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Multi-Scale Mass Transfer Processes Controlling Natural Attenuation and Engineered 
Remediation: An IFRC Focused on Hanford’s 300 Area Uranium Plume 

Annual Report: January 2010 – January 2011 
 
Principal Investigator: 
John Zachara, Pacific Northwest National Laboratory (PNNL) is IFRC Principal Investigator and primary 
contact with the SBR Program. 
 
Field Site Manager: 
Mark Freshley, PNNL, is field site manager and primary EM contact. 
 
PNNL Co-Principal Investigators and Major Task (FY 2009 Funding): 
Here we provide a financial synopsis for the Hanford IFRC for FY 2009.  The synopsis is organized 
according to reporting categories in the quarterly and annual reports.   

 
FY 2010 IFRC FINANCIAL SUMMARY 

 

IFRC Funding Profile

FY10 Project Funding: 3,000,000$      
Carryover from FY09:    374,218$        
Total FY10 Funding: 3,374,218$      

FY10 Spent: 3,024,069$      
Carryover to FY11: 350,149$        *

* inlcudes 73K in commitments  

 

 

Project Management -  $315,3731,3 

John Zachara – ($246,685)2 - IFRC project manager and lead scientist. Responsible for 
Project success, reporting, financial management, productivity, and scientific accomplishment. 
Lead on all geochemical issues. 

Mark Freshley – ($58,381)6 - Responsible for well and tracer permitting, development of field test 
plans, site operations including ES&H, sample dispersement, QA/QC planning and review, and EM 
interactions. 

Site Design and Installation -  $244,4251,3,4 
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Bruce Bjornstad – ($80,384)6  - Hanford IFRC site geologist responsible for the design and 
installation of well-field up-grades in response to experimental and measurement needs. 
Interface between the Hanford IFRC and the Flour-Hanford well drilling team. 

Data Management -   $102,3835 

Field Site Characterization -  $439,9431,3,4,9 

Bruce Bjornstad – ($27,442) - Interpreted all well logs and developed a site geologic facies 
model based on measurements and data collected during the well installation campaign. 

Jim McKinley – ($142,464)6 - Oversight of sediment and groundwater sampling, and 
geochemical characterization measurements and analyses of all type. 
Chris Murray – ($62,677)6 - Geostatistical analysis of laboratory physical, geochemical, and 
hydrologic measurements, and results of field hydrologic characterization. 

Saturated Zone Injection Experiments - $497,6281,3 

Vince Vermeul – ($300,125)7 - Oversight and management of field hydrologic activities and 
monitoring systems, infrastructure, and injection experiments. Has determined the magnitude 
of intra-well vertical flows by direct measurement and is implementing mitigation. 

Mark Rockhold – ($160,817)6 - Responsible for hydrologic data integration and transfer to 
others, and for modeling the results of hydrologic characterization and non-reactive tracer 
experiments. 

Modeling and Interpretation Programs - $1,107,3541,8 

Chongxuan Liu – ($106,721)6 - Responsible for the development of mass transfer models of U 
adsorption and desorption at both the laboratory and field scales based on collaborations with 
Y. Fang (PNNL), C. Zheng (UA), D. Kent (USGS), and R. Haggerty (OSU). 

Passive Experimentation – $316,9631,3,9 

Jim McKinley – ($169,492)6 - Design and oversight of all groundwater geochemical 
measurements, including the comprehensive monitoring experiments to evaluate seasonal U 
releases from the lower vadose zone. 

Vince Vermeul – ($42,085)6 – Directs multi-point tracer testing for the passive experiment 

 

 

 

 

1 total dollars spent
2 dollars spent by individual and the administrative team
3 includes misc procurements or supplies and travel
4 includes site support (see below)
5 includes subcontract to INL - R. Versteeg
6 includes junior scientist labor
7 includes injection team members
8 includes external subcontracts to UCB, USGS, OSU, UA, LANL and LBNL
9 includes publication costs  
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FY10 IFRC Procurements
Vendor Description TRANS_AMT BRDN_AMT
Campbell Scientific,, Inc.  60ft cable per sensor 9,930               10,918           
Cedar Mountain Nitric Acid/Millipore IC Teflon 2,316               2,654             
Cedar Mountain Supply, Inc. Swing Bucket Rotor 18,528             20,372           
Central Hose and Fitting Good Year Hoses/Clamps/Aluminum Fittings 4,733               5,425             
Chemchek Instruments Uraplex Complexant 6,166               7,068             
Columbia Paint & Coatings  2 gallon buckets 2,103               2,411             
Fischer Scientific Sodium Fluoride/bags 3,275               3,754             
Fisher Scientific Company, LLC Misc Supplies 26,417             30,283           
Glass Expansion - Phillips O AR30-07-FSS2E 1,770               2,029             
Grainger Compression sleeves/fittings and tubing/Storage Shelving 984                 1,128             
Hach Co DR890, colorimeter 1,203               1,379             
Instrumentation Northwest, Inc. Cond/Temp/Press 15 PSIG (100' each) 31,236             34,344           
McMaster Carr Silicone O-Ring/inflatable test balls/plugs/fittings 4,098               4,697             
Miscellaneous Payments Miscellaneous Payments 1,292               1,406             
Omega Pressure gauge/ rotometer 948                 1,087             
Other BNW Procurements Misc Procurements 1,085               1,116             
Other Misc B2B Gov Scientific Source, Guy Brown Products, Pacific Suppl 1,399               1,604             
Other Misc PCard Commodities/Services 10,689             12,253           
Solinst Canada, LTD 3 ft. Straddle Packer (1" NPTM) c/w centralizer/clamps 7,776               8,550             
VICI Precision Sampling, Inc. Nitrogen purifier/gas syringe 4,865               5,577             

Total 140,814          158,055         

 

FY10 IFRC Subcontracts
Vendor Description Trans Amt Brdn Amt
University of California Berkeley Yoram Rubin 211,000             231,993        
US Geological Survey - LA Doug Kent 204,000             224,296        
Oregon State University Roy Haggerty 154,000             169,322        
University of Alabama Chunmiao Zheng 156,000             171,521        
Lawrence Berkeley National Laboratory Mark Conrad and John Christensen 123,657             123,657        
Los Alamos National Laboratory Peter Lichtner 90,273               90,273          
Battelle Energy Alliance, LLC (INL) Roelof Versteeg 102,066             102,066        
Central Hanford Plateau Remediation Co Well Drilling/Site Services 146,971             146,971        
Donald C. Girvin Groundwater sampling and analysis 18,373               19,499          
Peak Laboratories, LLC Diagnosis of RGA 5 dual gas chromatograph 5,000                 5,497            
UT-Battelle, LLC ORNL Sample Collection 4,330                 4,330            
Williams Scotsman, Inc. Mobile office trailers/Storage Containers 8,280                 9,104            
Southwest Research Institute Analytical Sample Analysis (6,250)               (7,351)           
University of Texas at Austin CT-scanning and Image Processing (7,517)               (8,935)           
Other Misc Other Misc 3,278                 3,535            

Total 1,213,460$      1,285,778$   
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Key Collaborations: 
 
Harvey Bolton, John Zachara, Jim Fredrickson, Tim Scheibe, Chongxuan Liu, Alan Konopka, Chris 
Murray, and other PNNL, national laboratory (Scott Brooks, ORNL), Agency (Jim Davis, USGS), and 
university principle investigators (E. Roden, U. Wisconsin) collaborate through the PNNL SFA focused 
on Hanford-inspired subsurface science issues.  Using IFRC site sediments, SFA investigators are: 
quantifying and modeling key microscopic reaction and transport processes (adsorption/desorption, 
precipitation/dissolution, mass transfer), implementing facies mapping and characterization for 
interpretation and assimilation of geophysical measurements, and characterizing microbiological 
distributions and function.  The SFA team is also developing pore-scale biogeochemical reaction models 
of IFRC site sediments, and collaborating on in-situ microcosm experiments in IFRC site wells.  SFA 
research is consequently providing essential information on IFRC site microbial ecology, microscopic 
reactive transport models, and geophysical characterization approaches. 
 
Peter Lichtner (LANL) and Glenn Hammond (PNNL) collaborate through a SciDAC-2 project focused on 
high performance modeling of the 300 A plume.  The project ends in FY 2011. Limited additional dollars 
are provided by the IFRC project ($200K). 
 
Henning Prommer (CSIRO) collaborates with the IFRC through university principle investigator 
Chunmiao Zheng (University of Alabama).  Dr. Prommer has developed a multi-component reactive 
transport model for saturated porous media called PHT3D.  His team has assisted in pre-modeling U 
injection experiments, and in evaluating the sensitivity of multi-rate, surface complexation model 
parameters under dynamic hydrologic conditions. 
 
Jon Fruchter, Dawn Wellman, and Vince Vermeul (PNNL) collaborate through the EM-20 Polyphosphate 
Demonstration Project, which performed one injection experiment in the saturated zone.  The results of 
the injection test indicated that remediation of the uranium plume via autunite precipitation was unlikely 
to be feasible at the necessary scale.  The EM-20 project is now pursuing an alternative strategy to 
remediate uranium in the smear zone by controlled infiltration of polyphosphate through the vadose zone.  
Our passive experiment results have provided important insights on U(VI) resupply to groundwater that 
are informing revised remedial strategies for the groundwater plume.   
    
Haluk Beyenal (Washington State University) and Jim Fredrickson (PNNL) collaborate on an ERSP 
study of redox-controlling microorganisms in the 300 A unconfined aquifer.  During FY 2010 this team 
inoculated flow cells and microcosms with IFRC site groundwater to initiate biofilm formation.  The 
resulting biofilms were characterized by various microscopic methods and their influence on 
mineral/water biogeochemistry investigated. 
   
Fred Day-Lewis (USGS), Andrew Binley (Lancaster University, UK), Kamini Singha (Penn State 
University), and Andy Ward (PNNL) will utilize IFRC site infrastructure and sediments to investigate 
multi-scale mass transfer using geophysical methods.  The SBR project was initiated in FY 2010, and the 
IFRC has provided the team with intact IFRC core samples in January 2010 to begin their research.  The 
team plans a mass transfer field experiment at the IFRC in the summer of FY 2011.   
 
William Burgos (Penn State University), Hailang Dong (University of Miami, OH), and Ken Kemner 
(ANL) are investigating biogeochemical redox reactions of uranium and oxygen with Fe-containing layer 
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silicates from the IFRC site in newly funded ERSP research.  Bulk samples of Fe(II)-containing smectites 
from the IFRC Ringold Formation were provided to the research team in November 2010.     
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ABSTRACT 

The Integrated Field Research Challenge (IFRC) at the Hanford Site 300 Area uranium (U) plume 
addresses multi-scale mass transfer processes in a complex subsurface hydrogeologic setting where 
groundwater and riverwater interact.  A series of forefront science questions on reactive mass transfer 
focus research.  These questions relate to the effect of spatial heterogeneities; the importance of scale; 
coupled interactions between biogeochemical, hydrologic, and mass transfer processes; and 
measurements and approaches needed to characterize and model a mass-transfer dominated system.  The 
project was initiated in February 2007, with CY 2007, CY 2008, and CY 2009 progress summarized in 
preceding reports.  A project peer review was held in March 2010, and the IFRC project has responded to 
all suggestions and recommendations made in consequence by reviewers and SBR/DOE.  These 
responses have included the development of “Modeling” and “Well-Field Mitigation” plans that are now 
posted on the Hanford IFRC web-site.  

 
The site has 35 instrumented wells, and an extensive monitoring system. It includes a deep borehole for 
microbiologic and biogeochemical research that sampled the entire thickness of the unconfined 300 A 
aquifer. Significant, impactful progress has been made in CY 2010 including the quantification of well-
bore flows in the fully screened wells and the testing of means to mitigate them; the development of site 
geostatistical models of hydrologic and geochemical properties including the distribution of U; 
developing and parameterizing a reactive transport model of  the smear zone that supplies contaminant U 
to the groundwater plume; performance of a second passive experiment of the spring water table rise and 
fall event with a associated multi-point tracer test; performance of downhole biogeochemical experiments 
where colonization substrates and discrete water and gas samplers were deployed to the lower aquifer 
zone; and  modeling of past injection experiments for model parameterization, deconvolution of well-bore 
flow effects, system understanding, and publication.  We continued efforts to assimilate geophysical 
logging and 3D ERT characterization data into our site wide geophysical model, and have now 
implemented a new strategy for this activity to bypass an approach that was found unworkable.   
 
An important focus of CY 2010 activities has been infrastructure modification to the IFRC site to 
eliminate vertical well bore flows in the fully screened wells.  The mitigation procedure was carefully 
evaluated and is now being implementated.  A new experimental campaign is planned for early spring 
2011 that will utilize the modified well-field for a U reactive transport experiment in the upper aquifer 
zone. Preliminary geophysical monitoring experiments of rainwater recharge in the vadose zone have 
been initiated with promising results, and a controlled infiltration experiment to evaluate U mobilization 
from the vadose zone is now under planning for the September 2011. The increasingly comprehensive 
field experimental results, along with the field and laboratory characterization, are leading to a new 
conceptual model of U(VI) flow and transport in the IFRC footprint and the 300 Area in general, and 
insights on the microbiological community and associated biogeochemical processes.   
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OVERVIEW 

CY 2010 Accomplishments and Report Objective   
 

CY 2010 was a busy year for the Hanford IFRC team that was punctuated by a mid-term peer review in 
April 2010. While the outcome of the peer review was positive, a significant portion of the second half of 
the calendar year was spent devising a mitigation plan for vertical flows in IFRC wells.  That troublesome 
situation is now under control and the IFRC team is looking forward to a busy spring experiment schedule 
focusing on the remediated well-field and the upper aquifer system.  The following are important 
accomplishments for FY 2010. 

 The behavior of non-reactive tracers and U(VI) in our preliminary U injection experiment 
performed in October 2009 indicated that vertical well bore flows were greatly complicating 
IFRC site monitoring data.  A site wide study was consequently performed during November 
2009 to February 2010 to monitor and quantify ambient vertical flows in all IFRC unscreened 
wells that lead to two publications. 

 A modeling approach to explicitly account for the complex and varied effects of vertical well-
bore flows was applied to monitoring data from one of our past IFRC transport experiments.   
The resulting simulations better matched the complex experimental data yielding an interesting 
manuscript that is now in press. 

 An IFRC modeling plan and a well-field mitigation plan were developed in response to comments 
made at the Hanford IFRC peer review. 

 A joint manuscript was initiated with the Rifle IFRC team to compare and contrast the behaviors 
of the U(VI) groundwater plumes at the two IFRC sites.  The paper emphasizes their common 
hydrologic location in the groundwater-river interaction zone and the complex and dynamic 
process coupling that occurs.  This activity was a recommended outcome of the March 2010 peer 
review.  

 A comprehensive well-field remediation study was performed to ascertain the best approach to 
eliminate well-bore vertical flows in the fully screened IFRC wells.  The study compared single 
packers, dual packers in sequence, and bentonite cementation.  Bentonite cementation was the 
most effective solution.       

 The data assimilation code, MAD, has been completed and it is being utilized to refine our 
hydrophysical model of the IFRC site, to quantify the uncertainty of key hydrologic parameters, 
and to integrate geophysical logging and characterization data of different forms.  Several 
publications have already emerged from this activity with others in preparation. 

 Significant progress has been made in developing a geochemical transport model of the dynamic 
water table zone that resupplies and sustains soluble U(VI) in the groundwater plume.  This 
model is based on multi-scale experiments of smear zone sediments.  It will be integrated with a 
geostatistical model of U(VI) concentration distribution in the extended smear zone for final 
deployment.  

 A second passive monitoring experiment to evaluate U(VI) release from the deep vadose zone 
during the spring high river stage event was performed from April to July 2010.  This experiment 
built on the findings of the 2009 experiment, and had a number of new and improved elements 
including a multi-point tracer test during the period of water table rise.  The experiment was 
highly successful.  It validated the vadose zone release model and captured a river water intrusion 
event that moved across site changing water composition and U distribution. 
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In the text that follows we will summarize:  i.) project status; ii.) modifications to site infrastructure; iii.) 
progress on site characterization and data assimilation; iv.) select results of the saturated zone 
experimental program; v.) modeling activities for experiment analysis, interpretation, and experiment 
planning; vi.) future plans, and vii.) challenges and concerns.  Our objective in this reporting is to provide 
significant and select highlights, rather than an exhaustive or detailed summary of activities and findings.  
A Hanford IFRC poster session at the SBR Annual Meeting in April 2011 will emphasize detailed 
scientific findings and future plans. 
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I. PROJECT STATUS 
 
Project activities in FY 2010 were primarily focused on: i.) preparing for and responding to 
comments from the March 2010 peer review, ii.) publishing results from site characterization and 
field experimental activities, and iii.) devising a mitigation approach for vertical well bore flows in 
IFRC fully screened wells.  Our project status is summarized in Figure I-1.  Overall, progress has 
been excellent as shown by completed activities in FY 2010 (e.g., blue), and this progress has 
translated into increased publication productivity (see PRESENTATIONS, POSTERS, and 
PUBLICATIONS). 

A number of planned activities were deferred (green), including four different experiments for the 
saturated zone (e.g., multi-tracer/cold water, desorption injection, adsorption injection, and isotopic 
exchange).  These activities were deferred to FY 2011 and beyond because of concern that vertical 
well-flows might compromise the quality of field experimental data.  The funding for these activities 
was consequently re-directed to a comprehensive study of well bore flows in the IFRC well-field, and 
approaches to mitigate them.  The findings of this study were reported to the SBR and FREC in 
October 2010 in the form of a “Well Field Mitigation Plan”.  This study was very successful, yielding 
two publications and documented methodology to fix the well-field hydraulic problem (bentonite 
pellets).  That fix is now being implemented.  Well-field mitigation will result in a monitoring system 
that samples the smear zone and the upper 1 m (high conductivity zone) of the saturated zone U(VI) 
plume.  This dynamic zone is the region of both U(VI) resupply to the plume, and intrusion of river 
waters of dissimilar composition.  

A short-coming to the well mitigation approach is that the lower third of our existing down-hole ERT 
monitoring system will be compromised by the bentonite seal.  A “Geophysical Monitoring and 
Research Plan” was consequently drafted in late CY 2010 for internal project use to identify 
approaches for replacement of geophysical monitoring capabilities (and their cost), and to provide 
needed direction for future IFRC geophysical research and infrastructure investments.  An important 
question was to identify scientific opportunities that would be inaccessible with the truncated 
geophysical monitoring system.  Beyond the question of scientific opportunity, difficulties have been 
encountered in the quantitative assimilation of our current geophysical measurements into the IFRC 
site hydro-physical model, and a new scientific strategy for this activity was developed as the 
“Geophysics Plan” was being formulated.  This new strategy for robust use of past geophysical 
measurements is now being implemented with encouraging initial results.  We are now tracking this 
activity as a major project outcome because of its importance (Figure I-1).       

IFRC plans for vadose zone research continue to evolve as different technical questions and issues 
arise for the 300 A (e.g., does infiltration occur through the contaminated vadose zone and does it 
impact groundwater quality?), and as results accrue from our very successful passive monitoring 
experiments of the deep vadose zone during water table rise and fall. Given soon to be rectified 
problems with the IFRC saturated zone monitoring array that have delayed our saturated zone 
experimental plan, development of the vadose zone site has been deferred pending the outcome of 
two exploratory activities.  The first of these is an evaluation of our ability to: i.) monitor infiltration 
events through the vadose zone during “wet” winter months using a combination of multiple surface 
and downhole geophysical methods, and ii.) transform geophysical measurements into meaningful 
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information on vadose zone water content and transport velocities.  This “feasibility” experiment, 
planned with publication in mind, has now been underway for 1.5 months with encouraging results. 
We expect to utilize results from this monitoring experiment to plan a vadose zone infiltration/U 
mobilization experiment for September 2011. The second exploratory activity is summer field testing 
of the ability to install multiple depth-piezometers between 5 and 8 m into the vadose and smear 
zones by direct push technology.  The intent of these piezometers would be to monitor pore-water 
compositions at multiple depths and spatial locations, and the response of groundwater composition 
to surface infiltration events and water table rise and fall.  If the testing is positive, peizometers will 
be installed at locations informed by site characterization and passive experiment results.  

Hanford IFRC management is beginning to think of next year’s (FY 2012) SBR IFRC proposal call in 
terms of shoring up major scientific accomplishments through FY 2011 field experimentation and 
publication, and identifying impactful follow-on science themes and approaches.  
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Activity/Experiment 

Year 
FY 2007 
Year 1 

FY 2008 
Year 2 

FY 2009 
Year 3 

FY 2010 
Year 4 

FY2011 
Year 5 

Quarter 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Site Infrastructure                     
Site design and set-up                     
Well installation                     
Vadose zone piezometer testing & 
installation 

                    

Vadose zone site installation                     
Characterization                     
Characterization plan                     
Field hydrology                     
Groundwater composition                     
Field geophysics                     
Geophys. Interpret/assimilation                     
Lab phys./chem. measurements                     
Saturated Zone Experiments                     
Experimental plan                     
Multitracer/cold water                     
Desorpton injection                     
Adsorption injection                     
Passive rising/falling WT                     
Vertical flow character/mitigation                     
Isotopic exchange                     
In-situ microbiologic activity                     
Vadose Zone Experiments                     
Geophys. Infiltration monitoring & 
modeling 

                    

Experimental plan                     
Modeling and Interpretation                     
Updated hydrogeologic model                     
Site geostatistical model                     
Geochemical model                     
Multi-scale mass transfer                     
Well bore flow modeling                     
Conditional simulations                      
Integrated process model                     
Data Management                     
Management Activities                     
NEPA documentation & permitting                     
Project documents                     
Project management                     
Reporting                     
                     
  Completed   Deferred    In progress   Not started 
Figure I-1.  5-Year schedule (updated, 2/15/2011). 
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II. SITE INFRASTRUCTURE 
 
New, Shallow Monitoring Wells  

Three new shallow monitoring wells were installed in early March 2010 (Figure II-1).  The wells were 
screened from 7.0-11.6 mbgs (meters below ground surface) to allow monitoring of the seasonally 
saturated smear zone (7.0-10.6 mbgs) and the upper 1m of the saturated zone (10.6-11.6 mbgs). A 
primary use for these new wells is monitoring the release of sorbed U(VI) from the deep vadose zone 
during periods of high water table. Grab samples were collected every 0.5 m during borehole advance, 
and these were added to the IFRC sediment repository.  The method of well completion was described in 
Bjornstad and Vermeul, 2009 (Drilling and Sampling Specifications for New FY 2010 Well 
Installations in the 300 A to Support PNNL’s Integrated Field-Scale Subsurface Research 
Challenge Project) which is posted on the IFRC web-site. 

Well Remediation Activities  

As was discussed in Zachara et al., 2010 [HANFORD IFRC QUARTERLY REPORT, October 2010, 
Well Field Mitigation Plan], a series of well mitigation trials were conducted in well 399-2-21 to assess 
the effectiveness of various approaches for increasing hydraulic resistance within the wellbore, and thus 
minimizing the impacts of vertical wellbore flows on measured aqueous concentrations in wells.  The 
mitigation trials in well 399-2-21 coincided with the Spring 2010 Passive Experiment, which included 
both daily monitoring of aqueous uranium concentrations in selected wells and a tracer injection and drift 
test conducted in an adjacent upper zone well.  Following this field campaign, a second well mitigation 
trial was performed in well 399-2-22.  A brief description of the approach used in these trails and an 
evaluation of monitoring results are provided below. 
 
The well mitigation trials in Well 399-2-21, which were performed between June and November, 2010, 
included an evaluation of three successively more rigorous approaches for mitigating wellbore flow.  
Approaches tested included deployment of 1) a single 30-in long inflatable packer, 2) two 30-in inflatable 
packers in series, and 3) a bentonite plug installed over the full thickness of the lower and intermediate 
zones (i.e., ~ bottom 2/3 of the well screen).  EBF and water-level measurements were made during the 
full trial period (Figure II-2) and U samples were collected into early September, approximately three 
weeks after installation of the bentonite plug (Figure II-3).   
 
The initial single-packer installation was deployed when the Columbia River displayed its maximum 
yearly fluctuation.  The packer significantly reduced the magnitude of wellbore flows as compared to data 
collected without a packer the year before (Figure II-4), but had little impact on the frequency and 
oscillation of flow that were controlled by river stage changes.  Soon after this single packer experiment, 
a dual packer string was deployed and a simple tracer intercommunication test performed that verified 
solute exchange from the lower to the upper zone in presence of the two packers (Zachara et al., 2010).   
Immediately following the two week test with a dual packer string, the lower portion of well 2-21was 
filled with bentonite pellets, effectively sealing the wellbore from 40 to 56 ft bgs.  EBF monitoring and U 
sampling and analysis continued following deployment of the bentonite plug.  The resulting EBF 
monitoring data (Figures II-2 and II-3) indicate that the bentonite plug provides an effective approach for 
mitigating vertical wellbore flows at the IFRC site.  The initial interpretation of these data (Zachara et al., 
2010), which concluded that the bentonite plug was ineffective, was impacted by spurious EBF data that 
resulted from a defect in the probe cable.  Once this malfunction was identified and a new cable was 
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deployed, it became clear that the EBF data collected between early August and October were suspect.  
An evaluation of subsequent EBF monitoring data using a new EBF cable indicated that the bentonite 
plug was indeed effective (see November, 2010 data period in Figure II-2, annotated as “new probe”).  
This assessment is consistent with the U data that was collected during the trial (Figure II-3), which 
shows a clear difference in U response between the dual-packer and bentonite plug deployment. 
 
Following completion of the well mitigation trials in well 300-2-21, a similar field trial was performed in 
nearby well 399-2-22, another well that exhibited relatively large ambient wellbore flows.  The same 
wellbore flow mitigation approaches were tested in this well, with similar results.  Figure II-5 shows EBF 
and water-level elevation measurements thought the trial period, which includes an open wellbore 
(baseline), dual packer installation, single packer installation, and a bentonite plug.  Wellbore flows are 
increasingly mitigated with each successive increase in seal effectiveness, with the bentonite plug 
installation indicating good seal performance.  Figure II-6 shows the EBF data plotted in relation to 
vertical head difference measured in the adjacent three well cluster.  The amplitude of the wellbore flow 
and head difference responses is not fully correlated throughout the baseline monitoring period, owing to 
the difficulty of accurately calculating these small head differences from available water-level 
measurements.  However, it is clear that the frequency of flow direction reversal is very well correlated 
and thus provides a useful measure for comparison between the various trial periods.  As indicated, 
vertical gradients are still highly variable during the bentonite plug monitoring period, with no 
corresponding indication of vertical wellbore flow. 
 
Upper Zone Hydrologic Characterization Approach 
 
Once wellbore flow mitigation activities are completed and all wells are reconfigured to limit 
communication (to the extent possible) to the upper portion of the aquifer (February 2011), additional 
hydrologic characterization of the well-field will be performed.  This field testing campaign is needed to 
better quantify the bulk hydraulic conductivity, and its vertical distribution, within the upper aquifer.  
Previous hydraulic characterization activities were performed over the full aquifer thickness and because 
the lower zone was highly permeable and thus tended to dominate the response, hydraulic property 
estimates for the upper aquifer are somewhat uncertain. 
 
Planned hydraulic tests include detailed ambient and dynamic EBF profiling over the upper interval and 
constant-rate injection testing.  EBF profiles will be conducted at multiple water table elevations (i.e., up 
to three elevations for wells with sufficient screen length, two elevations for most wells) to provide for 
different scales of interrogation.  Constant rate injection tests will be conducted in a subset of wells 
located throughout the well-field to obtain spatially distributed estimates of bulk hydraulic conductivity. 
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Figure II-1.  Hanford IFRC well-field showing the three new shallow monitoring wells 
installed in 2010. 
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Figure II-2.  Temporal trends in ambient vertical flows in test well 2-21 during the wellbore flow 
mitigation trials.  Water-level elevation data are shown for comparison.  EBF data collected from early 
August through October, when a defect in the probe cable was identified and the cable replaced, are 
spurious and should be disregarded. 
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Figure II-3.  Temporal trends in U concentration and ambient vertical flows in test well 2-21 during the 
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Figure II-4.  Temporal trends in ambient vertical flows in test well 2-21. a) no 
packer installed during the Spring 2009 Passive Monitoring Experiment and 
b) with a single 30” packer during the Spring 2010 Passive Monitoring 
Experiment.  River stage data are shown for comparison.  Vertical flows in 
well 2-21 oscillate between the upward and downward directions.  Packer 
deployment reduces but does not eliminate vertical flow. 
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Figure II-5.  Temporal trends in ambient vertical flows in test well 2-22 during the wellbore flow 
mitigation trials.  Water-level elevation data are shown for comparison.   
 

Figure II-6.  Temporal trends in ambient vertical flows in test well 2-22 during the wellbore flow 
mitigation trials.  Water-level elevation data are shown for comparison.   
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III. CHARACTERIZATION AND ASSIMILATION 
 
Hydrophysical Data Assimilation  

A rigorous theoretical framework and associated numeric model has been developed for Hanford IFRC 
data assimilation and inverse modeling (Rubin et al., 2010) in order to construct a site-wide hydrophysical 
model with known and quantified uncertainties and statistics. We refer to that framework as the Method 
of Anchored Distributions, or MAD, in short.  MAD has been applied to assimilate results of the 
constant-rate injection tests performed throughout the IFRC well-field with the EBF vertical profiles 
(Murakami et al., 2010), and with lithologic data (Murikami et al., 2011). Building upon these initial 
publications, MAD has been applied to the non-reactive tracer breakthrough data from the March 2009 
experiment to assimilate static and dynamic data sets for further refinement of our site hydrogeologic 
model (e.g., the hydraulic conductivity field; Chen et al., 2011), and improved predictions of tracer 
transport. Figure III-1 demonstrates the results of MAD application to the March 2009 experiment (Chen 
et al., 2011). It shows predicted tracer breakthrough curves at wells not used for inversion. “Prior” refers 
to predictions without assimilation of the tracer experiments with the other types of data, whereas 
“posterior” refers to predictions after data assimilation. This figure shows the constant improvement in 
the quality of the prediction as more data from the field becomes available. 
 
In other theoretical research in support of ongoing and future IFRC site characterization, we evaluated 
questions such as what types of data to collect for robust site characterization, where to collect samples 
for maximum knowledge impact, and how many samples to collect for statistically meaningful 
conclusions and uncertainty reduction.  Such questions often arise in the context of site investigation, but 
are rarely addressed quantitatively.  We created and tested a rational and computational framework that 
could address these questions.  The key element of our approach, as outlined in Nowak et al., 2010, is to 
link the site characterization plan with the characterization goals; such as environmental risk, uncertainty 
reduction for key parameters, or tracer transport prediction. To exemplify this approach, we looked at 
questions related to the numerical modeling of solute transport (Barros and Rubin, 2011), a primary 
activity on the IFRC project.  The analysis focused on the development of effective block-scale macro-
dispersion coefficients for numerical models such as PFLOTRAN that are being used on the IFRC 
project. Such coefficients hold the potential to reduce the computational burden of high-resolution, 
stoichastic modeling of the type shown in Figure III-1 and later sections of this report, where multiple 
realizations are used.   
  
The development of the IFRC site-wide hydrophysical model is work in progress.  The site model will be 
revised as more data becomes available, new experiments are performed, or as previous analysis and 
interpretations of field data are revisited.  This is particularly relevant to upper aquifer that will be the 
primary zone of research focus after well-field remediation.  
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Figure III-1. Validation of breakthrough curves in selected wells for Mar09 Tracer 
Test (from Chen et al., 2011).  
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Geophysical Data Assimilation and Interpretation  

The hydrogeologic properties of the IFRC well-field must be robustly characterized or estimated to 
understand and model U migration. In 2009 the IFRC geophysical array was used to collect an electrical 
resistivity and time-domain induced polarization data set, which was inverted to estimate the 3D bulk 
electrical conductivity structure of the IFRC well-field (Johnson et. al 2010; Figure III-2a).  Combined 
with the parallel inversion software developed for the IFRC effort, the geophysical array provides a 
capability to image electrical properties (and processes that influence those properties) at unprecedented 
spatial and temporal resolution.  The high resolution 3D distribution of measured electrical properties can 
be used to infer the hydrogeologic properties of the IFRC at the same resolution, if the link between 
electrical properties and hydrogeologic properties can be determined.  Such links have been published, 
but these are typically site specific. For instance, in non-conductive, unconsolidated granular media, bulk 
conductivity is typically positively correlated with porosity (Archie, 1942) and with permeability.  
Electromagnetic borehole flowmeter logging at the IFRC has revealed a layered permeability structure in 
the saturated zone, with upper and lower high permeability units separated by a central lower permeability 
unit. This same structure is evident in the ERT inversion results (Figure III-2a,b), suggesting a possible 
correlation between bulk conductivity and permeability throughout the saturated zone.   
 
In 2010, efforts were initiated to use the 3D ERT characterization results to inform hydrogeologic models 
of the saturated zone within the IFRC well-field.  Existing petrophysical data (such as grain size 
distribution) and parameters generated for other Hanford sediments were used with the electrical 
conductivity results to estimate porosity fields for the IFRC site using Archie’s law. These porosity fields 
were then used in numerical simulations of the March 2009 experiment with PFLOTRAN (co-PI’s 
Rockhold and Rubin with collaborators Hammond and Chen). This work was performed in preparation 
for the 300 Area IFRC all-hands meeting, held in January 2011 in Richland, Washington.  
 
A 2D time-lapse ERT monitoring effort was initiated in early FY 2011 to monitor natural surface 
recharge at the IFRC site during wet fall and winter months. ERT is able to discern wetting 
fronts from single precipitation events (Figure III-3), based on changes to bulk electrical 
conductivity resulting from changes in water content. The images in Figure III-3.show time lapse 
results after a significant rain event beneath a 2D line installed at the surface of the IFRC well-
field. The wetting front reaches approximately three meters depth within six days of the rain 
event.  The water table exists at approximately 7.5 m, and this ongoing experiment will assess 
whether 2D ERT monitoring can follow the wetting front to groundwater.  Episodic infiltration 
events such as this may be significant drivers for uranium mobilization from the vadose zone. 
Information from this monitoring effort will be used to inform unsaturated flow models to 
estimate transport parameters governing flux to the water table under episodic loading The 
results will also be used to plan a potential infiltration experiment for September 2011 where a 
significant rainfall event will be simulated by drip irrigation and the wetting and U mobilization 
front followed to and within the saturated zone.     
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Figure III-2.  a) Section of 3D ERT inversion results showing 
the estimated bulk conductivity structure within the IFRC 
well-field.  The saturated zone displays a layered bulk 
conductivity structure that may be well correlated to 
permeability as shown in b. b) Comparison of scaled hydraulic 
conductivity (blue) and scaled bulk conductivity (red) 
extracted from the ERT inversion results at one IFRC well, 
demonstrating  a possible correlation between bulk 
conductivity and permeability within the saturated zone. Other 
wells display similar correlations. 
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Figure III-3. Time lapse ERT imaging results after a significant rain event 
beneath a 2D line installed within the IFRC well-field. 
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Geochemical Data Heterogeneity Analysis 

During CY 2009, a preliminary geostatistical model of the spatial distribution of bicarbonate extractable 
uranium (BEU) was completed and work was initiated on a model of the adsorption distribution 
coefficient (Kd) for U-233 that was completed early in CY 2010.  Extractions and Kd measurements were 
performed on the < 2 mm fraction; maps of gravel-corrected parameters were created using a 
geostatistical model of the fraction of sediment that was < 2 mm.  Additional measurements of the BEU 
and Kd for U-233 that were made in CY 2010 provided the opportunity to update the geostatistical models 
of those variables.  The updated models provide 3D input grids needed for reactive transport modeling of 
uranium transport in the IFRC experimental plot.  We also generated an update of the Monte Carlo 
estimate of the mass of BEU in the smear zone of the IFRC.  In addition to updating the models, we were 
able to use the new data to test the geostatistical models that were developed in CY 2009, and found 
general agreement between predicted and measured values, which provides some confidence in the 
derived spatial models.  Work to be conducted in CY 2011 includes an analysis of the correlation of BEU 
and Kd  for U-233 with geophysical log data and particle size data.  This will be used to determine if the 
log data could be used as soft or proxy data to constrain the geostatistical realizations of those variables.  
We will also examine the association between lithofacies and the geochemical properties. 
 
After completion of the preliminary geostatistical model in CY 2009, an additional set of samples was 
identified to fill in holes in the data distribution (Figure III-4) that included 31 samples from 6 boreholes, 
5 of which had not been sampled previously.  As with the preliminary data, the histogram of extractable U 
concentrations for the revised data set was highly skewed (Figure III-5), with many low concentration 
values and a long tail of high concentrations.  The values shown in Figure III-5 reflect correction for the 
fraction of sediment < 2 mm, assuming no contribution from the gravel fraction.  Because of the skewed 
nature of the BEU distribution, we performed the geostatistical analysis on a normal score transform of 
the data.  The normal score transform is an alternative to the logarithmic transform often used in the earth 
sciences for positively skewed data.  It has the advantage that the transformed data are an exact fit to the 
normal distribution, while logarithmically transformed data often deviate significantly from a normal 
distribution.   
 
The distribution of gravel-corrected BEU with depth showed a significant upward trend (Figure III-6), 
with the lowest values in the saturated zone, and a shift to higher mean values and much greater 
variability in the smear zone and lower vadose zone.  The Kd for U-233 doesn’t reflect an upward 
increasing trend, and the mean and variability of the Kd are relatively constant with depth (Figure III-6).   
 
The horizontal variogram for the new combined data set (Figure III-7) suggested a longer overall range 
(130 m rather than 70 m) for BEU than was fit in the previous model (Table III-1), and the revised model 
was used in generating updated realizations of BEU using sequential Gaussian simulation.  Note that the 
fit of the variogram model of the normal scores is constrained by the requirement that the total sill must 
equal 1.0 for use in sequential Gaussian simulation.  Even with the new data, the horizontal variogram 
model is somewhat uncertain due to the number, spacing, and arrangement of the data; so alternative 
variogram model ranges could be tested in any reactive transport modeling that uses the distribution of 
BEU as an input parameter.  Directional variograms were examined but the data were from too few 
locations to determine if directional anisotropy is present in the extractable U data.  The 3D distribution of 
the mean simulated value of BEU (Figure III-8) generated using the revised variogram model shows a 
concentration of high BEU values in the smear zone and lower vadose zone, as was observed in the 
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preliminary model.  The mean simulated values of BEU that occur outside of the triangular footprint of 
the IFRC wells (Figure III-8) are highly uncertain due to lack of data. 
 
We used the updated realizations of BEU to generate a revised Monte Carlo estimate of the mass of BEU 
in the smear zone and lower vadose zone within the 80 m by 82 m by 6 m (39,360 m3) map area (Figure 
III-9).  The revised estimate of the mass within the study area was 57.8 Kg, which is slightly lower than 
the previous estimate of the mass, 62.2 kg.  The revised 95% confidence interval for the estimated mass 
had a range of 37.6 kg to 73.3 kg. 
 
As with the BEU data, the data for the gravel-corrected Kd for U-233 were highly skewed.  Most values 
were less than 1 L/Kg, but a few values were much higher (Figure III-10).  Those high values appear to be 
associated with silt that may represent rip-up clasts of Ringold Formation within the Hanford sediment.  
The variogram model for the revised Kd data set (Figure III-11) was only slightly changed from the model 
fit to the preliminary data set (Table III-2).  The horizontal spatial continuity of the Kd for U-233 is much 
shorter than that of the BEU data, with the horizontal variogram reaching the total sill within a distance of 
13 m.  The combination of a short horizontal variogram range for the Kd and the highly skewed 
distribution of the data with the vast majority of values of corrected Kd being less than 1 L/Kg, both 
contribute to a 3D distribution where most of the sediment has a low Kd for U-233 with a few hotspots 
(Figure III-12).   
 
New chemical characterization analyses performed in CY 2010 provided wider spatial coverage across 
the IFRC, but also allowed us to check the predicted values from the preliminary geostatistical model 
against the new measurements.  We calculated the mean of the 100 realizations of BEU and Kd for U-233 
generated with the preliminary model and data; we also identified the 95% probability interval from the 
sorted set of realizations at the closest grid node to each new sampling location (Figure III-13).  The 
comparison between predicted and measured results shows that all but one of the new measured values 
for BEU fell within the 95% probability intervals.  In addition, the observed values are reasonably close 
to the mean value from the set of realizations, which was treated as the predicted value from the 
preliminary geostatistical model.  The results for the new data for the Kd for U-233 (not shown) were also 
quite good, with all new data values falling within the 95% probability intervals, and the observed values 
being close to the predicted values.  Overall, the good agreement of predicted and observed values 
provides some confidence that the geostatistical models of BEU and Kd for U-233 are reasonable 
depictions of the spatial distribution of those variables within the IFRC footprint. 
 
 
Table III-1.  Variogram parameters for combined and preliminary BEU data sets. 
 

Normal Scores of 
Extractable U 

Nugget Sill Range (m) 
Horizontal Vertical 

New Model 0 
0.4 13 1.3 
0.6 130 2.4 

Previous Model 0 
0.4 12 1.6 
0.6 70 1.6 
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Table III-2.  Variogram parameters for combined and preliminary data sets for Kd for U-233. 
 

Normal Scores of Kd 
for U-233 

Nugget Sill 
Range (m) 

Horizontal Vertical 
New Model 0.05 0.95 13.0 1.1 
Previous Model 0.05 0.95 13.0 1.3 
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Figure III-4.  Map of the well locations in the Hanford IFRC experimental plot 
showing locations of the new data set (in green triangles) and the earlier data sets 
used in the simulation of U concentration and Kd for U-233 (in blue circles). The 
black dashed line is the expected perimeter of the reactive transport modeling 
grid; the red line indicates the area of the grid used for geochemical heterogeneity 
studies.  Note that the x- and y-coordinates shown in this figure are not the true 
coordinates, but are coordinates that are rotated 35° clockwise around well 2-9 
into a STOMP model reference frame. 
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Figure III-5.  Histogram of BEU, after correcting for sediment fraction < 2 
mm. 

 
 

 
 
Figure III-6.  Gravel-corrected BEU and Kd for U-233 plotted as a function of depth for values that fall 
within the 3D geostatistical grid.   
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Figure III-7. Horizontal and vertical variograms of the BEU normal scores.  The normal scores were 
calculated on the raw data, not gravel corrected. Black dots represent variogram values calculated from 
the data, and solid black line represents the model fit. 
 
 

Figure III-8.  Vertical cross-sections through the 3D grid of the mean simulated values of gravel-
corrected BEU.  The values at each grid note represent the average of 100 realizations of BEU generated 
using sequential Gaussian simulation. 
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Figure III-9.  Revised histogram of the mass of extractable U within the mapped 
portion of the IFRC experimental plot, representing the mass calculated for each 
of 100 realizations. 

 
 

 
Figure III-10.  Histogram of Kd for U-233 for data within the geostatistical grid. 
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Figure III-11.  Experimental variograms and models for Kd for U-233.  The normal scores were 
calculated on the raw data, not gravel corrected. Black dots represent variogram values calculated from 
the data, and solid black line represents the model fit. 
 

Figure III-12.  Vertical cross-sections through the 3D grid of the mean simulated values of gravel-
corrected Kd for U-233.  The values at each grid note represent the average of 100 realizations 
generated using sequential Gaussian simulation. 
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Figure III-13.  Plots of predicted BEU versus measured values for samples from several 
wells where additional samples were measured in CY 2010.  The blue circles are the 
predicted means, x’s represent the measured values, and the red bars represent a 95% 
confidence interval for each prediction. 
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IV. SATURATED ZONE EXPERIMENTAL PROGRAM 
 
Spring Passive Experiment  

Beginning May 12, 2010, groundwater was bailed from the upper 15 cm of the aquifer, and pumped from 
the upper 2 m of the aquifer, daily, until July 26, 2010.  This period included the annual rise and fall in 
river stage due to spring snowmelt in the Columbia River drainage.  To assess the change in composition 
and the contribution of contaminant U to the aquifer during the resulting changes in hydraulic head across 
the IFRC, the water table elevation was recorded, and samples were analyzed for U, major cations (ICP-
AES), major anions (ion chromatography), dissolved inorganic carbon (carbon analyzer), conductivity 
(electrode), and pH (electrode).  Charge balance was used as a quality control tool (all combined results 
were within 5% of neutral), and an experiment-specific plotting tool (Silverlight) was written to aid in 
data analysis. 
 
Selected results for a passive experiment that investigated the effects of the annual water table excursion, 
which accompanies the spring snowmelt event at the Hanford IFRC, are presented in Figure IV-1.  Bailed 
samples were collected to avoid the effects of pumping samples from long screens and potentially 
obscuring the effects of vadose zone contributions to the aquifer during the water table rise.  Prior to the 
experiment, difficulties in intra-well flow (Vermeul et al., 2010) were minimized by installing mid-screen 
packers and raising sampling pumps to the upper 2 m of the low-water aquifer.  This procedure eliminated 
most discrepancies between bailed and pumped samples that were observed previously (McKinley et al., 
2011), and only pumped-sample results are shown here.  Groundwater compositions, U concentrations, 
and water table elevation were relatively constant from the start of the experiment until June 7, 2010.  The 
water table rose from an elevation of 105.4 m to a maximum of 106.8 m on June 26, and then sank to 
105.5 m at the end of the experiment on July 26 (Figure IV-1A).  The rise was driven and closely 
correlated with the rise and fall of the Columbia River (not shown).  The water table rise was 
accompanied by an abrupt rise in U concentrations (Figure IV-1B), from 30-40 µg/L to 330 µg/L.  The 
analytical results shown in Figure IV-1B were from a three-well cluster (wells 3-30, -31, and -32) 
completed at short intervals (0.6 m) at shallow, intermediate, and deep locations within the Hanford 
formation aquifer, in the southern part of the IFRC.  The U contributed to the aquifer varied across the 
IFRC, from little or no contributed U at the eastern edge of the site, to maximum contributions as shown, 
at or near the location of the shallow-completion well 3-30.  Wells completed at intermediate (3-32) and 
deep (3-31) locations showed small or no increase in U concentrations during the water table rise.  
Uranium was thus contributed from the smear zone to the upper portion of the aquifer by saturation of the 
smear zone.   
 
Previous studies showed that U desorption from IFRC sediments is generally slow and incomplete (Liu et 
al., 2009; Qafoku et al., 2005), consistent with the repeated annual release of U to the aquifer during 
water table excursions (i.e., U was partially removed during each excursion event, but significant U 
remained for capture during subsequent excursions).  Uranium capture could be affected and aided also 
by the differential saturation within the capillary fringe, where sediments are saturated but under 
hydraulic tension above the water table (Freeze and Cherry, 1979).  Since desorption was kinetically 
controlled in part by diffusion (Liu et al., 2009), immobile, saturated sediments within the capillary fringe 
could equilibrate with sorbed U, then incorporate that U into the aquifer through dilution during water 
table rise.  The small impact of the added U on the lower portions of the aquifer suggests that the aquifer 
was stratified during the course of the experiment. 
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River water intruded across the IFRC during the rise in river stage, represented by Cl- concentrations 
(Figure IV-1C).  The plot comprises a transect from the eastern site boundary (well 2-24), progressing 
northwest along the direction of river water intrusion to the northern site boundary (well 2-9).  The site 
groundwater concentration for Cl- was approximately 21 mg/L prior to the experiment, equal to the mean 
concentration for the previous two-year period.  The Columbia River at the time of the experiment 
contained 1.1 mg/L Cl-, and its intrusion into well 2-24 was represented by the dip in concentration to 4.1 
mg/L Cl- on June 26.  The Cl- low concentration thus represented a river water component of about 85%. 
The plots for wells 2-19, at an intermediate location, and 2-9 indicated a lesser component of river water 
within the IFRC to the northwest of well 2-24, with the western site boundary experiencing fractional 
mixing of less than 15% river water.  The influx of river water was also estimated using NO3

- 
concentrations (Figure IV-2), where the pre-experiment concentration was estimated at 21 mg/L NO3

-, 
and river water was measured to 0.4 mg/L NO3

-.  River water invaded and retreated from the IFRC from 
the proximity of well 2-24 at the east to well 2-9 near the north site boundary.    
 
The extensive incorporation of river water indicated that the IFRC was within the extended hyporheic 
zone.  Previous studies focused on the hyporheic zone as a narrower band of Columbia River water-
groundwater interaction (Peterson and Connelly, 2004), although the zone of river water intrusion has 
been estimated to extend up to 150 m inland from the river shoreline (Waichler and Yabusaki, 2005).  The 
porous, conductive sediments of the Hanford formation and the dramatic fluctuations in river stage at the 
Hanford site may facilitate an extreme example of hyporheic groundwater interaction with river water.  
Previous studies (Woessner, 2000) generally defined the hyporheic zone as extending 1-3 m into a 
streambed adjacent to surface water, even in terrain similar to the Hanford site (Sinclair and Kardouni, 
2009), albeit in the presence of surface streams of much lesser flow variation.  The large fluctations in 
ionic strength, in the concentrations of key components such as dissolved cations, inorganic carbon and 
NO3

-, the potential influx of carbon sources for the local microbial community, and the rapid advection of 
these dissolved species into and across the site may drive significant geochemical and biogeochemical 
transformations within the IFRC site and throughout the broader 300 A plume. 
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Figure IV-1. Selected time series groundwater data, 
collected during major spring-melt water table excursions.  
A) Water table elevation; B) U concentrations at the south 
corner of the IFRC, for the shallow, intermediate and 
deep portions of the unconfined aquifer; and C) Cl- 
concentrations for three wells that transect the IFRC from 
east to north. 
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Figure IV-2. River water intrusion, each contour representing 
one day. 
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Isotopic Analysis of U Sources  
 
We have extended our data set of U isotopic analyses of sediment bicarbonate extracts, focusing in 
particular on the “smear zone” within the IFRC plot.  We have also analyzed for U isotopes time series of 
samples from wells 3-30, 2-6 and 2-29 taken during the Spring 2009 Passive U Mobilization Experiment.  
We have shown that 87Sr/86Sr, in addition to U isotopes, provides a tracer of contributions from the lower 
vadose zone.   
 
As described previously in the FY 2009 annual report, there is large U isotopic variability both vertically 
and horizontally within various sub-pond sediments of the 300 Area, both within the aquifer and the 
vadose zone. Significant U isotopic variability in sediments is also observed at the scale of the IFRC plot.   
Shown in Figure IV-3 is an updated plot of 235U/238U vs. depth with the latest smear zone data included.  
The observed range in 235U/238U has been significantly extended with the most depleted value so far 
(235U/238U = 0.0044) coming from a smear zone sample from 3-28.  Mapping the smear zone 235U/238U 
and 236U/238U onto the IFRC well plot (not shown), shows that the eastern corner of the plot (2-30, 2-20, 
2-22, 2-23, 2-5) is characterized by high 235U/238U (>0.0079) and high 236U/238U (>100x10-6), while the 
very northwest corner (2-10 2-8, 2-26) has low 235U/238U (<0.0072) and low 236U/238U (<50x10-6).  The 
southwest corner (3-24, 3-27, 3-32, 2-28) straddles a sharp boundary between high 235U/238U and 
236U/238U (3-24, 3-27); and quite low 235U/238U and 236U/238U (3-31, 3-28).  Along the west edge of the 
plot, 2-11, which is situated between two former sub-ponds, has high 235U/238U and 236U/238U, similar to 
the east corner.  At this point, except for the SW corner of the plot, the pattern of U isotopic variation 
appears to correspond to the footprint of the sub-ponds of the former South Process Pond complex.  
 
We have greatly expanded our U isotopic dataset for samples from the spring 2009 Passive U 
Mobilization Experiment, supplementing analyses presented in the FY 2009 report with additional 
analyses for 3-30 as well as new analyses for well 2-29 and 2-26.  As reported previously, during the 
series of rises of the water table into the “smear” zone, the U isotopic compositions of bailed samples 
from well 3-30 repeatedly swung from the background U isotopic composition to the composition of the 
U found in the local (3-31) “smear” in concert with rises of the water table into the “smear” zone.  
Likewise, we now find that the isotopic compositions of bailed samples from wells 2-26 and 2-29 
displayed excursions toward high 236U/238U compositions, defining mixing trajectories nearly orthogonal 
to the trajectories observed in 3-30. Figure IV-4 shows time series of the calculated percentage of “smear” 
zone U in the bailed samples for each of the wells 3-30, 2-29 and 2-26 during the Spring 2009 Passive 
Experiment.  In each case the “smear” zone end-member was chosen based on the U isotopic mixing 
trajectories on a 235U/238U vs. 236U/238U plot.   The greatest response to water table rises was seen in well 
3-30, where as much as 99.9% of the U was derived from the “smear” zone.  At 2-29, the greatest 
response was seen on 4/25/09, two days earlier than the peak at 3-30.  For 2-26, the response was 
relatively muted but still coordinated with water table rises.  
 
We have also undertaken a Sr isotopic study (87Sr/86Sr) of the 2009 passive rise experiment.  We have 
found that there is a strong correlation between changes in 87Sr/86Sr and in 235U/238U (so far we have 
87Sr/86Sr for just 3-30, we should have 87Sr/86Sr for 2-26 & 2-29 as well by the end of Feb. 2011).  For 3-
30, with the rise of the water table into the “smear” zone not only is U picked up with a distinct isotopic 
composition, but Sr also is added to the groundwater that shifts 87Sr/86Sr of the groundwater to higher 
ratios.  Thus Sr isotopes provide an additional tracer of interaction between groundwater and the 
“smear”/vadose zone due to changes in water table elevation.  
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Figure IV-3.  Plot of 235U/238U of sediment sample leachates vs. sampling depth. Significant 
U isotopic local spatial heterogeneity (vertical & horizontal) is represented by the sampled 
IFRC sediments, including within the “smear” zone. 
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Figure IV-4. Time series of the calculated percentage of local vadose sediment derived U in bailed 
samples of groundwater from wells 3-30 (blue circles), 2-29 (red squares) and 2-26 (green triangles) 
during the Spring 2009 Passive U Mobilization experiment.  

 

Figure IV-5. Time series comparing 87Sr/86Sr and 235U/238U (shown in reverse scale) for well 3-
30. 
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MLS Biogeochemistry Experiment: Joint IFRC & SFA Activities  

The PNNL Scientific Focus Area (SFA) project has been investigating subsurface transition zones using 
three IFRC wells (3-24, 3-27, and 2-25) for in-well biogeochemical investigations. Passive multi-level 
samplers have been used to define geochemical gradients across textural (Hanford-Ringold contact) and 
redox (Ringold fine-grained subunit) transition zones. Multiple MLS experiments have been conducted 
to-date or are in progress (Table IV-2). These include several experiments where sediments, sterile sand, 
Fe mineral coupons, bio-sep beads for microbial capture, i-chips for microbial enrichments, and aqueous 
and gas phase diffusion cell samplers (Figure IV-6) were incubated in wells 3-24 and 3-27. In addition to 
the shallow IFRC wells, a 25’ MLS string was deployed in well 2-25 (the deep microbiology 
characterization borehole).  The diffusion cells sampled the complex the redox transition zone and redox 
variable facies existing from ~ 60-100’ (BGS) to characterize aqueous geochemistry deeper in the 
Ringold Formation, and to aid in interpretation of microbiological analyses on associated core samples. 
Example results from MLS investigations are provided below.  
 
Gas analyses from the MLS deployed in IFRC well 3-24 (Figure IV-7) revealed a well-defined redox 
transition trending from oxidizing in the lower Hanford formation (samples 10A, B) to reducing towards 
the bottom (samples 1A, B) of the Ringold fine-grained unit. Dissolved O2 decreased concurrently with 
increases in H2, CO and CH4 over the transition zone (sulfide was at or near detection). Similar trends 
were observed in well 3-27 although CH4 was below detection and sulfide concentrations were 0.9-1.9 
µM (0.03 – 0.06 mg/L) at and below the Ringold redox interface. Subsequent MLS experiments and 
analyses at greater spatial resolution have confirmed this redox transition.  Moreover, they suggest that 
this transition zone may represent an oxidation front moving into the Ringold fine-grained unit based 
upon increases in sediment Fe(II), pyrite, and organic carbon combined with decreases in dissolved DO 
and nitrate as determined by MLS analyses. Based on aqueous ion and dissolved gas concentration 
gradients, we hypothesize that this oxidation front is being catalyzed by microbial Fe(II) and S oxidation 
coupled to O2 and nitrate respiration. Consistent with this hypothesis, Fe(II)-oxidizing bacteria have been 
cultivated from Ringold fine-grained sediments and MLS i-chip smaples by E. Roden’s laboratory (U. of 
Wisconsin SFA collaborator, see below). While the areal extent of the reduced fine-grained Ringold Unit 
is not well defined, other similar redox boundaries exist within the Ringold elsewhere on the Hanford Site 
and could have important implications for the subsurface migration of redox sensitive contaminants. 
 
Fe(II)-oxidizing enrichment cultures from Hanford 300 groundwater were obtained through an in situ 
incubation technique employing i-chips (diffusion chambers) developed by S.S. Epstein (Northeastern 
U.).  The diffusion-chamber-based approach is an alternative method of microbial isolation that allows 
microorganisms to grow in their natural environment. An inoculum is sandwiched between 
semipermeable (0.03-µm-pore-size) membranes of the chamber, which is then returned to the source 
environment. The chamber allows for a free exchange of solutes from the external medium via diffusion, 
while restricting the movement of cells. A modification of the original i-chip approach was used in this 
study: model clay minerals or fine fraction of Ringold sediments were added to diffusion chambers as 
solid phase sources of electron donor or acceptor. Groundwater for this study was collected on 10/15/09 
from IFRC well 399-3-27. The i-chips were used to enrich and secure growth of difficult-to-cultivate 
subsurface Fe(II)-oxidizing and Fe(III)-reducing microorganisms. Fresh groundwater was diluted in 
agarized medium, mixed with corresponding clay minerals and loaded into isolation chips (i-chips). 
Groundwater was collected on 10/15/09, i-chips were loaded on 10/16/09, and deployed with the MLS on 
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10/21/09. The MLS and i-chips were recovered on 03/01/2010 after ca. 5 months of in situ incubation 
(Table IV-2). 
 
The results of microbial cultivations for Fe(II)-oxidizing organisms from i-chips are shown in Table IV-3. 
Betweeen 3 and 10% of the total number of colonies transferred from the i-chips were subsequently 
recovered in Fe(II)-oxidzing growth medium. In addition to the i-chip cultivation, Fe(II)-oxidizing 
bacteria phylogenetically related to Bradyrhizobium japonicum have been isolated from Ringold sediment 
that can grown on soluble and solid phase Fe(II) (biotite, basaltic glass). Although results are not 
quantitative, they do indicate the Fe(II)-oxidizing bacteria that can utilize Fe(II) associated with solid 
phases are present in the Hanford unconfined aquifer and, more specifically, within the Hanford-Ringold 
redox transition zone. Additional work is underway at the U. of Wisconsin to characterize these isolates 
as part of SFA research. 
 
Near-term research plans include deploying an MLS in well C7656 that is outside of the IFRC and lies to 
the NE, adjacent to the Columbia River. This well was drilled as part of the site’s 300-FF-5 RI/FS plan 
for installing additional groundwater monitoring wells in the 300A. The Ringold fine-grained unit is not 
present at this location and the well is screened from approximately 65-75 ft. bgs and hence is completed 
entirely within the Ringold Formation. It offers the opportunity to define redox conditions in the Ringold 
at a location that is lacking the fine-grained “aquitard” present at the IFRC site. In addition, samples of 
the Ringold fine-grained subunit will be collected from four new IFRC corner wells that are planned 
(March 2011) for hydrologic control. These cores will be subject to cm-scale sampling for 
microbiological and geochemical analyses by SFA microbiologists to better define biogeochemical redox 
processes across this transition zone. 
 
Table IV-2.  Summary of Hanford 300A IFRC MLS deployments. 

      

    Depth Depth 

  Date Date top bottom 

Well ID #1 Well ID #2 installed removed feet btc feet btc 

399-2-20 C6198 2/19/10 3/8/10 31.8 56.5 

      

399-2-25 C6209 10/6/09 12/1/09 57.7 82.6 

399-2-25 C6209 12/1/09 3/1/10 99.9 124.8 

399-2-25 C6209 10/8/10 11/3/10 60.7 67.3 

399-2-25 C6209 8/20/10 12/13/10 60.7 67.3 

      

399-3-24 C6199 10/22/09 12/7/09 46.8 56.1 

399-3-24 C6199 12/7/09 5/21/10  46.8 56.1 

399-3-24 C6199 11/4/10 in progress 46.8 56.1 

      

399-3-27 C6204 10/22/09 3/1/10  47.2 56.5 

399-3-27 C6204 10/12/10 11/1/10  32.3 56.5 

399-3-27 C6204 11/4/10 in progress 47.2 56.5 
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Table IV-3. Recovery of Fe(II)-oxidizing organisms from i-chips incubated in well 3-27 MLS (E. Roden 
and E. Shelobolina, U. of Wisconsin). 
 

Medium 
i-chip 

 
Colonies 

transferred 

 
Cultures 

recovered 

% 
recoverya 

Electron donor (s) Electron 
acceptors(s) 

Chemically reduced 
NAu2 smectite 

Nitrate B1 100 7 7 
B3 100 10 10 

Biotite O2  B1 100 3 3 
B3 100 9 9 

a Recovery was calculated as % of positive cultures on specific medium. 

Figure IV-6.  Passive multi-level 
sampler showing cells containing 
solids for microbiological 
experiments and water for aqueous 
geochemical analyses.  Dissolved 
gas samplers (air-filled gas 
syringes) shown in photo on left 
were shipped to ORNL (B. 
Spalding and S. Brooks) for 
analyses immediately upon 
removal of the MLS. 
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Figure IV-7.  In-well MLS configuration for IFRC well 3-24 and associated dissolved gas 
analyses for MLS deployed for 46 d across the Hanford-Ringold contact and Ringold fine-grained 
unit redox transition zone. 
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V. MODELING AND INTERPRETATION 
  
Geochemical Model Development  
 
U(VI) Equilibrium Adsorption and Modeling 
 
Equilibrium U(VI) adsorption experiments were conducted with the less-than 2 millimeter size fraction of 
seven different composite samples prepared from sediments collected from the smear zone during 
installation of the IFRC well-field (IFRC composites).  Previous studies demonstrated reactivity of bulk 
sediments from the Hanford formation is dominated by the < 2 millimeter size fraction (Liu et al., 2008).  
Six of the composites came from specific locations (boreholes for IFRC wells 2-26, 2-27, 2-30, 2-31, 3-
31, and 3-32).  A seventh composite was prepared from sediments collected across the site and is called 
the site-wide composite (SWC) (Yin et al., in press).  Uranium(VI)-contaminated sediments were allowed 
to equilibrate with various artificial groundwater preparations similar in composition to Hanford-300-area 
groundwater but differing in initial alkalinity (Yin et al., in press; Stolker et al., submitted).  Suspensions 
were agitated and sampled over time for periods up to one year.  Throughout the one-year period, 
significant changes in U(VI) concentration and other chemical compositional parameters were observed.  
Adsorbed U(VI) concentration on each composite was assayed using high-pH, high dissolved carbonate 
solutions (Kohler et al., 2004; Bond et al., 2008). 
 
Experimentally determined U(VI) adsorption for selected samples, expressed as the ratio of adsorbed 
(moles/kg) to dissolved (moles/L) U(VI) concentration (Kd), on suspensions equilibrated for 12 to 14 
weeks is shown in Figure V-1.  As shown previously (Bond et al., 2008), the extent of U(VI) adsorption 
decreases with increasing carbonate concentration (here expressed as alkalinity). 
 
Equilibrium constants for U(VI) surface complexation reactions were obtained by non-linear, least 
squares optimization (Herbelin and Westall, 1999).  All model calibrations were made using experimental 
data from suspensions that had equilibrated for 12 to 16 weeks.  The adsorbed U(VI) concentration, 
dissolved U(VI) concentration, pH, alkalinity, and total dissolved concentrations of sodium, potassium, 
magnesium, calcium, and sulfate were used in the optimizations along with the thermodynamic data for 
U(VI) aqueous species from Dong and Brooks (2006).  Uncertainties in the fitted equilibrium constant(s) 
were obtained by propagation of experimental uncertainties and represent 95 percent confidence limits. 
Several surface complexation reactions differing in stoichiometric relationships between adsorption sites, 
U(VI), carbonate, and hydrogen ion (Bond et al., 2008) were tested for their ability to fit the 
experimentally determined U(VI) adsorption.  The goodness of fit was evaluated using the weighted sum-
of-squares of residuals divided by the degrees of freedom (WSOS/DF, Herbelin and Westall, 1999).  
Total adsorption site concentrations were calculated from the specific surface area using an assumed 
adsorption site density of 3.84 micromoles per square meter (mole/m2) (Davis and Kent, 1990). 
 The same, single-reaction SCM provided the best fit to the data for each, individual composite as well as 
the data for all composites fitted together:  
 
Reaction 1                      >SOH + UO2

2+ + 2H2CO3* = >SOUO2(CO3HCO3)
2- + 4H+ 

 
where H2CO3* refers to the sum of neutral dissolved CO2 species following standard conventions.  The 
WSOS/DF values for individual composites ranged from 1.6-2.8.  A value of 4.2 was obtained for data 
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from all samples fitted together (Table 1).  For comparison, the WSOS/DF obtained using the two-
reaction model from Bond et al. (2008) for all samples fitted together was 13.8. 
 
The equilibrium constants for the SWC and for all samples fitted together were in excellent agreement: -
11.73 and -11.72, respectively (Table 1).  The equilibrium constant obtained for the composite sample 
from 2-26 was a factor of 1.9 greater than that for the composite sample from 3-32.  Differences in 
equilibrium constants for most of the other composite samples were not statistically different.  
Calculations with this set of equilibrium constants (Table 1) showed that equilibrium in all experiments 
was achieved within 1000 hours (6 weeks).  Further changes in U(VI) concentration were driven by 
changes in chemical conditions in the suspensions that favored increased desorption (Stoliker et al., 
submitted). 
 
Grain-Scale U(VI) Desorption Rate Experiments 
 
Batch experiments with smear zone IFRC sediments showed that water chemistry evolves steadily over 
thousands of hours owing to mineral dissolution/precipitation and other reactions occurring on the same 
time scale as U(VI) desorption.  In order to avoid complications introduced by changing water chemistry 
driving U(VI) desorption, flow-through batch reactor experiments have been implemented so that U(VI) 
mass transfer can be observed at a constant, controlled chemical composition (Figure V-2).  Current 
studies focus on the SWC because of the availability of sufficient material. 
 
Experiments were carried out in a 50 mL cell fitted with a 0.4 m polycarbonate filter and filled with ~5 g 
of sediment and ~40 mL of artificial groundwater (AGW).  Solution was introduced to the cell at a flow 
rate of 20 mL per hour using stainless steel syringe pumps.  The solution was stirred by a floating stir-bar 
cage situated above the floor of the cell to prevent grinding of the sediment along the filter.  The sediment 
was not suspended in solution however the thin layer of sediment on the floor of the cell was in contact 
with well-mixed bulk solution as it moved towards the outlet.  Fractions collected every 45 minutes were 
analyzed for pH, alkalinity, aqueous uranium concentration, and major solution cation concentrations.   
Stop flow events were conducted once aqueous uranium concentration reached the analytical detection 
limit. 
 
Flow-through batch extractions carried out on the <2 mm SWC demonstrated a significant increase in 
U(VI) desorption rate with increasing carbonate concentration (Figure V-3).  A four-fold increase in 
alkalinity resulted in a 2.5-fold increase in the initial rate of release of U(VI) after each of the stop flow 
events.  This is in good agreement with the 2.2-fold increase predicted by the multi-rate SCM model (Liu 
et al., 2008; Yin et al., 2008).  Approximately 80% of the labile U(VI) was extracted with AGW 
containing 1 meq/L alkalinity and ~95% using an AGW with 4 meq/L (Figure V-3).  Flow-through batch 
extractions conducted with different size fractions (1-2 mm, 0.5-1 mm, 0.25-0.5 mm and 0.125-0.25 mm) 
of the SWC show a 5-fold increase in the initial rate of U(VI) release between the largest (1-2 mm) and 
smallest (0.125-0.25 mm) size fractions, as expected based on shorter diffusion path-lengths in smaller 
particles.  Experiments are planned to examine further the influence of particle size and chemical 
conditions on U(VI) adsorption and desorption.  A grain-scale U(VI) mass-transfer rate model will be 
developed in collaboration with Chonxuan Liu and used to design targeted experiments with location-
specific composite sediments, for which more limited quantities of sample are available. 
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Upscaling and Estimation/Prediction of Adsorption/Desorption Rate (with the PNNL SFA)  
 
Laboratory experiments were performed to investigate the contribution of different grain sizes to uranium 
adsorption/desorption kinetics in IFRC sediment.  The experimentation supports the development of up-
scaling relationships for mass-transfer modeling at the field scale. Contaminant uranium in the sediment 
was removed by desorption in a column system using synthetic IFRC groundwater. The cleaned sediment 
was wet-sieved into four size fractions: coarse sand (1-2 mm), medium sand (0.2-1 mm), fine sand (0.05-
0.2 mm), and clay/silt (< 0.05mm). For each size fraction and their composite (the whole sediment), batch 
experiments were performed to determine uranium adsorption isotherms, and stirred flow-cell 
experiments were performed to derive kinetic data for uranium adsorption and subsequent desorption. A 
surface complexation model that involved one uranyl surface complex [ >SOUO2(HCO3CO3)] and all 
necessary aqueous speciation reactions was used to describe uranium adsorption isotherms by adjusting 
the equilibrium reaction constant and surface site concentration. The parameterized surface complexation 
model was then linked with a multiple first-order rate expression to formulate a multi-rate surface 
complexation model to describe uranium adsorption and desorption kinetics in each size fraction. The 
additivity of size-specific uranium adsorption isotherms and adsorption/desorption kinetic parameters was 
evaluated by comparing measured and additively calculated uranium adsorption isotherm and 
adsorption/desorption kinetics for the composite/whole sediment.  
 
The study yielded important findings. Uranium adsorption isotherms and adsorption/desorption kinetics 
were found to be size-specific (Figures V-4 and V-5), reflecting the effects of size-specific adsorption site 
concentrations and kinetic rate constants.  While the larger-size fraction occupied a higher mass percent 
of the sediment, it had a lower adsorption site concentration and a slower uranium adsorption/desorption 
rate.  The same equilibrium surface complexation reaction and reaction constant could describe the 
uranium adsorption isotherms for all size fractions and the composite, after accounting for the effect of 
adsorption site concentration (Figure V-4A).  Unexpectedly, the uranium adsorption site concentration 
estimated from the adsorption isotherms was 2-3 orders of magnitude lower than that estimated from a 
generic site density and sediment surface area. An important conclusion was that, for U(VI) at 
groundwater concentrations (< 2 mol/L), mass-weighted, linear additivity was observed for both 
uranium adsorption (e.g., the isotherms, Figure V-4B) and adsorption/desorption kinetics (Figure V-5). 
The critical implication of this work is that grain size distribution may be used to calculate uranium 
adsorption site concentration and rate constant distribution in IFRC sediments without direct 
measurement. 
 
Effects of Variable Groundwater Composition and Water Table Fluctuations on U(VI) Transport 
 
The fluctuation in Columbia River stage has a twofold impacts on the U(VI) plume in the site 
groundwater: dilution of the plume near the river and remobilization of U(VI) in the deep vadose zone 
(Peterson et al., 2008).  To better understand U(VI) transport and mass transfer associated with these 
conditions, we conducted two sets of column experiments using the IFRC project-wide, smear-zone 
composite sediment. First, we demonstrated that the low U(VI) concentrations near the river are caused 
not only by dilution but also by enhanced adsorption.  Second, preliminary results indicate that the lower 
water content in deep vadoze zone may have little effect on the kinetics of U(VI) desorption – i.e., that 
rates of desorption in the smear zone appear to be very similar to those in the saturated zone.  This will 
allow us to improve our estimate of smear zone flushing with water table movement. 
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First, a batch experiment was conducted to develop a surface complexation reaction describing U(VI) 
adsorption/desorption as a function of alkalinity (Yin et al., 2011). Second, two desorption column 
experiments were conducted.  In column #1, synthetic Hanford groundwater (SGW) was injected to 
desorb U(VI).  In column #2, SGW and synthetic Columbia River water (SCRW) were alternately 
injected to desorb U(VI).  pH, alkalinity, major cations and major ions, and U(VI) were measured in 
column effluent waters. Stop-flow events were applied in each experiment, pumps to evaluate the kinetic 
behavior of U(VI) mass transfer. Finally, the multirate surface complexation model (built in Pht3D) was 
used to simulate the results.  
 
In both experiments, significant decreases in dissolved salt concentrations and changes in other chemical 
conditions were observed in the first a few pore volumes (Figure V-6a,b).  The rapid decrease is likely a 
result of the dissolution of salts that had precipitated prior to the experiment during sediment drying, 
and/or re-equilibration of ions on the exchange sites. Over the following pore volumes, changes in major 
ion concentrations steadily approached those expected based on changes in the influent concentrations. 
Trends in U(VI) desorption in column #1 were similar to those reported previously for vadose-zone 
U(VI)-contaminated sediments from the site (e.g., Qafoku et al., 2005; Liu et al., 2008), with an initial 
rapid decline in U(VI) followed by a long tail (Figure V-7a).  Trends in U(VI) desorption in column #2 
were generally consistent with imposed water composition changes (Figure V-7b).  More specifically, 
during the time periods when SCRW was injected, chemical conditions favored significant decreases in 
U(VI) desorption (or significant increases in U(VI) adsorption) throughout the column. Rate-limited 
U(VI) desorption was observed in all five stop-flow events (Figure V-7a,b), indicating that the mass 
transfer of U(VI) is not in equilibrium with the aqueous water chemistry. During stop-flow, the sites at the 
faster end of the rate-coefficient distribution become populated with the U(VI) released from sites at the 
slower end of the distribution (Liu et al., 2008).  The increased U(VI) concentration after each stop-flow 
is attributed to this redistribution. 
 
In the applications of the surface complexation model, we manually adjusted the pH, alkalinity and other 
major cations of the influent SGW and SCRW to the corresponding values observed in the effluent in 
both experiments. This was necessary due to insufficient information on buffering capacity/reactivity of 
the composite sediment. Model calibration was carried out by adjusting only the mean of the rate constant 
distribution with the condition that the log-standard deviation had to be the same as measured by Liu et al. 
(2008). An additional simulation using a single fast rate constant (0.0241 h-1) was also used to evaluate 
whether the number of discrete adsorption domains could be reduced. With constant water composition, 
desorption of U(VI) is fully controlled by rate-limited mass transfer, and  the underestimation of U(VI) 
increase in the stop-flow event at the later stage of the experiment could be compensated by assigning 
several slower adsorption domains to retard the desorption (Figure V-8a).  In the experiment with 
transient chemistry, however, U(VI) adsorption/desorption was mainly controlled by the rate of changes 
in water chemistry rather than the mass transfer rates (Figure V-7b). In both columns, using a one-site 
model seemed to be sufficient to obtain very similar simulation results (Figure V-7a,b).  From the study, 
it can be concluded that the application of the multirate surface complexion model to the field is feasible 
when the groundwater composition is constrained, or if the evolution of the groundwater chemistry can be 
accurately predicted.  However, the rate constant distributions and the number of the adsorption domains 
should be carefully calibrated to characterize the physical and chemical properties and the contamination 
history of the investigated sediments. 
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Two additional comparison column experiments were conducted to mimic water table fluctuations and 
evaluate their resulting impact on U(VI) transport. The <8 mm size fraction from the site-wide smear 
zone composite sediment was used for the experiment. Coarser sediment was used than in the transient 
chemistry experiments described above in order to obtain sufficient column drainage under unsaturated 
conditions. Both columns were leached in a water-saturated state with IFRC SGW. Two stop-flow events 
were conducted to calibrate the multirate distribution.  The experiment in the second column followed the 
injection and stop-flow sequences in the first column. However, before each stop-flow event, the upper 
end of the second column was opened, and the column was drained by gravity. Therefore during the stop-
flow events, one column was saturated and the other column was unsaturated.  The unsaturated column 
was saturated again after each stop-flow event and injection continued.  

 
Very similar results were observed from both columns. The results of the conservative tracer (Br) showed 
that physical transport in two columns was identical (results not shown). The measured U(VI) showed 
similar concentration trends in both experiments (Figure V-8). In the drained samples from the 
unsaturated column, U(VI) had almost constant concentrations of 0.084 mol/L regardless  of the U(VI) 
concentrations in the previous pumped samples.  Considering that the drained pore water samples were 
mainly from the macro-pores in the column, we hypothesize that U(VI) desorption occurs from the fine 
materials where pore water is under higher tension and not drained by gravity. Based on this hypothesis, 
the mass transfer of U(VI) during the stop-flow was not hindered by lower water content because most of 
the fine material was still saturated. After the stop-flow events, the higher U(VI) concentrations in the 
saturated column were caused by the limited additional U(VI) mass transfer in coarse materials associated 
with macro-pores, while the greater U(VI) mass transfer in fine materials associated with smaller-pores 
was similar. 

 
Our preliminary results indicate that it should be feasible to use the same multirate surface complexation 
model in saturated and unsaturated zones, and that it should be possible to estimate the flushing rate of 
U(VI) from the smear zone with this model.  In order to make the U(VI) flushing rate calculation, we 
need drainage curves for the smear zone and measurements of mixing between macro- and micropores 
during resaturation and drainage.   

 
Comparison of Physical Versus Chemical Non-Equilibrium Models for Simulating Adsorption of 
U(VI) Under Transient Flow and Hydrochemistry 
 
Coupled intra-grain diffusional mass-transfer and non-linear surface complexation processes play an 
important role for the transport behavior of U(VI) within the 300 A plume. Two alternative model 
approaches for simulating these coupled processes were analyzed and compared: i) the physical non-
equilibrium approach that explicitly accounts for aqueous speciation and instantaneous surface 
complexation reactions in the intra-grain regions and approximates the diffusive mass exchange between 
the immobile intra-grain pore water and the advective pore water as multi-rate 1st-order mass transfer and 
ii) the chemical non-equilibrium approach that approximates the diffusion-limited intra-grain surface 
complexation reactions by a set of multiple 1st-order surface complexation reaction kinetics, thereby 
eliminating the explicit treatment of aqueous speciation in the intra grain pore water. Model comparison 
has been carried out for column and field scale scenarios, representing the highly transient hydrological 
and geochemical conditions in the Hanford 300 A uranium plume.  
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It was found that the response of U(VI) adsorption/desorption kinetic behavior to hydrogeochemically 
induced changes in U(VI) adsorption strength was more pronounced in the physical than in the chemical 
non-equilibrium model. The magnitude of the differences in model behavior depended particularly on the 
degree of disequilibrium between the advective and immobile phase U(VI) concentrations. While a clear 
difference in U(VI) transport behavior between the two models was noticeable for the column-scale 
scenarios, only minor differences were found for IFRC field scale scenarios, where the model-generated 
disequilibrium conditions were less pronounced as a result of frequent groundwater flow reversals. 
 
 
Table V-1.  Specific surface areas, fitted log K values for reaction 1, and associated WSOS/DF values for 
the less-than 2 millimeter fractions of smear-zone and shallow aquifer IFRC composite sediment 
samples.1 

Composite sample 
Specific surface area 

(m2/g) 
Log K 

(reaction 1) 
WSOS/DF 

All samples 12.52 -11.72±0.04 4.2 
SWC composite 14.1±0.93 -11.73±0.113 2.8 
2-26 composite 11.7±0.6 -11.78±0.11 2.4 
2-27 composite 13.4±0.7 -11.61±0.12 2.1 
2-30 composite 13.3±0.7 -11.69±0.12 2.2 
2-31 composite 12.1±0.6 -11.60±0.11 2.5 
3-31 composite 11.7±0.6 -11.80±0.13 1.6 
3-32 composite 11.5±0.6 -11.88±0.11 2.0 
1) All values from Stoliker et al., submitted, unless otherwise noted. 
2) Weighted average based on experimental data used to obtain fit. 
3) Yin et al., in press. 
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Figure V-1.  Equilibrium U(VI) adsorption, expressed as the ratio of adsorbed (moles/kg) and 
dissolved (moles/L) U(VI) concentrations, on IFRC composites 3-32 (lowest adsorption 
equilibrium constant), 2-31 (highest equilibrium constant), site-wide composite, and all samples.  
Model-calculated U(VI) adsorption used the best-fit SCM for IFRC composites (reaction 1).  
Data from Yin et al., (in press) and Stoliker et al. (submitted). 

 



53 

 
Figure V-2.  Aqueous chemical conditions observed during a flow-through batch 
extraction with SWC <2 mm in an AGW with 1 meq/L alkalinity, at 100 g/L, 20 
mL/h.  Black lines represent stop flow events of 2.5h, 96h and 141 h duration. 
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Figure V-3.  Influence of alkalinity on U(VI) release observed in flow-through reactors.  SWC 
<2 mm, 100 g/L, 20 mL/h.  X-axes have been adjusted to overlay stop-flow events. 

 

 
 
 
 
 
 
 
 

Figure V-4.  U(VI) adsorption isotherms in each grain size fraction (A) and in the composite (sediment) 
(B). Symbols are measured and lines are calculated results. The line in plot B was calculated by linearly 
adding the isotherms in plot A weighted by their mass percentages in the sediment (composite). 

 

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150

%
 L
a
b
ile
 U
(V
I)
 r
el
ea
se
d

Time (h)

AGW2, 1 meq/L

AGW4, 4 meq/L

stop flow, ~92h

stop flow, ~144 h

stop flow, ~15 h

stop flow, ~545h

A) in size fractions

Aqueous U(VI) (umol/L)

0 1 2 3 4 5

S
o

rb
e

d
 U

(V
I)

 (
n

m
o

l/g
)

0

10

20

30

40
1-2mm
0.2-1 mm
0.053-0.2mm
<0.053mm 
1-2mm
0.2-1mm
0.053-0.2mm
<0.053mm

B) in composite

Aqueous U(VI) (umol/L)

0 1 2 3 4 5

S
o

rb
e

d
 U

(V
I)

 (
n

m
o

l/g
)

0

2

4

6

8

10

12

14

16

<2mm
Predicted



55 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure V-5.  Effluent U(VI) concentration profiles in different size fractions (A to D) and in 
composite (E).  Circles are measured and lines are model-calculated results. The line in E was 
calculated by linearly adding the kinetic expressions for all size fractions weighted by their 
mass percentages in the sediment (composite). 
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Figure V-6. Transient water chemistry. Selected chemical 
compositions in Experiment set 1: a) effluent in column #1, 
2) effluent and influent in column #2.  
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Figure V-7. Transient water chemistry. Observed and 
simulated U(VI) desorption in Experiment set 1: a) desorption 
(column #1); b) transient chemistry desorption (column #2).  
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Figure V-8. Observed U(VI) concentrations in the transient water 
table experiment. During the stop flow events, one of the columns 
was allowed to drain (unsaturated) while the other was kept fully 
saturated. The pore volume needed to re-saturate the unsaturated 
column is not included in the calculation of pore volumes.   
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Hydrologic and Reactive Transport Modeling  

Utility of Bromide and Heat Tracers for Aquifer Characterization in a Highly Dynamic Flow 
Environment 
 
A numerical simulation study was performed of the data set obtained from the March 2009 Br and heat 
tracer test at the Hanford IFRC site. The numerical study revealed that the groundwater head data alone 
were insufficient to calibrate the hydraulic conductivity distribution. Inclusion of the Br tracer data from 
the experiment greatly improved the estimation of hydraulic conductivity and the determination of 
boundary conditions, but the data set in general was hampered by a lack of depth discrete tracer analyses.. 
The experiment also involved the injection of chilled water; with temporally robust, depth-specific 
temperature measurements of the movement and dissipation of the thermal plume.  The modeling study 
evaluated how the increased measurement density of the temperature data might be used to further 
constrain the hydraulic conductivity distribution implied by the Br breakthrough data.  The resulting 
temperature data were found to be difficult, but not impossible to interpret because of multiple processes 
involved in heat transport, and significant noises present in the temperature data. 
 
Vertical intraborehole flows in the fully screened monitoring wells impacted the measurement and 
modeling analysis of solute concentrations from the experiment (Ma et al., 2011). The intraborehole flow 
effect was less significant on temperature data because depth-discreet temperature was measured by an 
array of thermisters installed at multiple depths on the outer wall of the wellbore. However, a 
temperature-induced fluid density effect on heat transport was pronounced, as observed during the field 
test and confirmed by the modeling results (see Figure V-10). The density effect occurred because the 
temperature difference between the injected fluid and background aquifer was 7oC.  The injected fluids of 
lower temperature had a tendency to sink to the lower aquifer zone.  The results of the heat transport 
model calibration indicated that the thermal distribution coefficient (Kd) was three orders of magnitude 
larger than literature reference data for similar sediment types. This implied that the IFRC sediments may 
contain more fine components, such as silt and clay, than previously thought because the direction and 
magnitude of change in Kd was consistent with the specific heat/thermal conductivity of clays. In-situ heat 
transport within the aquifer was significantly retarded due to the high Kd value. This, in turn, enhanced the 
density effect on heat transport in spite of the high flow velocity at the study site. 
 
The trends of temperature changes and arrival times of the thermal plume in the simulated temperature 
breakthrough curves were in reasonable agreement with those in the measured data.  A sensitivity analysis 
revealed how the most sensitive and controlling parameters to heat transport changed over time in 
response to different flow and transport conditions.  In the early period of the field test, the temperature 
change was most sensitive to the hydraulic conductivity, indicating that the heat tracer was mainly 
transported by advection along with the groundwater flow.  In the middle period, heat transport was more 
affected by retardation, and the thermal distribution coefficient Kd became the most sensitive parameter, 
followed by porosity and hydraulic conductivity. For both periods, temperature was least sensitive to 
thermal conduction and dispersion, indicating the heat conduction in the aquifer sediments and heat 
dispersion in the aqueous phase were not important for controlling the heat transport. In the late period, 
most of the heat plume dissipated and the temperature difference between the heat plume and background 
aquifer became negligible.  The sensitivities of all parameters converged close to each other, and 
consequently, thermal conduction in the sediments and heat dispersion in the aqueous phase played a 
greater role than in earlier periods. 
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Modeling revealed that the simulated temperature breakthrough curves can match reasonably well with 
the observed ones, even though the hydraulic conductivity distribution calibrated for the Br tracer was 
directly used for modeling heat transport without any adjustment. This suggests that the temperature data 
can be used as a cost-effective proxy for conservative solute tracers to help constrain and improve the 
calibration of the hydraulic conductivity distribution, especially in the vertical direction. The advantage of 
such a proxy is obvious considering the ease and low cost in obtaining depth-specific temperature 
measurements. 
 
However, the temperature-induced fluid density effect and heat peaks caused by sampling pumps 
represent modeling complications that make it more difficult to interpret and analyze a field heat tracer 
test. To mitigate these difficulties, a thermal tracer tests should be deliberately and carefully designed to 
eliminate unintended noises in the measurement data. Moreover, the temperature difference between the 
injected tracer fluid and background aquifer should be carefully determined by considering both the flow 
velocity and thermal distribution efficient Kd to minimize the density effect, which could introduce 
additional parameters for calibration and complicate modeling analysis. 
 
IFRC Uranium Desorption Experiment 
 
The IFRC October 2009 U(IV) desorption experiment involved an injection rate at well 2-9 of 180 gpm, 
for a duration of 6.5 hrs. Injected concentrations of U(VI) were 5 mg/L and Br- were 180 mg/L. 
Background U(VI) concentrations at the time of injection were 44 µg/L in the upper aquifer zone and 26 
µg/L in the lower zone. A major complication at the site is the extremely dynamic groundwater flow 
regime with oscillatory vertical flow (upward and downward) occurring in fully-screened wells between 
the upper and lower high conductivity zones.  This results in fluctuating U(VI) concentrations pumped 
from the fully screened wells, as well waters can be dominated by either groundwater from the upper or 
lower aquifer zones depending on river stage and whether it is increasing or decreasing. In addition, the 
plume may leave the boundary of the site as river water intrudes and recedes. 
 
Calculations were carried out using the multiple realization capability of PFLOTRAN (Hammond et al., 
2010b). The code has the capability to run 100s to 1000s of realizations executed simultaneously on 100s 
to 1000s of processor cores within a single parallel job. Parallel simulations were executed on the Jaguar 
supercomputer at ORNL. A total of 64,000 processor cores were employed per ensemble of 500 
realizations using 128 cores per realization. This results in 50,625 degrees of freedom per processor core 
for each realization. Note that each ensemble would require ~7 years to run on a desktop computer 
assuming parallel runs are 50% efficient. Running in parallel it takes only 2 hours to complete an 
ensemble of runs—the time to complete one realization.  Initial calculations have focused on only one of 
the 35 monitoring wells involved in the experiment, the injection well 2-9. The two primary objectives of 
the modeling were to evaluate: i.) the applicability of several different conceptual geochemical models to 
describe the U(VI) breakthrough trend and ii.) the most suitable boundary representation for the 
experiment. This initial series of calculations is intended to inform a more robust modeling activity of the 
desorption experiment results   
 
A computational domain of 120 x 120 x 15 m3 was used in the simulations with a grid resolution of 1 x 1 
x 0.5 m3 resulting in 430,000 grid cells. Geochemistry was represented by 15 primary and 88 secondary 
aqueous species, 2 minerals and 2 surface complexes. This resulted in a total of 6.48 million degrees of 
freedom per realization.  
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In performing the sensitivity calculations based on multiple realization simulations several different 
scenarios were considered: 
 

 Multirate kinetic vs. equilibrium surface complexation 
 Three boundary conditions: A, B, C (see triangles on map in Figure V-11) 
 U(VI) mineral dissolution vs. no dissolution 

 
Each scenario consisting of 500 realizations required two hours to run on 64,000 processor cores.  The 
simulations did not explicitly consider the different U(VI) concentrations present in the upper or lower 
aquifer zones, or the impacts of well bore flows as described by Ma et al., (2011)  
 
Previous research by the IFRC team has revealed the high sensitivity of hydrologic modeling calculations 
to the boundary condition.  This results from the very small hydrologic gradient at the site, the large 
perturbations to gradient that can occur with river stage oscillations, and the absence of ideally situation 
monitoring wells for groundwater elevation measurements.  The modeling results are presented for each 
of the three boundary conditions in Figures V-12 to V-14. Well water concentrations between 0 and 150 h 
are reflective of upper aquifer conditions. The field data for U(VI) begins to display concentration 
oscillations between 22 µg/L and 35 µg/L after approximately 150 h as a result of vertical well bore 
flows.  This particular model does not compute the effects of well bore flows on the monitoring data, but 
others used by the IFRC site do.    
 
Observations from this preliminary study include: 
 

 Boundary condition A, the multi-rate model, and no mineral dissolution; and boundary condition 
C, the equilibrium model, and no mineral dissolution delivered best the best overall fits based on 
visual inspection. 

 
 Mineral dissolution results in an overshoot of observed U(VI) concentrations, but could be 

reduced using a lower dissolution rate. 
 

 The simulation quality is strongly influenced by the magnitude of the surface complexation and 
rate constants for adsorption.  It is important that these are correctly defined and parameterized.   

 
 Adsorption rate constants should be calibrated to better represent in-situ chemical conditions 

[lowered from 2 x 10-17 mol/cm3/sec used in Hammond and Lichtner (2010)]. 
 

 Equilibrium surface complexation almost always undershoots observed U(VI) concentrations. 
 

 The three boundary conditions give significantly different results (compare A vs. B vs. C; see 
Figures V-12, V-13 and V-14). 

 
Future directions in this ongoing work include: integrating updated field characterization results to 
generate random fields; imposing stratified U(VI) groundwater concentrations that are observed at the 
beginning and end of the experiment; calibrating multirate model parameters from field data, explicitly 
considering flow-paths with different sediment properties as implied by characterization measurements; 
considering more wells in the simulation domain; and implementing an adaptive mesh refinement 
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algorithm to enable moving the boundary conditions imposed on the site to the river and farther inland.  
The boundary problem for the IFRC well-field will be solved during FY 2011 with the installation of 4 
new corner-point wells (note black box in Figure V-11) for continuous and high-resolution monitoring of 
groundwater elevation.   
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Figure V-10. Simulated temperature breakthrough curves at different depths of each observation well without (a) and with (b) consideration of the 
fluid density effect. 
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Figure V-11. Boundary conditions for scenarios A (green), B (red) and 
C (black). 
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Figure V-12. Comparison of model simulations for U(VI) concentration with field data for 
boundary condition scenario A. 
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Figure V-13. Comparison of model simulations for U(VI) concentration with field data for 
boundary condition scenario B. 
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Figure V-14. Comparison of model simulations for U(VI) concentration with field data for 
boundary condition scenario C. 
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VI. FUTURE PLANS 
 
Significant plans for CY 2011 are described below. 
 
Hydrologic Control Wells 
 
Four new wells will be installed during CY 2011 at corner points of the IFRC modeling grid for 
hydrologic control. These wells will yield sediment samples for a variety of ongoing studies and 
characterizations, and they will be completed with high resolution pressure transducers for continuous 
water-level monitoring. The wells will be used for water composition monitoring, but will not be 
disturbed for any other purpose to assure continued accuracy in water level monitoring.     
 
Hydrologic Characterization of the Upper Aquifer 
 
The mitigated well-field will monitor the upper high-K zone of the U-plume and the smear zone when the 
water table is high.  Hydrologic measurements will be performed at low and high water to better quantify 
the hydraulic conductivity of this domain. The wells will monitor the upper 1 m of the plume when the 
river stage is low, and 3 m of water when the water table is high.  The measurements will include 
electromagnetic borehole flow-meter (EBF) surveys to obtain vertical profiles of relative hydraulic 
conductivity in each well. The EBF measurements will be complemented with constant rate injection tests 
in each well to measure bulk hydraulic conductivity. The results will be assimilated into the site-wide 
hydrophysical model using MAD. 
 
Spring 2011 Injection Experiment 
  
A non-reactive tracer and U(VI) desorption injection experiment will be performed in the upper high-K 
zone in early spring 2011. Significant pre-modeling has already been completed for this experiment using 
the eSTOMP code and reaction parameters fitted to laboratory experiments.  The planned experiment will 
utilize a much longer injection period, 1 to 2 weeks, than other experiments performed to date.  The 
injected waters will have a U concentration of approximately 3 µg/L, as compared to the site background 
of 30 µg/L. The experimental objective is to keep the plume of low concentration U waters within the 
IFRC site for as long as possible to maximize the extent of U desorption. This, in turn, will allow greater 
attenuation of returning higher concentration ground-waters. A major challenge will be the sampling and 
analysis of the plume over the expected month-long duration of the experiment.  A sampling plan has 
been developed based on experiment pre-modeling, but sampling frequency is controlled to large extent 
by river stage fluctuations that influence plume trajectory.  These day-to-day fluctuations are difficult to 
predict.   
 
Smear Zone Model 
 
Multi-scale laboratory experimental studies with the project-wide smear zone composite will continue, 
culminating in a smear zone reactive transport model in eSTOMP. The model will explicitly describe the 
time variable evolution of U(VI) concentration in groundwater that occurs during water table advance and 
retreat; as well as the influence of advective removals, river water intrusion and groundwater 
composition, and smear zone desaturation and drainage.  The model, that explicitly includes the 
heterogeneous distribution of sorbed U(VI) as determined by site-wide characterization and geostatistical 
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analysis, will be first applied to generic site hydrologic scenarios and then to simulate the results of past 
passive monitoring experiments as controlled by their recorded hydrologic history.       
 
IFRC Microbiology and Biogeochemistry 
 
Down-hole microbiology research in IFRC wells will continue in collaboration with the PNNL SFA. 
These studies will emphasize biogeochemical processes within the Ringold aquitard (redox transition 
zone) utilizing two fully-screened wells that allow unique access to this zone.  These wells are located 
along the perimeter of the IFRC well-field; they were not remediated to allow for these continuing 
studies.  IFRC-supported research will focus on preparations for a future resazurin (oxygen surrogate) 
injection experiment to assess in-situ heterotrophic activity in the upper high K zone, and the influence of 
seasonal oxygenated river water intrusion on this.  Planned research for CY 2011 includes a series of 
reactive transport experiments with freshly sampled intact cores (collected from the new hydrologic 
control wells) where the rates of resazurin transformation by the in-situ community will be evaluated in a 
laboratory setting.  The experiments will utilize different carbon sources and concentration, including 
DOC that has been isolated from up-gradient groundwater and the Columbia River.  
 
Infiltration Study 
 
Given success in our testing of geophysical imaging for monitoring of rainwater infiltration during wet 
winter months, we are planning a controlled infiltration experiment for September 2011.  We will slowly 
apply a known volume of water consistent with a relatively large natural precipitation event to a small 
area of the IFRC site surface that has been selected based on underlying vadose-zone U(VI) inventory. 
The area will be one with good, down-gradient well coverage; and one shown by the passive monitoring 
experiments to be a U(VI) source zone to groundwater during periods of high water table. The infiltration 
of the “event” and its transport to the water table will be monitored by geophysical techniques, and the 
resulting impact of its discharge to groundwater monitored by compositional analysis of nearby, 
downgradient well-waters.  Piezometers will be placed in the deep vadose zone and at the groundwater 
surface by direct drive technology if feasible.      
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VII. CHALLENGES AND CONCERNS 
 
One of the greatest challenges to the project, that of vertical well bore flows, has hopefully been rectified 
by our well-field mitigation activity.  This activity is underway with a planned completion date at 
February end.  EBF measurements and tracer testing of all wells will determine the success of this 
activity.  However, three remediated wells have already been tested and these have shown superior 
response with no detectable vertical flow.  We are consequently optimistic. We do have concern as to 
how well the hydraulic characteristics of the upper aquifer will support field experimentation.  Hydrologic 
testing to begin immediately will provide necessary insights. 
 
An additional concern is focused on our geophysical research activity. We have recently made changes to 
staff and our approach, hoping to increase publication productivity and collaboration between 
investigators, and to facilitate greater assimilation of geophysical logging and characterization results into 
the site-wide IFRC hydrophysical model. The initial results of these changes have been encouraging; 
progress on this activity will be carefully monitored during FY 2011 to assure desired outcomes. The 
well-field mitigation activity will yield a substantially reduced down-hole geophysical monitoring 
capability.  This is because the existing electrodes will not remain functional in bentonite. Consequently 
our ability to monitor plume behavior in the upper aquifer by geophysical methods will be limited 
because of significant loss in aspect ratio when the lower 2/3 of the saturated zone is sealed with 
bentonite.  During FY 2011 the project must decide whether to install a replacement geophysical 
monitoring system that is likely to cost approximately $300 K.  Designs and costing for several 
alternative plans for this system have been completed, and a research plan has been drafted that describes 
geophysical scientific activities that are accessible both with and without capabilities replacement. A final 
decision will be made on whether to proceed with geophysical monitoring capabilities replacement based 
on discussions with BER/SBR and other knowledgeable individuals, and the availability of requisite 
funding.     
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