely, is that this region has come to equilibrium with the 
new rate of recharge and is therefore again well approximated by unit-gradient conditions. 
Further characterization and modeling is required to more fully understand the current 
moisture distribution in the subsurface both in terms ofspatial variation in the depth of 
penetration of higher moisture contents (expected to exceed 194 ft bgs in regions near the 
Cribs) and in defining the current state of water flux in the shallow portion of the vadose 
zone. These efforts will be important in the design of any active remediation strategy, such 
as selection of a target interval for desiccation, particularly as it appears that the majority of 
the wTc contamination is associated with depths shallower than the depth of maximum 
penetration of increased moisture content. 

4.2.7.3 Analysis of Recharge Through Time 
For the BC Cribs and Trenches example, we identified three distinct recharge periods, and 
briefly discuss their influence on pore-water velocity and 99Tc migration rates. 

The first period, the Baseline Condition, corresponds to the ambient recharge rates 
with natural vegetation, or prior to site activities. As described by Ward et al. (2004), 
and through the voluminous research already conducted at the Hanford Site by 
PNNL, long-term recharge is estimated to be in the 1 - 3.5 m d y r  range depending 
on vegetation and other environmental factors. 

The second period, Waste Disposal, corresponds to the time of active liquid waste 
disposal. In this period, the panel estimated the recharge rate at 1.3 m of liquid 
disposed across the 22-acre site, or approximately 650 m d y r  for a 2-year operational 
period, plus ambient recharge through a bare soil surface (50 to 100 mmlyear), or a 
total of approximately 700 to 750 m d y r  during waste disposal operations. 

0 
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Thc third period, Equilibration, corresponds to the current recharge rate, ambient 
recharge through a disturbed site with mostly bare soil conditions, or 25 mm/yr (Ward 
et al.. 2004, Table 4.1). 

Changes in these fluxes will influence water and contaminant migration rates. For example, 
average pore water velocity is equal to flux divided by water content, so reducing the flux at 
a rate greater than the water content will lead to a lower pore-water velocity, and hence to a 
reduction in r”Tc migration rates. 
Hillel (1998) also describes, for homogeneous media, the redistribution process and shows 
that internal drainage of water will redistribute water from wetter intervals higher in the 
vadose-zone profile, and move it toward drier intervals deeper in the profile. Within layered 
media, this concept must be recast into one where drainage will redistribute water from 
regions of relatively high potential (higher in the vadose-zone profile) to regions of lower 
potential. In either case, two changes to vadose-zone water conditions occur. First, the loss 
ofwater at shallow depths leads to soil drying and a lower hydraulic conductivitr, thus, the 
flux decreases in those layers. Second, at each depth increment where the redistribution is 
occurring, this internal drainage rate represents a higher-than-ambient flux, and the soil 
consequently will absorb water until the relative permeability of the local sediments 
corresponds to the new flux rate (Le., the soil-water deficit of the sediments will decrease). 
Eventually, the excess water will be absorbed by the sediments and the water content 
gradients will diminish. Therefore, field activities that reduce water fluxes entering the 
vadose-zone profile at ground surface or that reduce the excess liquid in the vadose zone will 
slow the downward migration of the wetting front and slow the migration of 99Tc. 
The recent predictive modeling by Ward et al. (2004) illustrates this point very clearly, as 
they compared placement of a cover to reduce infiltration to a no-action scenario. Figures 
5.2 - 5.5 of Ward’s report show that reduction of the surface flux leads to a significant . 
lengthening of time before the wTc plume reaches 110 m depth, with no other remediation 
technology being considered. At fluxes equal to 25 m d y r  (perhaps with a very sparse 
vegetative cover), the plume appears after -100 years. At flux equal to 0.5 mdyr .  the first 
arrival of the plume is delayed about 35 years, but the time of exceeding the maximum 
contaminant level (MCL) is delayed approximately 100 years. It is clear from the example of 
Ward et al. that re-establishing the natural recharge rate will reduce the driver required to 
flush the existing high-water content interval in the profile to greater depth, thus effectively 
reducing the potential for further downward migration of the contaminants present at depth. 
Ward’s analysis showed that the contamination will continue to “drain,” albeit at a slower 
rate, even if recharge is eliminated entirely. 
Also, minimization of infiltration will reduce the sensitivity of other remedial measures to 
uncertainties in subsurface conditions. Therefore, other technologies that may be considered 
for implementation can benefit synergistically by including infiltration control at the surface. 

4.2.8 Soil Flusliing 
Soil flushing is the in sifu extraction of contaminants from the soil using water, an aqueous 
solution, or an organic solvent. It is applicable to a broad range of contaminants, including 
radionuclides. The extraction solution is infiltrated, sprayed, or injected into the 
contaminated soil zone followed by the down-gradient collection of the elutriate (flushing 
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solution mixed with the contaminants). Typically, the elutriate is pumped to the surface for 
removal, recirculation, on-site treatment, and reinjection. This summary is based on reports 
by the Ground Water Remediation Technologies Analysis Center (Roote, 1997 and 1998) 
and the Environmental Protection Agency (U.S. EPA, 1997). The use of soil flushing to 
remediate contaminants at the BC Cribs and Trenches, though not considered by Tmcx 
(2004), is discussed here briefly for completeness. 
The hydraulic conductivity at the site, as well as its vertical and lateral variability, is the most 
important factor for the successful implementation of a flushing remediation project. 
Hydraulic conductivities greater than I O 3  cdsecond allow the flushing solutions to flow 
through the solid media in a reasonable period of time, but it may be applied at sites with 
lower conductivities, from I O 5  to 
hydraulic conductivity range from about 6x103 to 4x10-’ cdsecond at the Hanford Site 
(Ward et al., 2004) indicates that the geological setting at Hanford is not ideal for soil 
flushing, but also does not make it entirely impossible. 
The main obstacle for in situ soil flushing appears to be the great heterogeneity of the 
sediments at Hanford, not only with depth, but also in lateral directions. Fine-textured lenses 
with a low vertical hydraulic conductivity often have a relatively high horizontal 
conductivity, because of higher clay content. Paleosols and other fine-textured layers have 
been found to result in lateral spreading of crib effluent over ranges of about 100 meters 
(Ward et al., 2004). The anisotropy of unsaturated hydraulic conductivity has been 
demonstrated in the laboratory (Palmquist and Johnson, 1962; Stephens and Heemann, 1988) 
and in the field (McCord et al., 1991). A theoretical analysis revealed that the degree of 
anisotropy increases when the soil dries out (Yeh et al., 1985a, 1985b). This finding has 
been corroborated by measurements in the laboratory (Stephens and Heemann, 1988) and in 
the field (McCord et al, 1991). When the fine-textured layers overlaying coarse layers are 
inclined, lateral water flow is increased substantially (Hendrickx and Flury, 2001; Kung 
19903 and 1990b), in a phenomenon known as funnelflow; it seems to bc most distinctive 
under dry conditions (Ju and Kung, 1993; Kung, 1993). which indicates that vadose zones in 
semi-arid regions have a higher propensity for such flow than those in more humid 
environments. Dissolution pipes are a common feature in indurated calcic horizons in the 
arid southwestern U.S. (Rodriguez-Marin, 2001; Rodriguez-Marin et al., 2005). A 
simulation study demonstrated that these pipes may increase the areal deep downward flux in 
the vadose zone threefold from 3 to 9 mdyear. while fluxes through the pipes vary from 24- 
95 mdyear  (Rodriguez-Marin et al., 2003). 
The above studies, together with observations at the Hanford Site, indicate that large (10-100 
m) and small-scale (0.1-10 m) lateral variability of the sediments will cause complex flow 
paths. The implications of such extreme heterogeneity for the implementation of in situ soil 
flushing are twofold. First, the heterogeneous nature of the vadose zone will cause 
channeling of the extraction solution and uneven treatment that will decrease the reliability of 
the remediation. Secondly, even with a reliable high-resolution geophysical survey of the 
subsurface, it will be difIicult to precisely predict the multiple flow paths of the extraction 
solution. As a result, the flushed contaminants and the elutriate cannot be contained and may 
cause impairment of uncontaminated volumes of the vadose zone and aquifer. As a matter of 
fact, persons responsible for implementing or regulating current in situ flushing projects have 
major concerns with containment, because it often can not be proven that all infiltrated water 

c d s .  Comparison ofthese numbers with the 
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will be recaptured (Roote, 1998). Given the thick vadose zones at Hanford, the infiltrated 
water may not fully drain for long periods of time, requiring an on-site presence and active 
groundwater pumping program for the foreseeable future. Therefore, the panel concludes 
that, at this time, in sitir soil flushing is not a viable remediation strategy for the Hanford 
deep vadose zone. 

4.2.9 Perturbation Geochemistry 
Perturbation geochemistry is an innovative concept that is a variation on several 
technologies, such as ISRM, ISGR. and soil flushing. It involves changing either or both Eh 
or pH conditions through addition of liquids or gases, so that contaminants precipitate as or 
are incorporated into a less soluble or less mobile solid phase. The range of possible 
chemicaichanges is 
broadened beyond those upon 
which ISRM, ISGR, and soil 
flushing are based. Because 
metals and radionuclides are 
oRen associated with 
exchange sites in clay 
minenls or are bound in the 
near surfaces of minerals, 
such as oxides or organic 
matter, they are typically not 
in equilibrium with the 
vadose-zone media, and thus, 

changed to make them less 
available for transport 
(Figure 4). 

o i a i z h  

can be relatively easily reducing 

Figure 4. Perturbation Geochemistry, Gas-Phase 
Vadose-Zone Treatments 

Specific examples of possible chemical changes that could be induced include: 

increasing CO2 gas partial pressures in the vadose zone to dissolve and reprecipitate 
calcite with the intent of sequestering contaminants, 

addition of ammonia gas to increase pH of the vadose zone to dissolve and 
reprecipitate silica to sequester contaminants, 

addition of a reducing gas in the vadose zone to reduce ferric to ferrous iron, which 
may reprecipitate with greater effective surface area and sorptive capabilities. 

As shown in Figure 4, the system returns to ambient conditions after the perturbation 
(assumed in the figure to be an oxidized carbonatc-buffered system). In most cases, return to 
ambient conditions cannot be economically avoided. Eh and pH perturbations can 
potentially be combined. 
The application of perturbation geochemistry may be of use for metals and radionuclides at 
Hanford, but it would require significant testing in the laboratory and the field. More 
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information about perturbation geochemistry, including discussions on both carbonate and 
silicatc systems, is included in Appendix E. 

4.2.10 Energy-Based Rlethods 
Various energy-based methods (or energy-based enhancements for desiccation) are 
theoretically applicable to contaminants in the deep vadose zone (Jarosch and Looney, 1999). 
Thcsc include various types of heating, as well as electroosmosis or electrokinetic methods. 
In the case of the Hanford deep vadose zone, these methods might be considered to facilitate 
vapor-phase water removal (or to induce the movement of liquid water and/or contaminants 
towards a collection system). Various broad classes of energy-based technology are 
summarized below, along with key recommendations, uncertainties, and limitations. In 
general, these methods will require extensive subsurface access and extremely close well 
spacing, which may likely preclude applicability at Hanford, especially at large sites like the 
BC Cribs and Trenches. 

4.2.10.1 RadiantKonduetive Heating (ISTD) 
This technology uses standard resistive heaters deployed in wells/boreholes to generate heat, 
which is applied using a radiant high-temperature surface (250 "C to > 500 "C) in contact 
with the soil. As a result, thermal conduction and convection occur in the bulk of the soil 
volume. Field data suggest that thermal conduction accounts for more than 80% of the heat 
transfer. ISTD is typically used to remove soil moisture and to removddestroy some classes 
of contaminants (to date it has primarily been applied to volatile and semi-volatile 
contaminants such as organics and mercury). 
Several commercial ISTD applications have used a five-spot pattern with a central heat only 
borehole surrounded by heated vapor extraction wells @ww.terrathcrm.com). Typical well 
spacing has been on the order of 2 to 10 m. Radianlkonductive heating would assist in 
overcoming potential energy-balance limitations and provide deployment geometry options 
that are not available when using only dried air. 

4.2.10.2 Other Energy-Based Methods 
For completencss, there are several other energy-based methods that are worth describing. 
These include electroosmosis and electrokinetic remediation, joule heating, steam heating, 
and radiofrcquency (RF) heating. In general these are less promising for the deep vadose 
zone than the radiantkonductive heating summarized above. 

Electroosnrosis (for drying or dewatering) and electrokinetic renrediution (for contaminant 
extraction) exploit phenomena in which contaminants and water move in response to a direct 
current (DC) electric field. Electroosmosis in porous media, such as clays, is possible, 
because of the structured electrical double layer of negative and positive ions formed at 
typical solid-liquid interfaces. For soil particles, the double layer consists of a fixed layer of 
negative charges associated with the solid phase and a diffuse aqueous layer of positive ions. 
Application of an electric potential on the double laycr results in a driving force for 
displacement of the two layers toward the respective electrodes; Le., thc positively charged 
laycr to the cathode and the negatively charged laycr to the anode. Because the particles in 
the soils arc immobile, the fixed layer of the negative ions is unable to move. However, thc 
positive ions can move within the diffuse layer and drag water toward the cathode (US EPA, 

4-14 



W M  P-21397 
Revision 0 

1990). While the basics of this technology are well established from industrial applications 
in dcwatering and clay consolidation, reliable performance for remediation applications, 
especially at complex sites like Hanford, has yet to be established. Furthermore, 
electroosmosis based-drying (or dewatering) only works effectively in clays or shales, and as 
such would not be effective at Hanford. 

Electrokinetics was developed by Casagrande in the 1930’s, and has received little attention 
in the USA, but has been applied for remedial applications at a number of sites in Europc. 
The concept is well described in Mitchell (1993). Because at Hanford, the contaminant of 
interest, wTc, is an anion, residual waste brine is also present, and the geologic column is 
primarily sands and gravels, electrokinetic remediation would not be likely to be effectively 
applied. 
Joirle Itcaring technology (also known as “six-phase” or “three-phase” heating) directly 
“injects” AC power into the subsurface to heat the soil through a self-resistive heating. The 
ground itself acts in a manner analogous to a heating element. Six-phase heating was 
developed by PNNL and has been licensed for commercial implementation. While the 
interbedded silts in the Hanford vadose zone are suited to Joule heating, implementation 
would be difficult and expensive. Because electrical contact must be maintained, Joule 
heating requires some moisture in the heated zone. Because the area immediately adjacent to 
the electrodes heats faster than the overall treatment zone, injection of water or electrolyte 
solution is typically required to allow the ground to be heated to temperatures with a practical 
limit of 90 to 100 “C. A requirement for injection of fluid into the site to support a 
remediation process aimed at removing fluid is counterproductive (see section on soil 
flushing) and makes this technology less desirable than radiantkonductive heating. 

Sreant healing uses steam to enhance remediation - typically to deliver heat and sweep 
residual organic solvent from the subsurface. While steam efficiently carries and delivers a 
significant amount of energy, use of a fluid (some of which will condense in the target zone) 
may be substantively counterproductive to a site where the aim of the remediation process is 
to remove fluid. There are several commercial variants of steam heating, including the 
licensees of the Lawrence Livermore National Laboratory (LLNL) developed steam 
remediation processes. In virtually all variants of in situ steam treatment. the steam is 
injected at high pressures and spreads rapidly through premeable formations. Heat is 
transferred to the formation and the steam front expands as the treatment zone reaches target 
temperatures near the boiling point of water. The rapid expansion of the steam zone 
decreases the required number of access points compared to some of the alternative heating 
technologies, such as six-phase heating or ndiantkonductive heating. 
RF-lteuritig is an electromagnetic technique that induces molecular vibfrations in the 
subsurface media, resulting in higher temperatures. RF heating works initially through 
interaction with the pore water and waters of hydration, but the method is capable of 
continued heating to temperatures above 100 degrees Celsius by interaction with the 
minerals. Typical frequencies applicable to soils are in the range of 1 to 100 MHz, which is 
the frequency band set aside by the Federal Communications Commission for industrial, 
scientific and medical use. The technology has been studied for enhanced oil recovery and 
successfully deployed for a pilot solvent source treatment demonstration (Jarosch and 
Looney, 1999). 
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Different applicator configurations are possible. The two most common are a dipolc for 
application in a borehole, and a “triplate array” for treatment of a fixed volume block. RF 
heating was developed primarily by researchers from the Illinois Institute of Technology 
Research Institute. Because of the cost of the RF generator and matching network, and poor 
efIiciency with respect to the original power source (<70%), RF heating has not had as much 
commercial success as Joule heating. This technology has limited case-study experience and 
has no advantage over radiantlconductive heating. 

4.2.10.3 General Recommendations, Uncertainties and Issues for Energy-Based 

Truex’s evaluation did not assess energy-based technologies. Many questions remain 
unanswered and must be evaluated before a decision to implement such enhancements at 
Hanford could be made. Based on available data, the panel considers radiantkonductive 
heating to be a possible enhancement to desiccation for consideration at Hanford. This 
evaluation could be conducted through modeling by coupling with modeling of unheated 
desiccation. If the modeling of thermal enhancement is promising, additional modeling 
(using STOMP or a similar tool) might also assist in design and operation of the remediation 
system. By extension, most of the issues and concerns associated with unheated desiccation 
apply to a thermally enhanced desiccation. Further, based on the real-world case study 
experience, large numbers of wells and close well spacing would be a major drawback to this 
method in a contaminated setting. If the technology were to be deployed using a 15-foot well 
spacing, more than 3500 boreholes would be needed at the BC Cribs and Trenches. 

4.3 Priority Technologies 
Discussion of priority technologies is focused on three primary considerations: 

Technologies 

(1) potential of the technology to reliably reduce mass flux of 91Tc across the water table, 
(2) potential of the technology to reliably delay arrival of wTc at the water table, and 
(3) robustness of the technology to uncertainties, including incomplete knowledge of the 

challenges faced in field implementation, incomplete analysis of pertinent processes 
impacting efficacy, and potential impact of extreme events. 

These considerations are discussed within the context of the overall goal of identifying 
priority technologies based on: 

long-term effectiveness and permanence 
reduction of toxicity, mobility or volume 

short-term effectiveness 

implementability 

cost. 
As noted previously, the panel concurs with muc.. of the analysis and many of the 
conclusions contained in Truex (2004) and Ward et al. (2004). Review of these prior studies, 
with additional analysis by the panel, leads to the conclusion that chemical reduction 
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technologies are not recommended as priority technologies for treatment of nTc in thc 
Hanford vadose zone. This conclusion is based on the substantial uncertainties identified in 

Truex (2004) and our discussion above regarding: 
(1) uncertainty regarding uniform distribution of treatment gases within the treatment 

volume, 
(2) long-term stability of the treatment methodology due to the potential for re-oxidation 

of the treatment zone, and 
(3) incomplete knowledge of the geochemical reactions occurring within the treatment 

zone (particularly the interference of competing compounds during the reduction 
process). 

It is noted further that the effectiveness of these technologies may be affected by changes in 
recharge. such as might occur as a result of climate change or meteorological extremes. 
In contrast, the panel recommends that technologies designed to reduce groundwater flux 
may provide a better choice to delay the arrival of, and thus reduce mass flux of, nTc to the 
water table. It is suggested that substantial delay in arrival time ofWTc at the water table, 
reduction in mass flux ofWTc across the water table, and robustness to extremes may be best 
realized through a combination of technologies. 
As discussed below, the panel concludes that surface infiltration control is a necessity. 
Further, the panel believes that desiccation deserves further analysis as a possible 
complementary technology with a number ofpotential benefits, but also a number of 
uncertainties related both to its application to the deep vadose zone at Hanford and its long- 
term impacts. Additional study is therefore required prior to adoption of desiccation as a 
remedial alternative. 

4.3.1 Surface Infiltration Control 
As discussed by Ward et al. (2004), shown in Figure 5, infiltration control has the potential to 
significantly delay the time of arrival of WTc at the water table and, aner its initial arrival, 
reduce the mass flux ofWTc across the water table. Spccifically. infiltration reduction 
decreases the vertical driving force as well as reduces the mean moisture content (and 
therefore relative permeability) throughout the vadose zone, thus leading to lower rates of 
vertical migration. Hence, infiltration control, implemented as a surface barrier, is 
considered a viable and applicable technology for many sites containing vadose-zone 
contamination at Hanford. This surface banier will, to a significant degree, replicate natural 
conditions similar to the shrub steppe ecosystem observed at the site prior to initial 
construction of the waste-disposal facilities. This recharge control is expected to 
substantially reduce the rate of recharge through enhancement of evapotranspiration at the 
surface, and thereby, reduce the rate of fluid migration through the deep vadose zonc. 

The panel recommends serious evaluation of surface infiltration control at all Hanford sites 
with deep vadose-zone contamination. Specifically at the BC Cribs and Trenches, thc panel 
recommends construction o f a  surface barrier (e.g., an ET barrier planted with native 
vegetation) whether or not additional remediation is performed. 
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Figure 5. Schematic of Impact of Inliltration Control on Recharge Rate 
at the Hanford Site (Ward, et SI., 2004) 

With proper construction, it is anticipated that the infiltration rate can be reduced to less than 
1 to 10 m d y r  (Gee et al., 1989 as described by Ward et al., 2004) under a fully developed 
infiltration control structure. Ward et al. (2004) used a range of infiltration rates and chose 
3.5 mdyear  as equivalent to pre-disposal surface conditions. 
Infiltration control meets the criteria outlined above for priority technologies, as follows. 

Long-term effectiveness andpernranerrce. Assuming no catastrophic breaches of the 
infiltration control due to anthropogenic interference or tectonic activity, this 
technology should remain stable over extremely long time periods. The technology 
also allows adaptation to both short-term extremes and long-term climate changes. 
With respect to short-term extremes, the storage capacity of the soil layers combined 
with surface runoff that may occur to off-site will provide substantial short-term 
resilience to meteorological extremes. The one exception would be an extreme 
occurrence in which the vegetation was first eliminated (e.g.. through fire, insects, 
and other pests) and a precipitation extreme were to follow. In this case, however, 
increased recharge would occur only over a limited time span with vegetation 
becoming reestablished through replanting and/or natural processes. Further, 
appropriate initial design could allow for resistance to this sort of natural extreme (the 
panel understands that such design considerations have been included in prior work at 
Hanford). With respect to climate change, natural vegetation allows the technology 
to adapt naturally to changes in climate (Le., an increase in mean annual precipitation 
would be counterbalanced by an increase in evapotranspiration), thus reducing the 
impact of any reasonable changes in precipitation patterns. 
Reduction ofto.rici& nrobiliry or W ~ I I ~ W .  This technology directly reduces the 
mobility of the wTc and associated chemicals through reduction in watcr flux through 
the deep vadose zone. 
S/rort-term effectiveness. While the infiltration control would not remove the excess 
water currently within the system, the panel hypothesizes that the mean rate of flux 
through the deep vadose zone would adapt to the new rate of recharge at the surface. 

4-18 



WMP-27397 
Revision 0 

Although existing contaminated pore watcr will be transport downward undcr 
gravitational forces for some time, infiltration control would provide a relatively rapid 
reduction in the mean rate of vertical migration. 
I~fr~fe/~Ie/Itab;fi~. Infiltration control is a common technology that can be performed 
at this site with minimal disturbance of the existing subsurface. 
Cost. Although cost figures have not been calculated for this option, the elimination 
of a need to drill wells (either clean or through contaminated regions), as well as the 
elimination of surface operations, would result in this option being relatively 
incxpcnsive. 

4.3.2 Desiccation 
Desiccation enables a number of conditions attractive for application in the deep vadose zone 
at Hanford. Its primary attribute is the removal of excess moisture from the subsurface, 
thereby reducing relative permeability in the target volume currently containing 93Tc. It is 
anticipated that this would, in turn, reduce the mean rate of downward migration of the 
contaminant. although this hypothesis should be verified through numerical modeling. 
Through empirical argument and professional judgment, the panel has determined that the 
primary target zone for desiccation (in order to achieve a reduction in vertical migration of 
the contamination) would be the depths at which the moisture content is currently elevated 
and the contamination is currently present. Based upon data from the example site, BC Cribs 
and Trenches, the likely desiccation interval would be range between approximately 20 and 
50 meters within the deep vadose zone. As such, the cost estimates presented in the Truex 
report would need to be significantly increased. 
Desiccation, without infiltration control, would not be an effective approach, in part, due to 
the fact that the long-term mean rate of vertical migration of the 93Tc and other contaminants 
towards the water table is controlled, to a large degree, by the rate of recharge at the surface, 
rather than by current moisture conditions at depth. 
While the panel views desiccation as a possible companion technology to infiltration control, 
there are a significant number of issues that must be addressed, before it can be accepted as 
an effective means to contribute to minimization of contaminant migration in the vadose 
zone. Some of the issues related to desiccation, already discussed in Section 4.2.6, include: 

0 uncertainty regarding energy requirements to effectively evaporate significant 
quantities of water from the subsurface through injection of gas (e.& air) via wells; 
changing chemistry during desiccation, including precipitation, possible formation of 
colloidal materials (that could be transported in the air or water phases), and rewetting 
of this zone afier desiccation through uptake of water from the soil atmosphere by the 
salt phase; 
impact of desiccation on the biological population (although this is not considered 
significant as bioreduction is believed to play a minimal role at this site); 
appropriate depth intervals and injectiodwithdrawal strategies necessary to optimize 
removal of moisture and overcome difficulties related to preferential flow of air in the 
dry, coarse sediments; 
the technology will not likely allow fine control over moisture content; spccifically, 
the technology will not allow the operators to “dial in” a particular moisture content 

0 
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and then stop evaporation at that moisture content; rather, the evaporation in the drier 
zones will continue until there is a balance between water removed by evaporation 
and water gained by rewetting; it is anticipated that, during the period of active 
dcsiccation, extremely low moisture contents behind the drying front will result. 

As a result of concerns over these issues, the panel recommends that desiccation be 
considered as a possible companion technology to infiltration control, but that additional 
study be conducted prior to making a decision regarding its full-scale use at the Hanford Site 
(Section 5.0); recommendations specific to BC Cribs and Trenches are provided in Section 6 .  

In assessing the criteria outlined above, there is substantial uncertainty regarding the ability 
of desiccation technology to meet these criteria. Specifically: 

Long-term eflictiveness artdpertartence. Desiccation provides both potential 
resilience to extremes and climate change; however, it leaves significant questions 
regarding long-term eflicacy. Desiccation will result in a moisture deficit within the 
drying zone. As a result, the zone of desiccation will draw water from surrounding 
regions (particularly above the desiccation zone), thus significantly reducing vertical 
migration of pore fluid from this region (at least until the soil-water deficit is 
satisfied). Further, the zone ofdesiccation may act as a capillary barrier (due to the 
extremely low moisture contents that will be present) until partial rewetting occurs, 
thus reducing substantially vertical migration of water and contaminants. Desiccation 
may also provide a natural resilience to extreme recharge events, as the soil moisture 
deficit provides for storage of water within the zone of desiccation. Finally, there is a 

ossibility that desiccation may result in formation of mineral spccies that entrap the 
"TC and may be resistant to dissolution upon increase in moisture content. From 
these arguments, desiccation has a number of positive features with respect to long- 
term effectiveness and permanence. 
At the same time, desiccation may lead to select subsurface behaviors that could be 
detrimental to long-term effectiveness. First, through reduction in moisture content 
without reduction in the mass of dissolved constituents, desiccation leads to a 
significant increase in the concentration of the dissolved constituents. During the 
long-term post-closure period, infiltration will become the dominant process of watcr 
re-entry into the contaminated zone. If the desiccation process were to significantly 
increase the pore-water concentration, and if the infiltrate were to displace the 
contaminated pore water, then we hypothesize that a situation could be created in 
which not only the concentration, but also the mass flux of mTc, would increase at the 
water table for a period of time dependent upon the infiltration rate and the 
hydrodynamic and transport characteristics of the contaminants (Appendix D). This 
hypothesis requires conceptual model testing to verify and bound. Conceptual model 
testing should also include effects of increased air pressure on the vertical gradient in 
the water phase and possible creation of a capillary barrier, that will hold moisturc 
until a point of breakthrough (preferential flow path) is established. 
There is a final, long-term concern with the use ofdesiccation. Specifically, as 
outlined in Truex (2004), a large number ofwells will need to be drilled across the 
treatment zone. Should these wells be drilled aner installation of the permanent 
infiltration control andor should these wells be left in place (without plugging) 
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following completion of the dcsiccation effort, each well will represent a possiblc 
preferential pathway for migration of recharge waters into the deep vadose zonc. 
This would be particularly of concern should the analysis of extreme hydrologic 
events indicate a possibility for ponding at the surface. We suggest that, should 
desiccation be applied, a temporary infiltration control strategy be used during the 
pcriod of desiccation with the permanent infiltration control constructed afler 
completion of desiccation operations and sealing (preferably aner removal of surfacc 
casing) of all boreholes used in the desiccation process. 

Redrrctiort oftoxicity, ntobifity or vofiwte. This technology, when used in 
conjunction with infiltration control, has the potential to reduce both volume and 
mass flux of water / contaminants at the water table. Overall, it reduces the total 
volume ofcontaminated water in the deep vadose zone (while, at the same time, 
increasing the mean contaminant concentration in the water remaining in this zonc). 
As noted above, use ofthis technology in the absence of infiltration control may have 
a deleterious effect leading to increased mass flux of contaminants at the water table. 
Ofminor concern, the possibility for formation of colloids capable of being 
transported in the gas phase (during desiccation) should be considered. Should 
colloids be formed and mobilized, there is potential both to spread the contamination 
(horizontally) within the deep vadose zone and to produce contaminated nir at the 
extraction wells. 

Short-term efJectivertess. Desiccation provides two distinct advantages with respect 
to short-term effectiveness. First, if successful, it will provide a means for removal of 
some of the excess water derived from waste-disposal operations. Secondly, because 
it is based on movement of the vapor phase and will lead to overall lowering of the 
mean moisture content in the target zone, it is likely that desiccation will bc relatively 
robust to heterogeneity in the subsurface and may specifically provide the ability to 
reduce the relative permeability of pathways that are preferential for vertical liquid 
migration (e+, locally connected layers of fine-grained sediments). The ability of 
desiccation to minimize the impact of heterogeneity should be studied through 
numerical modeling. 
Intplenterttubifity. Technologies for soil vapor extraction have becn discussed by 
many authors (e.g.. Chai and Miura, 2004; Nobre and Nobre, 2004; Shan et al., 1992; 
Falta et al., 1993 and many others). Further, Cameron et al. (2002) have designed and 
conducted a field test for injection and withdrawal of a gas phase through the Hanford 
sediments. Hence, the technology is readily available. 
Of greater concern is the design of the well layout and determination of the working 
parameters required to achieve the desired level of moisture removal within a realistic 
time frame. A number of issues remain to be resolved prior to identifying the final 
field design and, therefore, the degree to which this technology may be implemcnted 
at Hanford. 

Cost. Initial cost estimates are contained in Truex (2004). It is noted that Truex 
provided an uncertainty of -50% - +500%. There is concern that thc initial estimates 
have substantially underestimated the true cost of application of this technology. 
Reliable cost estimates for this technology cannot, however, be determined until a 
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number of thc design questions have been addressed. Thcsc include improved 
estimates of well spacing, capital and operating costs of producing large volumcs of 
dried air, etc. 
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5.0 GENERAL RECOAII(IENDATI0NS 

5.1 The Decision Tree 
The panel recommends that for any site conhning deep vadose-zone contamination at 
IIanford, the site conceptual model be refined and a minimum of two potential technologies 
be evaluated through a multiple-stage decision process (Figure 6). This process would 
involve, primarily, three levels of analysis and decision: 1) rigorous site characterization and 
modeling of current hydrogeologic conditions, including distribution of excess soil moisture 
and contaminants, to fully assess the need for technologies to enhance long-term stabilization 
of the contaminants ofconcern, 2) if this characterization indicates a need for stabilization, 
modeling of the impact of surface infiltration control should bc pursued in an effort to 
determine potential benefits relative to contaminant migration, and 3) if the analysis of 
surface infiltration control indicates further need for technology, desiccation should be fully 
assessed to determine its potential to contribute to long-term stabilization of the contaminants 
of concern. 
This section focuses on steps required to reduce uncertainties in the site conceptual model 
and evaluation of surface infiltration control and desiccation technologies for minimizing 
contaminant migration in the deep vadose zone at Hanford. 
The panel recognizes that the significant uncertainties associated both with site 
characterization and the application of the various technologies discussed herein make 
definitive recommendations on the application of specific technologies diflicult. Rather, the 
panel recommends a structured series of decisions be made following the decision tree shown 
in Figure 6. Preliminary criteria to be addressed for each goho-go decision include: 

Will the contaminant flux at the water table remain below a critical threshold within a 
regulatorily relevant time fnme? 
Can uncertainties be adequately reduced with respect to predicting future conditions? 

Can the cost of new technologies be justified in terms of the benefits expected from 
the technology? 

5-1 



I . .  . 

. . .  



WMP-27397 
Revision 0 

The dceision trec depicts three major actions: 
1. Evaluation ofcurrent conditions with a focus on providing data required for morc 

sophisticated models of current conditions and potential future bchavior of the site 
without further interference either at thc surface or in the subsurface. This modcling 
has two primary goals. First, should the modeling indicate that, undcr current 
conditions, the mass flux at the water table is expected to be sufficiently low at all 
future times of interest, then additional technologies would be considered 
unnecessary. Second, this modeling will provide substantial insight into the driving 
forces'resulting in contaminant migration, thus allowing future assessments to focus 
more directly on reduction of the critical driving forces. The panel anticipates that 
the primary driving force of interest will be the long-term rate of recharge at the 
surface. 

2. Assessment of surface infiltration control as a primary technology, including 
modeling to determine the degree to which this technology will provide suflicient 
control over recharge to obviate the need for additional technologies. Once again, 
this modeling will provide a means for making a golno-go decision as well as 
providing insight into additional need for remediation. 

3. Assessment of desiccation as a possible enhancement. As outlined in Section 5.4, a 
number of studies would be required prior to selecting this option. 

5.2 Site Conceptual Model Refinements 

5.2.1 Delineation of Current Extent of Plume and Its Interaction with Lithology 
Specific activities for delineation of the current extent of the plume and its interaction with 
lithology at any vadose zone location at Hanford are detailed in Section 6.0 for the BC Cribs 
and Trenches example. At any site, traditional methods ofdrilling, sampling, and analysis of 
core and downhole geophysical logging are recommended, as well as surface geophysical 
surveys, such as the HRR survey recently completed at the BC Cribs and Trenches 
(described in Section 6.1). 

5.2.2 hlodeling Based Upon Known Lithologic Structure and Incorporating Random 
Preferential Pathways 

The panel recommends two types of modeling. The goal of the deterministic modeling is to 
model, to the greatest precision possible, both current conditions based upon historical 
knowledge of disposal and the future expected migration of contaminants. This modeling 
should incorporate new site characterization data such as core samples, geophysical logs, 
other downhole measurements, groundwater samples, and surface geophysics. This effort 
will build upon the modeling of Ward et al. (2004) at the BC Cribs and Trenches to providc 
information on the driving forces that are impacting transport rates (e&, through sensitivity 
analysis) and a better baseline for comparison with simulated technology applications. 
The panel also recommends numerical modeling to study the potential impact of prcfercntial 
flow pathways in the vadose zone. It is anticipated that this would be performed using a 
geological simulation model (rather than a simple random-field approach) and would be 
bascd upon analysis of multiple realizations of subsurface geology that are consistent with 
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the known lithology. Thcse simulations will provide the opportunity both to explorc what 
significant uncertainties may remain at the site (“invisible” to the currently employcd 
characterization mcthodologies) and to detcrmine thc robustness of proposcd rcmcdiation 
technologies to uncertainties in subsurface conditions. Reference to geologically based and 
fractal-based simulation approaches is encouraged (e.& Lu et al., 2002). 
As indicated in Figure 6, these modeling efforts will lead to the first decision point in the 
decision tree. The modeling will provide prediction of mass flux ofcontaminant versus time 
at the regulatory boundary. 

5.2.3 Linking the Conceptual Model to Evaluate Deep Vadose-Zone Treatment 
Options 

In abiding with the criteria developcd by Truex (2004), recommendations for implementing 
in-situ treatment options include: 

amount of water introduced to the subsurface; 

impact on water distribution in the subsurface, if the hydraulic conductivity is 
changed by thc in situ technology; 

contrasts in permeability at multiple intervals within the contaminated zone and 
immediately below this zone; the layers of low-permeability material may be very 
thin (mm to 15 cm); layers identified as generally coarse may be laminated by very 
thin lenses of less permeable material; 

thickness of the contaminated zone; and, 

areal extent of contamination. 

5.3 

The panel recommends a carefully planned sequence of modeling to evaluate the impacts of 
surface infiltration control at each specific waste site: 

Modeling of Surface Infiltration Control 

1) refine and upgrade the conceptual model to incorporate new field data (e& on 

2) model alternative infiltration-control systems in terms of water infiltration rate 

3) model the performance of the selected infiltration-control system in terms of 

heterogeneity, water content. and contamination), 

beneath the root zone (this can be completed in parallel with la), 

moderating contaminant flux to the water table, using the conceptual modcl 
from #I .  

This scquence is described in Figure 6. This modeling will lead to the sccond decision point, 
providing a prediction of reduction in mass flux of contaminant versus time at thc regulatory 
boundary based on surface infiltration control. If the results indicate that infiltration control 
is insuficient, the next step involves evaluation of deep vadose-zone remediation 
technologies, including desiccation. 
Evaluation of infiltration control should be based upon the results of many years’ ofrescarch 
on innovative infiltration-control systems at €Ian ford. This research has idcntilied a variety 
of infiltration-control options, many of which could be described as altemativc or 
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evapotranspiration covers, where precipitation is stored in surface soil layers and then 
released by plant transpiration and soil evaporation. Other options include more traditional 
infiltration barriers that include capillary breaks and animal intrusion barriers (Ward and 
Gce, 2000). Such systems provide “multiple lines of defense” as recornmended by the 
National Academy of Sciences in their reviews of DOE Environmental Management 
programs. A significant benefit of thc research on infiltration-control systems at Hanford is 
the dctailcd consideration of local climate, gcology, and ecology. 
The panel recommends that results from these past studies be used as the basis for design of 
the infiltration-control system. However, designs must be site specific and robust in terms of 
construction and aging failure (e.& edge design), response to extreme climatic conditions, 
and the like. The primary performance measure for infiltration control should be set in terms 
of pcnctration of water through the waste zone. 

In the case ofan alternative evapotranspiration cover, water that flows beneath the 
sustainable root zone of plants, “infiltration rate beneath the root zone,” is the same as 
water that enters the waste zone. 

In the case of more traditional layered cover systems, water flow beneath the root 
zone is designed to be diverted away from the waste. 

A limited set of alternative infiltration-control strategies based on local experience should be 
evaluated through modeling; specific interrelated issues to be examined include temporal 
performance (e.g.. seasonal response, extreme event response, performance over 100’s of 
years, etc.), and engineering issues (cost, constructability, compatibility with local 
environmental and ecology, etc.). The modeling of infiltration control is critical to 
examining the applicability and performance of deep vadose-zone remediation. 

5.4 

The panel considers desiccation to have potential benefits for deep vadose zone application. 
However, because desiccation to minimize contaminant migration in the vadose zone has 
never been applied to a contaminated site. many uncertainties regarding its effectiveness and 
long-term performance exist. As a result, the panel has attempted to outline a path forward to 
reduce uncertainties associated with desiccation (Figure 6). The first activity recommended 
by the panel is conduct of numerical modeling to better understand the I )  air 
injcctiodwithdrawal process during desiccation and 2) effccts of desiccation on the 
unsaturated-zone media. ARer preliminary modeling runs are completed, laboratory testing 
is recommended as an activity that can proceed concurrently with additional modeling. Field 
testing is only recommended, if the results of the modeling and laboratory testing find 
desiccation as a viable alternative. 

5.4.1 Numerical Modeling 
Two types of numerical simulations are needed to evaluate the feasibility of deep vadosc- 
zone dcsiccation treatment: 1) engineering aspects of air injectiodexhaust to achieve 
desiccation, and 2) evaluation of physical and chemical effects of desiccation on long-term 
vadose-zonc flow and transport at the site. Both modeling efforts are important, as either 
could result in determining whether deep vadose-zone desiccation is a feasible option. If the 
desiccation system requires too many wells, too long a time frame, or is too costly, 

Evaluation of the Effects of Desiccation 
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desiccation treatment will not be feasible. These modcling efforts should bc conducted in 
parallel, as the results of either study could obviate thc need for the other. 

5.4.1.1. hlodeling of Engineering Aspects 
Modeling of air injection and withdrawal should concentrate on the effectiveness of active 
desiccation through simulation of the effects of a pair of air-injectiodwithdrawal wells 
located at the diagonal corners of a rectangular area representing a unit cell of a regular or 
staggered five-spot array. The model should then be extended to include representative 
heterogeneities and multiple well array design (including infill wells), allowing analysis of 
volumetric coverage and bypass effects. The panel further recommends that this modeling 
incorporate combined energy balance and osmotic effects to address the issues raised in 
Section 4.2.6. This modeling can provide data to support cost estimates of implementation. 
Questions have been raised regarding the energy balance during active desiccation, its effect 
on subsurface temperatures, and whether lower temperatures in the subsurface will 
compromise the efficacy of this technology. Moreover, osmotic effects, which are additive to 
the energy-balance effects, may further limit desiccation, particularly within the 
contaminated zone. The panel recommends that this modeling incorporate combined energy 
balance and osmotic effects on vapor redistribution and exhaust, as these effects may 
severely limit the rate at which moisture can be removed from the vadose zone by air 
extraction. If the injected air is not dried, the panel recommends that the effects of ambient 
air temperature and humidity be assessed based upon historical or synthesized weather 
records for an annual weather cycle typical for Hanford. 
The model should include representative elements of aquifer heterogeneity, as these may 
result in significant bypass of intervals in the vadose zone that thus escape treatment and 
provide a long-term source or a fast pathway for transport through the desiccated zone. 
The panel recommends modeling of the implementability of desiccation, including effects of 
well placement, including staggered arrays, emplacement of infill wells, and other scenarios, 
on areal coverage. This modeling can provide specific data to be used to estimate costs of 
implementation. 
Achicvemcnt of full or nearly full areal coverage will not be easily achieved by well 
injectiodwithdrawal. The Truex report infers that such coverage can be achieved by 
reversing the injectiodwithdrawal function of the wells. Although this action will result in 
moisture redistribution, considerable uncertainty exists as to whether the procedure will 
provide substantially improved areal coverage. Modeling of the effects of flow reversal by 
swapping injectiodwithdrawal well functions on vadose-zone water redistribution is also 
recommended to evaluate that approach. 

5.4.1.2 

The panel recommends numerical flow and transport modeling to respond to the following 
issues, approaches, and recommendations. 

C/icttiicul/l%ysicaf C/iatigcs: Evaluation of desiccation must take into account the 
chemical and physical changes that will occur as the vadose zone is dried. Among 
these effects arc the 1) possible incorporation of contaminants into complex 
mineralogic forms, reducing the likelihood of dissolution and mobility; 2) 

hlodeling of Desiccation Impacts and Synergies 

5-6 



WM P-27397 
Rcvision 0 

rcdistribution of moisture related to rewctting from thc air phase of mincral 
precipitates, and 3) concentrationlmass flux profiles to be anticipated under various 
rewetting scenarios. In addition, predictive modeling nccds to examine the potential 
deleterious effects of desiccation on contaminant fluxes at the watcr table. 
Recommended modeling should include the effccts of successivc reductions in watcr 
content integrated with changes in pore watcr chemistry. One of the panel members 
conducted preliminary analytical and numerical modeling to assess whcthcr 
desiccation could cause a dclcterious effect, such as increased pore watcr 
concentrations that could later be flushed to greater depths (Appendix D). 

Treutrnent Synergies: The panel recommends that modeling include treatment 
combinations to better understand how multiple remediation approaches might yield 
synergistic effects that a single treatment cannot achieve. This would include ( I )  
infiltration control with no deep vadose-zone treatment; (2) both desiccation and 
infiltration control, and (3) addition of heat to desiccation. The treatment 
cornbinations should augment the analysis already completed by Ward et al. (2004), 
which showed the differences in contaminant flux as a function of infiltration control. 

The numerical modeling should be used as an initial step in the evaluation process leading to 
a golno-go decision point (Figure 6). Some preliminary criteria for the goho-go decision are 
provided in Section 5.1. This modeling should provide a path forward to reduce uncertainties 
without committing to a costly field testing program, before the technology can be 
determined to be viable. 

5.4.2 Laboratory Testing 
Potential laboratory studies to support determination of the feasibility of desiccation fall into 
two categories: determination of transport properties from undisturbed cores for numerical 
modeling parameterization, and flow-cell experiments to test concepts and physical 
processes. While laboratory studies provide for carefully controlled experiments against 
which to compare predictions derived from numerical models, their greatest valuc comes in 
visualizing and studying mechanisms for which mathematical models are currently subject to 
substantial uncertainty. Therefore, simple laboratory studies demonstrating desiccation in 
homogeneous or heterogeneous media using clean water as the saturation phasc are not 
considered to provide substantial benefit relative to the cost and time required for these 
experiments. Much of this work can be completed reliably using existing numerical models 
and the simplifications required to conduct these experiments in the laboratory are considered 
extreme. 
However, as the modeling dcscribcd in Section 5.4.1 proceeds, it could definitely benefit 
from laboratory testing specific to uncertainties identified during the modeling such as: 

magnitude and impact of energy, osmotic, and bypass effects during air 
injectionlwithdrawal 
chemical and physical effects, as well as synergistic effects of multiple technology 
options. 

Thc panel also recommends consideration of flow-cell tests as follows: 
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analysis of the thcrmodynamic and geochcmical effects occurring in thc vicinity ofa  
drying front under complex conditions (lab experiment should mimic proposcd field 
opcration, with air injected in one corner of a rectangular model, and withdrawn from 
the opposite corner; such a configuration would result in the representation of the 
entire sweep area for a unit five-spot cell); 

measurement of permeability to air at prevailing saturation and as the samples arc 
progressively desiccated; 

examination of the effects of rewetting related to chemical precipitation and 
rcmobilization and gas-phase migration; 

observations related to hydraulic and pneumatic effects of heterogeneity, including 
study of low permeability layers; 
measurements related to density effects that occur in the vapor phase during 
desiccation, and spatial distribution ofdrying (e.g., Falta et al., 1989); 
analysis of the effects of thermal enhancements for desiccation; 
analysis of the potential for micro-fracturing, particularly in fine-grained intervals, 
and also during thermal enhancements and other unknown impacts of desiccation. 

The results of the numerical modeling and laboratory studies should be used to evaluate the 
third goho-go decision. Specifically, the results should be used to answer the question of 
whether desiccation appears viable for field application. 

5.4.3 Field Testing 
Should the previous analyses indicate that desiccation is both a viable and necessary 
technology, specific field tests should be pursued prior to and during pilot-scale testing of 
desiccation technology. To evaluate thc effectiveness of desiccation through field testing at 
the Hanford Site, the panel recommends selection of a site with significant characterization 
data, so that uncertainties related to the presence and extent of contaminants of concern and 
the stratigraphy of the vadose-zone sediments are minimized. The presence of some 
infrastructure, in terms of existing monitoring wells could also be beneficial for monitoring 
the effcctiveness, while minimizing costs. 
Specific tests should include the following. 

Knowledge of air permeability of the target treatment zones is critical for determining 
maximum well injectiodexhaust rates and minimum well spacing required to obtain 
adcquate volumetric treatment coverage in a reasonablc period of time. Pneumatic 
tests should be conducted to determine field permeability to air. using existing and 
installing new wells. This test, listed as Task 5 of the Treatability Test Plan, is critical 
to support the modeling studies. 

In implementing any desiccation scheme, monitoring the actual release of moisture from the 
subsurface may be important. The panel suggests Consideration of stablc isotopes to monitor 
the progression of evaporation in the target zone. Preliminary studies document the valuc of 
stablc isotopes for thc proposed a plication. The stable isotope composition of hydrogen 
(2tI/'tl or D/H) and oxygen ('*O/ 0) in natural waters provides insights into its origin and 
evolution over time (Dansgaard, 1964; Craig and Gordon, 1965; Gat, 1971; Sheppard, 1986; 
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Kyser, 1987; Fritz and Fontes 1980; Kendall and McDonnell, 1998; Yurtsever, 1975). The 
processes of evaporation and condensation impart recognizable signatures in the isotope 
ratios for both oxygen and hydrogen. Dcsiccation would result in a quantifiable shin in thcsc 
ratios. Mapping of these ratios throughout the target zone would provide direct indication of 
the degree of evaporation. 

5.5 Other Recommendations 
The decision process outlined above cannot be completed without designation of both the 
point of compliance and the definition of compliance. 
The panel recommends that compliance should be defined in terms of the long-term mass 
flux of contaminants leaving the vadose zone and entering the groundwater. This contrasts 
with the use of water flux or contaminant concentrations commonly in use for the last thirty 
or more years. Regardless of how the contaminant fluxes are expressed (point values, 
averaged across screen length) or regulated (edge of cribs, receptor well), the panel 
recommends focus on contaminant flux as a key to success. 

5-9 



WMP-27397 
Revision 0 

This page intentionally left blank. 

5-10 



WMP-27397 
Revision 0 

6.0 R E C ~ M M ~ N D A T I O N S  FOR TESTING, ~ E M ~ N ~ T ~ T I N G ,  AND 
DEPLOYING T E ~ ~ N ~ L O ~ I E S  AT THE BC CRIBS AND ‘ ~ R E N C € I ~ S  

Because the BC Cribs and Trenches Site was utilized as an example for the panel to review 
site data for this evaluation, the panel also provides reconiniendations specific for testing, 
demonstrating, and deploylng technologics at that site. 

6,1 

6A.1 

’The BC Cribs and Trenches in the 200 West Area at the Hanford Site (Figure 7) has a 
significant historical record related to waste disposal and subsurface characterization. Recent 
documents and technical presentations suniinari;re and intcrpret this record. Notable 
examples include the descriptive conceptual model in Truex (2004), the hydrologic 
conceptual model in Ward et al. (2004)- and recent geophysical field data by Rucker and 
Sweeney (2005). 

The following hig~lights key elenrents of the conceptual model for this site; these elements 
are organized into categories based on the approximate level of certainty or uncertainty. 

Coneeptuat Model of  the Vadose Zone Beneath BC Cribs and Trenches 

Key Elements of the Current Conceptnai Model 

What We Know 
* uid wastes, many of 

which were brines 
containing radionuclides, 
were disposed to the 
subsurface at BC Cribs 
and Trenches. 

* Somemobile 
contaminants (e.g., Tc, 
NO,) have migrated to 
depth (Figure 23). 

e Distribution in the 
vadose zone at BC Cribs 
and Trenches has been 
measured in one boreliole 
(G 4191 in former Trench 
26) (Figure 8). 

99 

Figure 7. Map of BC Cribs and Trenches 
(not to scale) (Rueker and Sweeney, ZOOS) 

At BC Cribs and Trenches, app~oximately 115,000 in’ (30 million gallons) 
o f  aqueous waste were disposed on a 22-acre parcel. This IS equivalent to an average 

6- I 



WMP-27397 
Revision 0 

eyurvalerit water coluinn o f  approximately 1.3 meters. However, BG Cribs received 3 
times more volume of waste per square foot o f  waste facility area than the Trenches, 
and thus equivalent water column and depth of penetration could likely be much 
greater for the Cribs than the Trenches. 

e The current moisture profile in the vadose ?one varies widely from .c2 to 15 weight 
%, with higher values associated with finer grained layers between depths of 5 and 65 
meters below gouitd surface (bgs) (Figure 8). 

Figure 8. Geologic Profile, "Tc Activity, and Water Content from Borehole C4391, 
BC CribslTrenches (Rucker and Sweeney, 2005) 

If l lGJt  we COnJeCtUPe 

* New HRR geophysical data provide a ~o~dii i iensio~ial  visuali~a~ioii of the high- 
conductivity plume in the subsurface (Ruckcr and Sweeney, ZOOS) (Figure 9). Below 
the Trenches, the data show the base o f a  l~ i~h-~onduet~vi ty  plume estimated at about 
50 meters bgs (Figure 9), which matches the data collected in Borehole C4191 
(Figure 8). RIU;: data in the area of the Cribs show the possibility o f  deeper 
contamination (Figure 10). 
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___-- Resolution Resistivity Geophysics indicating the Presence of 

e Because the BC Cribs received a higher volume of waste per surface arm than the 
Trenches, excess water could have accumulated through a significant portion of the 
vadose zone and a greater driving force could have Fdc ated deeper eontamin~it 
pene~ration below the Cribs. 

Heterogeneity is impacting subsurface migration pathways and rates 

The current moisture profile is the result of vertical flow impacted by local 
heterogeneity to promote lateral flow at hydraulic conductivity boundaries and 
indicates the presence of ~ithropogenic moisture to a depth of-65 meters hgs below 
the ‘Trenches (Borehole 641 91). Between 57 and 65 meters bgs, there is a distinct 
change in water content, from -6.5% to -2% by weight. Because niost ofthe 
decrease appears to occur in a sandy portion of profile, we do not expect that the 
existence of finer-grained layers to he the cause. 

* 
* 
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Figure 10. Recent Hi~h-Resolution Resistivity Geophysics Indicating Possible 
Penetration of Wastes Deeper in the Vadose Zone at the BC Cribs 

(Rucker and Sweeney, 2005) 

Total depth of mi~ration of mobile contaminants (e.g., "Tc, N03) at BC Cnbs and 
Trenches is not known. 

Effectiveness of proposed remedial technologies has significant unceitainties. 

Lithologic coiitrols fe.g., tliickness and continuity of silty mies and the role in 
focusing water Row, and the role o f  coarse zones in forming capillary barriers or in 
facilitating waste penetration) are not well understood at tliis site. 

Geochemical conditions (impact of waste brines and their inte~aetion with subsurface 
itimerals) must he considered during evaluation of  remedial alternatives. 
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Impact of differential wastcwatcr discharge to the Cribs and Trcnchcs may have 
produced significant variability of contaminant concentrations across the site. 

6.1.2 Vertical Penetration of Contaminants at  the BC Cribs and Trenches 
As noted in Figure 8 (based on data from a single borehole), water in the vadose zone reflects 
past high-volume waste disposal and the current pattern of its redistribution after an extcndcd 
period of time since disposal was stopped. The “floor” of elevated water content, at 
approximately 65 meters depth, is believed to be related to geologic heterogeneity, where 
capillary breaks have induced lateral migration and prevented further downward migration 
(Ward et al., 2004). This pattern ofdistribution is similar to that observed at Hanford’s 
Sisson and Lu Site in the 200 East Area after conduct of injection tests (Ward et al., 2002). 
Figure 8 also shows the wTe distribution beneath the BC Trenches localized at a specific 
dcpth interval between approximately 20 and 50 meters bgs. Within this interval, “Te 
activities and water contents vary widely, likely correlating with lithology (with the highest 
activities and water contents associated with finest grained layers). Below -65 meters bgs, 
the moisture content is low and relatively uniform; the core material from Borehole C4191 
indicates relatively coarse sediments prevail. Recent HRR surveys generally confirm the 
known contaminated interval (Figure 9) (Rucker and Sweeney, 2005). but also suggests 
deeper penetration in the area of the site near the BC Cribs (Figure IO). Because the original 
wastes were concentrated brines, the electrical resistivity-based geophysical method appears 
to provide a clear signature of residual wastewater in the vadose zone, which correlates with 
intervals of high wTc activity in the vicinity of Borehole C4191. However, the HRR survey 
must be groundtruthed through drilling and sampling to confirm its accuracy. 

The geoplrysics fiirtIrer supports a conceptual nrodel in which residrial wastes are 
associated with tlre irrtrrnrediate-deptIr ltfirrer-graiired layers and that deeper itrigration may 
have been channeled or inrpeded by the rtnder&ng drier and coarser tnaterials. At the 
Cribs, Roivewr, deeperpenetration may have occurred as a resiilt of higher waste 
applkation rates and/or localgeologic Iteterogeneify, e.g., preferentialpatlr ways. The 
geophysics, however, does not provide a direct indication of what is controlling the apparent 
deeper penetration in one area of the site, because the surveys were not dcsigned to target 
greater depths. Additional characterization is critical to the design and potential 
effectiveness of any deep vadose-zone remediation method. 

6.1.3 

Recommendations for implementing in situ treatment options at the BC Cribs and Trenches 
are based upon the criteria identified in Section 2.2. After review of the current knowledge 
of historical operations and current knowledge of the subsurface, the panel recommends 
additional investigation to refine the conceptual model regarding: 1) the long-term 
redistribution of natural water and wastewater in the vadose zone, and 2) heterogeneity in 
both waste disposal and geology, as influencing the depth of contaminant penetration. 

Linking the BC Cribs and Trenches Conceptual hlodel to Evaluate Deep 
Vadose-Zone Treatment Options 
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Recommendations for Site Conceptual hlodel Refinements, BC Cribs and 
Trenches Example 

6.2.1 Delineation of Current Extent of Plume and Its Interaction with Lithology 
As prcviously dcscribcd, recent IlRR data in the vicinity of the Cribs suggcst that a 
significant portion of the contaminant plume may have migrated below 50 meters bgs. 
Determination of maximum vertical penetration of the plume and whcthcr thc plumc has, in 
fact. reached the water table at any location on the 22-acre site is critical to design and 
implcmcntation of a remcdiation plan. Towards this end, a field investigation is 
recornmendcd. 

6.2 

I .  Complete borehole drilling and sampling to validate the HRR survey rcsulls 
presented in this report (Rucker and Sweeney, 2005). 

2. Perform an HRR survey to target the deeper portion of the vadose zone, 
especially in the area below the Cribs, to determine vertical extent of 
contamination. This, in conjunction with data from the boreholes 
recommended in #3, will help to reduce uncertainty regarding the probability 
that contamination has reached the water table, and may provide greater 
insight into the relationship between subsurface heterogeneity and 
contaminant distribution. Additional geophysical methods, such as time- 
domain electromagnetics, should be considered to provide supplemental 
information about the subsurface at the BC Cribs and Trenches. 

3. Drill threc boreholes from which data on subsurface lithology, moisture 
content, gnin size, porosity, bulk density, and contaminant concentrations can 
be determined and correlated with the results from the geophysics in the 
vicinity of the BC Cribs; locations within and down-gradient of the Cribs 
should be selected based upon the HRR data collected in # I  (concept dcpicted 
in Figure 11); borehole data shall consist of core samples and geophysical logs 
(e.g., neutron and gamma gamma); 

4. Construct water-table monitoring wells at the three borehole locations to 
sample the upper portion of the saturated zone to determine possible prcscnce 
or abscnce ofcontamination at the water table and to provide a local mcasurc 
of the hydraulic gradient in the groundwater (for future refcrcncc if rcduction 
ofmass flux is unsuccessful in the vadose zone). 
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Figure 11. Proposed Borehole/Monitoring Well Locations Near the BC Cribs 

6.2.2 Modeling Based Upon Known Lithologic Structure and Incorporat~n~ Random 
Preferential Pathways 

The panel recommends iiumerical modeling to include specific Monte Carlo realizations of 
subsurface geology conditioned on the known lithology, as described in Section 5.2.2, to 
determine reasonable bounds on sensitivities and lo improve understanding o f ~ c e ~ a i n t i c s .  

5.3 
Infiltration control is a key c ~ ~ m p o n e n ~  in any response action to "TT~ in tlie vadose zone 
beneath the BC Crib and Trenches and i s  further described in Section 5.3 for general Hanford 
Site applications 

6.4 
The panel recoininends evaluatioii o f  the effectiveness of desiccation through a general 
research study that has application to many Hanford vadose-lone locations. The results of 
this study should be applicable to the BC Cribs and Trenches and should be assessed within 
that context. Detailed ~eco~mendations for this work arc presented in Section 5.4. Specific 
activities recommeiide~ for the study include 1) numerical modeling to evaliiatc the 
engineering aspects of air injectioi~exhaust and physical/chemical effects of desiccation on 
Row and transport, 2) laboratory testing to determine transport properties and flow-cell 
expenmerits to compare niodcl predictions to laboratory results, and 3 field testing. 

Modeling of Surface Infiltration Control 

Evaluation of the Effects of  Desiccation 

6-7 
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Appendix A: \\'orkshop Agenda 

AGENDA 

Deep Vadose Zone Treatment Technologies Workshop 
Room I-C1,1200 Jadwin Avenue 

Richland W A  

April 26-28,2005 

Tuesday, April 26 

8:00-8:15 
8:15-8:30 
8:30-8:45 

8:45-9:00 
9:00-9:15 
9: 15-9:30 
9~30-10: 15 
10:15-10:30 
10:30-11 ZOO 
11:00-12:30 
12:30-1:30 
1:30-2:30 
2:30-3:00 

3:OO-S:OO 

'Welcome and Introductions 
Workshop Objectives and Logistics 
Background - Problem Description at 

EPA Perspective on Problem 
Ecology Perspective on Problem 
Tank Farms Perspective on Problem 
In Situ Technology Evaluation 
Break 
Field Scale Information (WE, field test) 
Laboratory Tour (get site badges on the way) 
Lunch 
Vadose Zone Modeling at the tlanford Site 
High Resolution Resistivity Results 

BC Cribs and Trenches 

Team Discussions / Workshop Structure 

Morse and Wildc 
Petersen and Kaback 

Mark Bcnecke 
Dennis Faulk 
Dib Goswami 
Anderson & Myers 
Mike Truex 

Rick Cameron 
Mart Oostrum 

Mark White 
Mark Sweeney/ 
Dale Rucker 

Team 

Wednesday, April 27 (Room 3-C5; badges requircd) 

8:00-12:00 Brainstorming Solutions Team 
12:oo-1 :oo Lunch 
1:00-3:00 Evaluation of Options/Recommendations Team 
3:00-3:30 U-Plant Waste Sites Issues Roberta Day 
3:304:30 DiscussiodQuestions \vff lanford personnel All 

Thurstlav, April 28 (Ilack to Room l-Cl) 

8:OO-12:OO Finalization of Recommcndations Team 
12:oo-1:oo Lunch 
1:00-2:30 Preparation of Outbricfing, Assignments Team 
2:304:00 Team Writing 
3:304:30 Out-bricfindDiscussion w DOE and Fluor All 
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Panel hlmihers 

Dr. h2ark Ankeny - Geosciences Research Manager, INL 
Dr. Jan llcndrickw - Professor of Ilydrology, New Mexico Institute ofTechnoloby 

Dr. M a n  Looney - Advisory Scientist, Savannah River National Laboratory 

Dr. Steve Silliman -Professor and Associate Dean for Educational Programs, University of Notre 
Dame 
Dr. Michael Young - Deputy Directory I Associate Research Professor, Dcsert Research Institute 

Ed Weeks -Chief of Unsaturated Zone Field Studies, US Geological Survey, Denver 

Dr. Dawn Kaback - Facilitator and Team Lead, Geomatrix Consultants, he .  
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Appendix B: 99Tc Chemistry 
Thc rclcvant chcmistry of tcchnctium o9Tc) and possible in situ treatment options were 
recently evaluatcd by Denham (2002). 99Tc can exist in multiple oxidation statcs that 
range from -1 to +7. The most prevalent forms in groundwatcr are Tc(IV) and Tc(VI1). 
Thc Tc(VI1) form is relatively solublc and dominated by thc aqueous complex TcOi 
throughout the ptl range of 2 to 10. Under reducing conditions, the lcss solublc Tc(lV) 
predominates and forms an oxide, Tc02 or a hydrated solid phasc Tc02mtI20, in 
equilibrium with aqucous complexes of Tc(lV), such as TcO(0H)' and TcO(Ot1)2". 
Figurc B.1 shows the predicted aqucous wTc spccics as a function of pE and p11. I t  is 
clear from the stability fields of the reduced complcxes that rcduction of Tc(VI1) to 
Tc(1V) occurs at mildly reducing conditions. The most widely proposcd approach for in 
situ remcdiation of wTc is redox manipulation -- reduce Tc(VI1) to the Tc(lV) state to 
precipitate the relatively insoluble oxides. Related concepts of co-precipitation with 
other oxides and hydroxides have also been proposed. 
Reduction of wTc to lcvels below the nominal MCL (circa 900 pCilL) by reduction of 
Tc(VII) to Tc(lV) may not be achievable through precipitation alone and may require 
additional mechanisms (such as increased sorption). In Figurc B.2, the solubilities of the 
predominant Tc(lV) solids (TcO2 and Tc02.1 .6H20) are shown as a function ofpll .  Note 
that the solubility of TcO2 is significantly lower than the solubility of TcO2.1.6FI20. 
TcO2 has a solubility below the nominal MCL and has onen been used as the basis of 
proposals for in situ redox manipulation of 99Tc. However, TcO2 docs not prccipitatc 
readily at low temperatures; instead, the hydrated solid phase is typically observed 
(Meycr and Arnold, 1991). Nevertheless, ifthc correct conditions can be created by 
redox manipulation without generating unjusti ficd collateral environmental impacts, thcn 
wTc concentrations are likely to decrease as a result ofprecipitation ofthe hydrated solid 
phase and because of enhanced sorption of the aqueous spccies TcO(OH)+ and 
TcO(0H); (see Walton et al., 1986; Lieser and Bauschcr, 1987; Liang et al., 1996). 
Competing electron acceptors (such as nitrate, oxygen, and sulfate) will 'interfcrc with the 
desired reduction. These constituents, if present, will need lo be reduced prior to 
effcctive treatment of wTc. 

B-l 



W n 

Figure B.1. Speciation (pcpl l )  Diagram for Aqueous Complexes of 99Tc at 25°C 

Figure B.2. Solubility Curves for the Phases T~0~~1.611~0 and Tc02 at 25°C (a nominal MCL of 900 
pCi/L is shown for reference) 
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Appendix C: Dcsicration Calculations 

The maximum rate that air can bc extracted from a wcll in a five-spot injcction I 
withdrawal array is limited by the horizontal pcrmcability to air of the mcdium. This 
limitation affects thc relationship bctwecn wcll spacing and duration of injcction / 
withdrawal rcquired to achieve desiccation using such an array. This Appendix outlincs 
the equations uscd to computc the maximum discharge rate as a function of pcrmcability, 
wcll spacing, and production wcll radius, and provides an estimate of an air pcrmeability 
value for the Hanford vadose zonc. This permeability estimate is used to computc a 
maximum extraction rate that is uscd in turn to evaluate a base scenario of desiccation 
operations at the BC Cribs and Trenches site, as given in section 4.2.6. 

C.l Equations Relating Well Discharge to Permeability 

An equation relating well discharge to permeability for noncompressible fluids has bccn 
developed for a basic unit five-spot arrangement of alternating injection and withdrawal 
wells by Matthews and Russcll (1967, p. 72-73). This equation can be uscd to estimate 
the maximum discharge for wells injectindextraeting air if provision is madc for the 
effccts of air compressibility, assumed here to be provided by the Ideal Gas Law. 

For incompressiblc fluids, the well discharge produced by the pressure drop at the 
withdrawal well below mean pressure in a five-spot unit (assuming no well losses) is 
dctcrmined by computing an effective radius, re, equal to the square area of influcncc of 

the withdrawal well, or = m, where d is five-spot well spacing. Discharge per 
unit length of well screen is then given by the Thiem equation, 

Equation C1 

where q is well discharge, m’/s/m; k is permeability. mZ; APnc is the prcssurc drop for a 
noncompressible fluid, equal to (P,-Pw); P. is pressure at the effective radius, Pa; P, is 
pressure at thc well screen, Pa; 11 is dynamic viscosity of the fluid, Pas; and r, is the 
withdrawal well radius. For a compressible gas, the equation becomes: 

Equation C2 

whcrc PO is ambient (atmospheric) pressure, in this case equal to P,. Equation C2 is 
analogous to the Dupuit-Forchheimer equation for discharge to a wcll fully pcnctrating an 
unconfined aquifer (Jacob, 1963, p. 247). Based on this analogy, it can be shown that 
obscrvcd pressure drop, APc, in a gas reservoir can be corrected to that for an cquivalcnt 

Aez 
2P, 

noncompressible fluid as A.P, = A< -- or, inversely, APnc from equation CI can bc 
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uscd to computc AP, by thc equation 

AP, = c(l- i-). Equation C3 

Thc significance of Equation C3 is that the actual prcssurc drop would bc that to a 
complete vacuum when the computcd pressure drop from equation CI is half the ambicnt 
prcssurc. Such a pressure drop is impossiblc, indicating that thc computcd q would 
cxcccd that available from the formation. However, the correction for effccts of 
comprcssibilty diminishes quickly as the pressure drop dccreascs from Pd2. A safety 
margin to allow for well losses and barometric fluctuations limits thc allowable computcd 
pressure drop, AP,,, to be no more than about 0.4 PO, or about 40,000 Pa. 

With that constraint on AP",, a maximum air q can bc solved for as a function of k 
(adjusted to be the permeability to air of the medium at its ambient moisture content, 
K,i,kh). For an assumed well radius of 0.1 m, a well spacing of40 m, a k of 1x10. m (1 
Darcy), and an air viscosity of 1.8X105 Pas, qmx= 0.0025 m3/ds,  or q m x k  =0.0025 
m3/s/m/Darcy. For units of days, qmx/k=200 m'/dm/Darcy. 

C.2 Permeability Estimate 

Pcrmcability values (k) computed from hydraulic conductivities (K) given by the SAFE 
report (Cameron et al., 2004, p. 3-15) and by Gee et al. (1989) appear to be too low to 
allow air withdrawal rates at values even closely matching the rates uscd in the SAFE 
expcrimcnts or in other Hanford area vapor extraction operations. However, an estimate 
of vadose zone permeability to air at its prevailing moisture content can be obtained from 
field-scale estimates of D, (pneumatic diffusivity). Values ofD, of0.15 and 0.20 m2/s arc 
given for thc sites of Hanford area monitoring wells 699-43-42 and 299-E33-41 (Spane, 
1999). Values of K,i,kk,, the effcctivc vertical permeability to air at the prevailing 
moisturc content, may be determined from thc formula (Weeks, 1978, p. 1): 

K,k" = 

is station pressure, Pa. Assuming pa of 1.8XlO-5 Pas, 0, of 0.3, and P of 100,000 Pa, 
K,i,k, = 8.1 to 10.8X10- m . Due to the effects of bedding, the vertical pcrmcability to 
air is undoubtedly lower than the horizontal permeability. Assuming the gcncral rulc of 
thumb of k&, = IO, K,i,kh3=10'0 m2, or about 100 Darcies. For this k, qlmX = 0.25 
m3/m/s, or about 20,000 m /d/m. This rate is about 15 times larger than that uscd for thc 
SAFE desiccation test. 

12 2 

, whcrc pa is air dynamic viscosity; Pas; 0. is air-fillcd porosity, and P 
P 

12 2 
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Appendix D: Furtlier Desiccation Analysis 

Thc purposc of this appcndix is to prescnt a prcliminary analysis of undcr what gcncral 
conditions, if any, dcsiccation might incrcase risk rclatcd to groundwater contamination. 
I t  is not our intention to prcscnt a final judgmcnt on thc merits or problems of dcsiccalion 
in the dccp vadosc zonc at the Hanford Site. In gencral, desiccation sccms to work quitc 
well in dclaying solute velocity. However, thc casc study on transient flow conditions in 
scction D.3 demonstrates that desiccation might lcad to incrcascd solutc fluxes at the 
water table. 

D.l 
In deep vadosc zones, gravity forces dominate water flow and as a result an (almost) 
stcady downward flux develops below the root zonc'. This long-term flux q (m) 
dctcrmincs the watcr content 0 (L /L ) in the vadosc zone and in the absence ofcapillary 
forces 

Rlotivation for Desiccation in the Deep Vadose Zone 

3 3  

(I = K ( 0 )  111 

where K(0) is the unsaturated hydraulic conductivity (W) at water content 0. 
Thc convcctivc flux o f s o l u t c s J ( M ~ )  is 

J = q C = K(U)*C(U) 

whcrc C is the concentration of the solutes (MIL3). 

As shown in Eq. [3], both the downward flux q and concentration Cdcpcnd on the 
volumetric water content 0 .  If the water content dccrcascs due to desiccation, the flux will 
decreasc and the solute concentration will increase. The increase ofthe solute 
concentration is a linear function of thc decrease in water content, whilc the decrease of 
the unsaturated hydraulic conductivity and downward flux is a strongly non-linear 
function of the decrease in water content. Therefore, it is expccted that thc convcctivc 
solute flux will dccreasc aner dcsiccation in a deep homogeneous vadosc zonc whcrc 
gravity-driven steady-state flow dominates. For example, the solute flux in loamy sand' 
is calculated using Eq. [2] assuming a solute concentration at saturation of 1000 ppm. 
The logarithm of the solute flux is plotted against volumetric water content (Figure I ) .  If 
the media bccomes drier, the solutc flux dramatically decreases, bccausc the dccreasc of 
thc water flux is much larger than the increase in solute concentration. These thcorctical 
rcsults, bascd on steady-state flow in the deep vadose zonc, make dcsiccation an 
attractive rcmcdiation strategy. 

' The Van Geniichten parameters used to derive the hydraulic properties are: residual water contcnt-0.057, 
saturalcd water content=0.4 I .  alpha=1.24, n=2.2S, saturated hydraulic conductivity=350.2 cdday .  
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Figure D.1. Logarithm of Solute Flux 
with ~ r a v i ~ - d r i v e n  Steady-state Flow 

gh Deep Vadose Zone of  Loamy Sand 
nction of Volumetric Water Content, 

.2 Bow Much Water Must be Removed for Desicca~ion to Work? 
Figure D.l demonstrates that the solute flux decreases non-linearly with decreasing water 
content. Due to the non-hear relationsbip between unsaturated hydraulic conductivity 
and volumetric water content decreasing the volumetric water content by one volume 
percent in a relatively dry soil has a much bigger impact than in a relatively wet soil. For 
example, a decrease in water content from 0.41 to 0.40 decreases the solute flux from 3.5 
x 10' to 2.8 x 10' mg/day.m2, which i s  a decrease of 20 percent. However, a decrease in 
water content from 0.072 to 0.062 decreases the solute flux from 23.7 to 0.221 
in~day.m2, which is a decrease oftwo orders ofmagnitude. This means that the removal 
o f a  small mount  o f  water in  a relatively dry soil inay have a big impact on the solute 
flux. 

D.3 

Data from the BC Cribs and Trenches at Haulford showed an interval of elevated moisture 
and "Tc in the deep vadose zone, believed to occur as a result ofliqud releases during 
waste opcratioiis in the cribs and trenches. This moisture is likely rcdist~ibut~ug into 
deeper drier layers under transient flow and transport conditions. Prevtously, we have 
examined the effects of desiccation under steady flow conditions; In this section, we 
examine desiccation under transient flow conditions using a simple oil 
model HYDRUSlD2. HYDRLJS-I D IS a Microsoft Windows-based inodeling 
environment for analysis of  water flow and solute transport in  variably saturated porous 
media. Thc latest version ofthis program can be downloaded at no charge from 
&tr~ //Wiw ussl ars.u.wLamw. The HYDRUS program IS a finite-element model for 

Desiccation under Tranrsient Flow Conditions 
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simulating the onedimensional movement of watcr,  at, and niultiplc solutes in 
variably saturatcd media (Simunck et al., 1998). The program numerically solvcs the 
Richards’ equation for saturated-unsaturated watcr flow and Fickian-based advection 
dispersion equations for hcat and solute transport. 
Two simulations were conducted in a homogeneous ten-meter dcep profile of loamy sand 
with the hydraulic propcrties presented in footnote 1. The top boundary condition is a 
steady infiltration rate of 0.5 mm/year; the bottom boundary condition is a constant 
pressure head of 0 cm, Le. thc water table. The initial conditions of Simulation One arc 
prcscntcd in Figure D.2. In the top 400 cm, is a “bulge” of water and solutes; the watcr 
content is 0.139 and the solute concentration is 0.5 mdcm’ or 500 ppm. Simulation Two 
mimics desiccation where the top 400 cm has been dried from 13.9 to 6.85 volume 
pcrcent water content; as a consequence the solute concentration increased from 0.5 to 
1.0 mglcm’ (Figure D.3). 
Figures D.4 and D.5 present the solute fluxes entering the table at a depth of 10 m 
without and with desiccation. Simulation One results in a peak solute flux of about 7 x 
10” m@day.cm*, while Simulation Two mimicking the effects ofdcsiccation in a peak 
solute bottom flux of 12 x IO” mg/day.cm2. Soil desiccation clearly would have an 
adverse effect on peak solute bottom flux. However, it is quite effective in delaying thc 
arrival of the peak concentration as well as the time where the first solutes enter the water 
table. These simulations demonstrate that under transient flow conditions, dcsiccation is 
effective in delaying solute arrival at the water table, but might cause an increase of the 
solute flux in the groundwater. 

. 
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 

~ I m g ~ l  Watef Conlent k] 

Figure D.2. Initial Profiles of Water Content and Solute Concentration 
with Depth for Simulation One 
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Figure D.3. Initial Profiles of Water Content and Solute Concentration 
with Depth for Simulation Two after Desiecat~on 

[Note length scale of concentiatioti IS different from Figure D 2 ] 

Days 

Figure D.4. Solute Bottom Flux for Sim~~ation One with Water and Solute 
“Bulge” in Top Four Meters of the Profile 
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I I 

Figure DS. Solute Bottom Flux €or Simulation Two after ~ ~ s i c c ~ t i n ~  the Water 
“Bulge” in the Top Four Meters of the Profile 
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Appendix E: Perturbation Geochemistry 
Pcrturbation gcochcmistry, as dcscribcd in Section 4.2.9, is currcntly bcing rcscarchcd at 
INL. Somc of thc key questions bcing pursucd arc discussed bclow. Most contaminatcd 
subsurface systems are not at equilibrium. Diffusion of thc contaminants into thc intcrior 
of thc crystallitcs is a slow process. Somc of thc chcmical reactions arc slow. One can 
change the naturc of thcsc systems by gcochcmically pcrturbing thcm by changing thc 
Eh, pt-1, and/or thc concentralions of certain ions in the system. Such perturbations can 
take thc systcm far from the ambient condition and rcsult in conditions that maintain 
contaminant concentrations in the subsurface water at much lower concentrations. For 
examplc, by dissolving a mineral phase and rapidly precipitating it, contaminants that 
wcrc previously on thc surface of the crystal will bc distributed over a greater dcpth 
resulting in lower concentrations on the surface of thc crystal and hcncc lower aqueous 
concentrations. Further, because of the kinctics of the precipitation, it is likely that the 
concentrations of the contaminants will bc higher in the interior ofthe crystal than on the 
exterior surface (Docrncr-Hoskins model). Such phenomena would lower thc aqueous 
conccntrations even further. The contaminants in thc interior of the crystal will most 
likely reach mobile water only by solid-state diffusion which is a very slow process. 
Infiltrating water will be equilibrated with naturally existing calcite in the systcm before 
it reaches the treated zone, so littlc or no mineral dissolution will occur. 
Contaminants may also be co-precipitated in metastable phascs that can sequester a 
contaminant for long periods of time and control release rates to values that maintain 
their aqueous concentrations below the MCL. The concept of geochemically perturbing 
subsurface systems to achieve longer and better sequestration of contaminants may prove 
to be a fast and cost-effective means of controlling the release of contaminants from 
many waste sitcs. Thcsc processes can bc manipulated to jointly decrease the 
concentrations of thc contarninants in the porc water and increase their retardation in thc 
vadose zonc. 
Thc key issuc is delivering thc amendments capable of producing the appropriate 
biogeochemical perturbations without mobilizing the contaminants in the vadosc zonc. 

E.l Perturbation of Carbonate Systems 

Mcthods are needed to inhibit the transport ofcontaminants, such as %r, through thc 
vadosc zonc to the water tablc and thercby dccreasc the risk of exposure to the 
environment. For select contaminants, co-precipitation with natural mineral phascs is 
one approach to retarding metal contaminant migration. Bccausc of their low 
concentrations, most contaminant metal ions generally do not precipitate as purc phascs; 
rather they arc co-precipitated in common mineral phascs such as calcite, forming solid 
solutions. Coprccipitation of metals (Tesoriero and Pankow, 1996) and radionuclides 
(Curti, 1999) into calcitc is well established. Co-precipitation with calcite is expcctcd to 
bc important at many arid western sites that have scdiments with significant amounts of 
calcite. The conccntration of metal ions in porc water equilibrated with such solid 
solutions is often much lower than thc concentrations in waters equilibrated with the purc 
phases, and apparent rctardation factors can be greatly incrcascd (Tesoricro and Pankow, 
1996). Thc amount of co-precipitated mctal in thc phase dcpcnds on thc thermodynamics 
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of solid solutions as well as the rate of precipitation. For example. Tcsoricro and Pankow 
(199G) report increases in apparent retardation factors for Sr by factors of 8 to 9 at highcr 
precipitation rates when compared to lower prccipitation rates. This additional 
retardation mcans that the contaminants will remain in the vadose zonc for a longer 
period of time. For 
decay before reaching the water table. 
In many cases, the existing vadose-zone contamination is associated with cation 
exchangc sites at, or very near, the surfacc of naturally existing crystallites, such as 
calcitc. By perturbing the gcochemistry ofthe systcni so as to increase the solubility of 
calcite, the contaminated surfaces and the underlying uncontaminated calcite will 
dissolve, increasing Ca2' concentrations in the pore water, which will competc for sitcs 
with many of the contaminants as well as with other cations in the exchange sites. Ancr 
this initial dissolution stcp, the system returns to the ambient chemical conditions 
resulting in the re-precipitation of calcite and the co-precipitation of solubilized 
radionuclides and metal contaminants. 
Using the gas phase for geochemical perturbation of the vadose zone offers advantages 
over liquid phase additions. Introduction of liquid solutions into the vadose zone 
generally runs the risk of mobilizing contaminants. Further, small-scale preferential flow 
in the physically and chemically heterogeneous media results in liquid phase amendments 
being inadequately distributed. For example, with addition of CO2 gas, we can decrease 
the pFI of the soil water and increase the solubility of calcite: 

The additional Ca2+ in the soil water solubilizes sorbcd radionuclides and metals, such as 
Sr, on an exchanger ( S r )  via: 

S r  + ca2+ = &a + sZ' 
If the Ca2+ concentration is insuficient to remove the Sr from the exchanger, a small 
amount of ammonia can be added to the gas mixture to generate Nh+ in the soil water to 
displace the Sr. Purging with another gas, such as air or N2, will then increase the pFI, 
inducing precipitation of a calcite solid solution with a mole fraction, X, of Ca2* and a 
mole fraction, (I-X) ofSZ*: 

which has a half life of 29.2 zkO.1 ycars, more of the wSr can 

CaCO, + €110 + CO*(,) = ca2+ + 2HC0,' 

XCa2' + (l-X)S? + 2HCOi = (CaxSrl.x)CO~ + COz(,) + HzO 

The thermodynamic and kinetic considerations of such solid solutions are outlined in the 
technical literature (Barron and Palmer, 2002;Tesoriero and Pankow, 1996). 

The potential benefits of gas-phase amendments over liquid-phase manipulation for the 
co-prccipitation of metals and radionuclides include 

the cost of delivering gases to the vadose zone is relatively low, 
large diffusion coefficients of gases in the vadose zone allow treatment of 
unsaturated sediments in spite of subsurface heterogeneity, 
gases arc less likely to mobilize soil water and their associated contaminants, 
gas-delivery systems will have minimal effcct on other activities at the site, and 
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co-precipitation of radionuclides with thc calcite will incrcasc thcir retardation in 
thc vadosc zonc allowing more of tinic for thcm to dccay bcforc reaching the 
watcr table (Curti, 1999). 

E.2 Perturbation of Silicate Systems 
Ammonia is highly soluble in water with a solubility of almost 300 g/L of ammonia at a 
15'C at a partial pressure of I .  Thus, if gascous ammonia is injcctcd into the vadosc 
zone, a large portion of it will partition into the soil water: 

+ NIIJ gar -+ N b  aqiirnur 

At pll values less than about 9, ammonia reacts with water to form ammonium (NII;) and 
hydroxyl ions (011.): 

NHJ + HzO % NH,+ + OH- 
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Generating hydroxyl ions increase the pH of the solution to values greater than 13 as thc 
fugacity approaches 1. At these high pH values, silica concentrations can become very 
high (Figurc E.2). The elevated pH values also promote the dissolution of AI and Fc 
oxidcs as well as aluminosilicate minerals. These conditions can result in thc formation 
of various aluminosilicate phases that have the potential of co-precipitating metal 
contaminants and radionuclides. For example, C.D. Palmer of INL (unpublished data) 
observed the formation of bcrthcrine (a mixed Fe(ll)/Fe(lll) aluminosilicate), nontronite 
(an iron-rich smectitc clay), annitc (an Fc-rich mica), and perhaps a zeolite downgradicnt 
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from a zero-valent iron pcrmeablc rcactivc barrier in which thc pll approachcd 1 I .  
Precipitates have bccn observed to form in scdimcnts at Flanford whcrc solutions with pH 
>I3 have leaked into the subsurface. There are a large number of precipitates that can 
form in Portland cement systcms whcrc thc pH is about 12.5. Many of thcsc arc known 
to sequester metals and radionuclides. If the newly formed phascs remain mctastablc as 
thc fugacity of carbon dioxide and other gases return to ambient state, thcn thc 
contaminants may remain scquestcrcd in thc vadose zone for long periods of timc. 

Figure E.2. Concentration ofSi02 as a Function of 
pll  in a Quartz-Water System 
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