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ABSTRACT 
 
Nine projects have been recently selected by the US Department of Energy (EM-22) to address 
groundwater contaminant migration at the Hanford Site. This paper summarizes the background 
and objectives of these projects. 
 
Five of the selected projects are targeted at hexavalent chromium contamination in Hanford 100 
Area groundwater. These projects represent an integrated approach towards identifying the 
source of hexavalent chromium contamination in the Hanford 100-D Area and treating the 
groundwater contamination.  
 
Currently, there is no effective method to stop strontium-90 associated with the riparian zone 
sediments from leaching into the river.   Phytoremediation may be a possible way to treat this 
contamination.  Its use at the 100-N Area will be investigated. Another technology currently 
being tested for strontium-90 contamination at the 100-N Area involves injection (through wells) 
of a calcium-citrate-phosphate solution, which will precipitate apatite, a natural calcium-
phosphate mineral.  Apatite will adsorb the strontium-90, and then incorporate it as part of the 
apatite structure, isolating the strontium-90 contamination from entering the river. This EM-22 
funded apatite project will develop a strategy for infiltrating the apatite solution from ground 
surface or a shallow trench to provide treatment over the upper portion of the contaminated zone, 
which is unsaturated during low river stage. 
 
Uranium in groundwater at the Hanford 300 Area is another environmental concern. Preliminary 
laboratory tests indicate that it may be possible to inject water-soluble phosphate compounds into 
the uranium contamination to stabilize it. One of the projects will perform laboratory tests using 
long-chain polyphosphate materials.  Then, a field test will be conducted to determine if it is 
possible to treat groundwater in the unconfined aquifer at the Hanford 300 Area using 
polyphosphate materials. 
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The rates of abiotic hydrolysis of are key parameters needed to predict the movement of carbon 
tetrachloride and one of its reductive degradation products, chloroform, from the Hanford 200 
West Area towards the Columbia River.  Current values for these rates have high uncertainty 
associated with them because they are extrapolated from determinations made at high-
temperatures (>70°C) to ambient groundwater temperatures (~190 C) and have ignored possible 
contributions from sorptive interactions with sediments.  One of the EM-22 projects will improve 
this situation by measuring the hydrolysis rates at temperatures down to 20°C and in contact with 
various sediment solids.   
 
BACKGROUND 
 
For fiscal year (FY) 2006, the United States Congress authorized $10 million dollars to Hanford 
for “…analyzing contaminant migration to the Columbia River, and for the introduction of new 
technology approaches to solving contamination migration issues.” These funds are administered 
through the US Department of Energy Office of Environmental Management (specifically, EM-
22). After a peer review and selection process, nine projects have been selected to meet the 
objectives of the appropriation.  
 
GROUNDWATER CONTAMINATION AT HANFORD 
 
The Hanford Site is a former nuclear defense production facility. The site was acquired by the 
federal government in 1943 and operated into the 1980s. A number of groundwater contaminant 
plumes exist at the site as the result of the former operations.  
 
The Hanford Site is located within the Pasco Basin of south-central Washington.  Due to the rain 
shadow of the Cascade Range, the climate of the Pasco Basin is semiarid (~15 cm rainfall per 
year). In most areas, the depth to the water table ranges from 15 to 90 m. The Columbia River 
flows through the northern part of the site and forms part of the site’s eastern boundary.  The 
unconfined aquifer consists largely of fine sands, sands, gravels and cobbles of glacial and 
fluvial origin. Virtually all groundwater underlying the Hanford Site ultimately flows into the 
Columbia River. 
 
The groundwater plumes originated from a combination of purposeful discharges of wastewater 
to cribs, trenches and ponds, along with some accidental leaks and spills. Currently, the most 
widespread contaminants are tritium, nitrate and iodine-129. However, some of the smaller 
plumes along the river shore, particularly hexavalent chromium, strontium-90, and uranium, are 
considered to pose a greater threat to the Columbia River (Fig. 1). There are also groundwater 
plumes of carbon tetrachloride, technetium-99, uranium, and hexavalent chromium, which may 
eventually migrate to the river but remain at a significant distance from the river.  All of the 
selected projects are targeted at one of four major Hanford groundwater contamination issues, 
hexavalent chromium, strontium-90, carbon tetrachloride, or uranium.  The nine projects were all 
initiated in late FY 2006.  
 
Groundwater remediation at Hanford is conducted under the Comprehensive Environmental 
Response, Compensation, and Liability Act (CERCLA [1]) regulations [2]. Currently, there are  
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Fig. 1. Map showing the location of groundwater contaminant plumes and CERCLA Operable 
Units at the Hanford Site. 

 
three pump-and-treat systems targeted at hexavalent chromium contamination. Two of the pump-
and-treat systems are in the 100-HR-3 Operable Unit and one is at the 100-KR-4 Operable Unit. 
Additionally, a permeable reactive barrier for hexavalent chromium contamination is located in 
the 100-HR-3 Operable Unit called the In Situ Redox Manipulation (ISRM) Barrier. 
 
There is also a pump-and-treat system in the 200-ZP-1 Operable Unit targeted at carbon 
tetrachloride contamination. In the recent past, there was a pump-and-treat system for strontium-
90 at the 100-NR-2 Operable Unit and another at the 200-UP-1 Operable Unit targeted at 
uranium and technetium-99 contamination. However, both of these systems are currently on 
standby. The currently selected remedy for uranium at the 300-FF-5 Operable Unit is natural 
attenuation.  Finally, there is an ongoing treatability test for a permeable reactive barrier at the 
100-NR-2 Operable Unit targeted at sequestering strontium-90 contamination. All nine of the 
selected projects supplement at least one of these current treatment efforts. 
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PROJECTS TARGETED AT HEXAVALENT CHROMIUM CONTAMINATION 
 
An integrated strategy has been developed for the treatment of hexavalent chromium 
contamination in Hanford groundwater and includes the following objectives (Fig. 2):  

• Mend the ISRM barrier by injecting micron-size zero-valent iron into areas that show signs 
of breakdown.  Coupled with upgradient bioremediation, longevity of the ISRM barrier will 
be substantially increased, leading to a final record of decision (ROD) (Fig. 2, #1). 

• Find the hexavalent chromium sources for groundwater plumes in the 100-D Area. This 
information will be used to remediate the source(s), which will also accelerate cleanup and 
lead to a final ROD (Fig. 2, #2). 

• Characterize the geochemistry of hexavalent chromium sources in the vadose zone (Fig. 2, 
#2). 

• Continue to prevent future groundwater contamination by reducing artificial recharge, e.g., 
remove or repair leaking water lines (Fig. 2, #3). 

• Immobilize chromium mass and reduce nitrate and dissolved oxygen concentrations in the 
southwestern plume upgradient of the ISRM barrier.  Treatability testing will be conducted 
for applying in situ biostimulation as a potential low-cost, long-lasting means to provide 
treatment of chromate and nitrate over a large areal extent upgradient of the ISRM barrier. At 
least two electron donors will be tested (Fig. 2, #4a). 

• Increase the pace of groundwater remediation by deploying an electrocoagulation treatment 
system that is capable of treating high flow rates and high concentrations of chromium in an 
expanded pump-and-treat system. The existing ion exchange technology cannot support the 
more aggressive treatment scheme required to accelerate remediation and will be 
decommissioned when the new system is in place.  The initial system will be online in 2007.  
After expansion of this new technology, the ion exchange system will be shut down by 2010 
(Fig. 2, #4b).  

• Remediate waste sites along the Columbia River by 2012 through the River Corridor 
contractor. 

 
In this integrated approach to chromium cleanup, three innovative technologies will be deployed 
in the 100-HR-3 Operable Unit (Fig. 2, #1, 4a, and 4b).  In addition, the location and 
characterization of the hexavalent chromium sources will be supported by EM-22.  Waste site 
remediation and recharge reduction are supported by Hanford baseline funding (DOE, RL-30) 
 
Injecting Iron Into the Aquifer 
 
Beginning in 1999, the ISRM barrier was installed to remediate a chromium groundwater plume 
in Hanford’s 100-D Area.  Using a network of 65 wells to access the groundwater, the ISRM 
technology was used to create a reducing zone in the aquifer by injecting sodium dithionite.  This 
chemical reduced the native ferric iron [Fe(III)), which is naturally present in the aquifer 
sediments, to ferrous iron [Fe(II)].  When groundwater contaminated with hexavalent chromium 
flows through the ISRM barrier it is converted to trivalent chromium [Cr(III)] by the reoxidation  



WM ’07 Conference, February 25-March 1, 2007, Tucson, AZ 

 
 
Fig. 2.  Map showing the integrated approach to the hexavalent chromium groundwater plume at 

the  Hanford 100-D Area. 
 
of Fe(II).  Trivalent chromium is virtually immobile in water and much less toxic than Cr(VI).  
Localized signs of failure were discovered in the barrier after only 18 months.  Although some of 
these wells were re-injected with sodium dithionite in 2002 to maintain the effectiveness of the 
barrier, several of these began to show signs of failure again in less than two years.  
Approximately 20 wells within the barrier have lost a significant amount of reductive capacity 
only a few years after installation.  
 
This work will test a new method to mend the ISRM barrier by injecting micron-size zero-valent 
iron (MZVI) into the most permeable zones of the barrier, together with a shear-thinning fluid 
containing a polymer.  This polymer will aid in the suspension of MZVI and allow it to move 
further into the aquifer through existing injection wells.  Laboratory tests have demonstrated that 
a slurry of MZVI and polymer can be injected into sediments and remain in suspension for a 
distance of over 1 m.  At this distance MZVI concentrations are approximately 0.6 wt%.  The 
goal of this test is to emplace MZVI into the formation at least 7 m from the injection well, 
which would result in overlapping treated zones between the ISRM wells, which are 12 m apart.  
Correct formulation of MZVI and polymer should not cause a long-term reduction in the 
conductivity of the formation.   
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This technology has never been tested outside of the laboratory and is ideally suited to mending 
the ISRM barrier because the slurry can be injected into the preferential pathways that exist in 
the 100-D Area aquifer.  These pathways, the result of natural physical heterogeneity within the 
aquifer, are the most likely cause of premature barrier breakdown because groundwater flowing 
through the pathways may  flush large quantities of oxic water rapidly through the treatment 
zone, reducing its reductive capacity and longevity of barrier [9].  Emplacing MZVI directly into 
these pathways will significantly augment the reductive capacity of the ISRM barrier and 
increase its longevity. 
 
Chromium Vadose Zone Characterization and Geochemistry 
 
Sodium dichromate was added to the cooling water for the Hanford production reactors as a 
corrosion prevention agent. Concentrated solutions of sodium dichromate were delivered to 
Hanford in rail tank cars for this purpose. Some of these railcars leaked or dichromate solutions 
spilled during handling. Although most dichromate use ended in the 1960s, residual 
concentrations in the vadose zone are apparently still serving as sources for the current 
hexavalent chromium groundwater contaminant plumes. Thus, it is important to understand the 
chemistry and mineralogy of Cr(VI) in the Hanford vadose zone. 
 
The reduction of Cr(VI) to Cr(III) can occur in the presence of aqueous and sorbed Fe(II), 
reduced sulfur compounds, soil organic matter, and via microbial processes [3 and references 
therein; 4, 5].   The Hanford vadose zone, however, is an oxic, very low organic carbon content 
oligotrophic environment, and any substantive microbial reduction of Cr(VI) requires major 
additions of both NO3

- and organic carbon [6].  While there are minerals bearing  ferrous iron 
Fe(II) present in the Hanford and Upper Ringold formations, Ginder-Vogel et al. [3] 
demonstrated no retardation of Cr(VI) occurred in these sediments except after  pretreated with a 
strong (0.5 M HCl) acid.  Similar studies with these sediments demonstrated no Cr(VI) 
retardation in the absence of a strong base (simulating the leaching of highly alkaline, saline 
underground storage tank leaks) [7, 8].  In both of the latter cases Fe(II) solubilized by mineral 
dissolution (acid or base) subsequently reduced Cr(VI) to Cr(III).   Hence, low pH stock 
dichromate solutions spilled/discharged to ground could result in solubilization of ferrous iron 
from dissolution of Fe(II)-bearing mineral phases. 
 
The primary objectives of this study are to (1) determine the leaching characteristics of Cr(VI) 
from contaminated sediments collected from 100 Area spill sites, (2) elucidate possible Cr(VI) 
mineral and/or chemical associations that may be responsible for Cr(VI) retention in the Hanford 
Site 100 Areas through the use of (i) macroscopic solubility studies and (ii) microscale 
characterization of contaminated sediments, and (3) from these data construct a conceptual 
model of Cr(VI) geochemistry in the Hanford 100 Area vadose zone.  These objectives are based 
on locating and obtaining contaminated sediment at different depths and at varying Cr(VI) 
concentrations.  We hypothesize that mineral/chemical-Cr(VI) associations should be related to 
the total Cr concentration and other master geochemical variables (e.g., pH, counter-cation type 
and concentration, and water content).  In addressing these objectives, additional benefits 
accrued will be (1) a  more complete understanding of Cr(VI) entrained in the vadose zone that 
can be critical to modeling potential Cr(VI) source terms, and (2) accelerating the Columbia 
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River 100 Area corridor cleanup by developing remedial action based on a fundamental 
understanding of Cr(VI) vadose zone geochemistry. 
 
In a companion project, researchers will collect vadose zone samples from the 100-D Area in 
regions that were likely contaminated by discharge of concentrated sodium dichromate solution 
to the surface.  The boreholes used to obtain the samples will also be completed as groundwater 
wells and monitored in order to refine the location of the chromium source.  Groundwater data 
will be used in a geostatistical study, coupled with analysis of groundwater flow in the area, to 
refine a conceptual model for chromium in the vadose zone and groundwater.  The dynamic 
nature of groundwater flow will be considered, using hourly measurements of groundwater 
levels collected by an automated system.  Once the general area of the chromium source is 
located, different remediation technologies could be applied to reduce it.  The first is infiltration 
of a liquid reductant (e.g., calcium polysulfide) through a drainage field constructed above the 
source area.  This technique as been successfully applied in other areas with chromate 
contamination.  Another technology for reducing hexavalent chromium to trivalent chromium is 
infusion of a strongly reducing gas (e.g., hydrogen sulfide) into the vadose zone. 
 
In Situ Biostimulation 
 
Although the primary purpose of the ISRM barrier was to immediately protect the Columbia 
River, additional remediation is required to address the high concentration portion of the 
chromium plume behind the ISRM barrier and to increase the longevity of the barrier, portions of 
which have been exhibiting signs of premature breakdown.  The proposed method to accomplish 
this is to use in situ biostimulation to reduce hexavalent chromium and other oxidizing species 
(i.e., nitrate and dissolved oxygen) and establish a permeable reactive barrier that will continue 
to treat chromium, nitrate, and dissolved oxygen under natural groundwater flow conditions. 
 
It is clear from monitoring data that the chromium plume is being fed by a continuing source of 
hexavalent chromium.  Locating and remediating this source is a high priority task for the 
Groundwater Remediation Project.  However, even after source remediation the 700-m-long 
plume will continue to be a threat to the Columbia River.  Current modeling predicts it will take 
at least 40 years for the plume with concentrations > 20 ppb to move through the ISRM barrier, 
which is well in excess of the 20-year design life of the barrier. 
 
In situ biostimulation has been extensively researched and applied to remediate various 
contaminants in aquifers over the last 20 years.  In situ biostimulation, in the context of this 
project, is the process of amending an aquifer with a substrate that induces growth and/or activity 
of indigenous bacteria for the purpose of producing a desired reaction.  For application at the 
100-D Area, the purpose of biostimulation is to induce reduction of chromate, nitrate, and 
oxygen to remove these compounds from the groundwater.  Chromate can be biologically 
reduced to insoluble Cr(III) [10] and in situ chromate reduction has been recently demonstrated 
using polylactate as a substrate at the 100-H Area of Hanford [11, 12, 13, 14].   Nitrate can be 
biologically reduced using a variety of organic substrates including vegetable oil [15], and in situ 
nitrate reduction has been demonstrated at the Hanford Site [16].  Biological nitrate reduction 
occurs as a step process where the initial intermediate degradation product is nitrite.  Under some 
conditions, nitrite concentrations can accumulate during nitrate reduction, and nitrite needs to be 
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monitored as a potential unwanted product of nitrate reduction.  The final desired product of 
biological nitrate reduction is nitrogen gas.  Dissolved oxygen is readily reduced by a wide 
variety of bacteria in the presence of a wide variety of organic substrates.   
 
Due to the potential for continuing chromate and nitrate sources, upgradient dissolved oxygen 
and a relatively long (700-m) chromate plume length, the upgradient treatment would also need 
to be effective over a long period of time (tens of years).   
 
The overall objectives of the treatability test are to (1) demonstrate field-scale reduction of 
chromate, nitrate, and dissolved oxygen concentrations and the longevity of treatment to evaluate 
the effectiveness of the process at full scale, (2) demonstrate field scale application of 
biostimulation to evaluate implementability of the process at full scale, and (3) determine the 
number of wells, type of substrate, operational strategy, and longevity for biostimulation such 
that costs for full-scale application can be effectively estimated. 
 
Key biostimulation design parameters associated with these objectives include the radius of 
influence for injection of the substrate; mass of substrate that can be injected; biomass yield for 
the substrate; bioreduction yield for chromate, nitrate, and oxygen for the substrate and biomass; 
and the rate of substrate and biomass depletion.  It is also recognized that site-specific 
hydrogeological characteristics influence the biostimulation design parameters and need to be 
determined to conduct the treatability test and to  determine how the process will be designed for 
full-scale application. 
 
Treatment of Chromate in Groundwater Using Electrocoagulation  
 
Groundwater at Hanford’s 100-D Area is contaminated with hexavalent chromium.  Remediation 
of chromate in the 100-D Area currently includes the operation of two pump-and-treat systems to 
extract groundwater for treatment.  Hexavalent chromium is removed from extracted 
groundwater using ion exchange resin and the effluent is re-injected into the aquifer.  The current 
treatment capacity of the existing systems is approximately 567.8 L/minutes.  As part of an effort 
to accelerate remediation of the chromium plume, pump–and-treat extraction rates will be 
increased up to 1,892.7 L/minute.  Using ion exchange at this treatment rate is not feasible. 
 
Electrocoagulation has been identified as an alternative treatment technology that may 
effectively and efficiently remove hexavalent chromium from the process stream at the desired 
flow rate.  A 189 L/minute treatability test will be performed to verify the efficacy of 
electrocoagulation to remove hexavalent chromium from extracted groundwater, document 
treatment cost, collect scale-up data for building a  1,892.7 L/minute  electrocoagulation system, 
and evaluate the solid waste stream generated during treatment. 
 
PROJECTS TARGETED AT STRONTIUM-90 CONTAMINATION 
 
The approach to strontium-90 at the Hanford 100-N Area includes a combination of  an apatite 
sequestration barrier and phytoremediation in the riparian zone (Fig. 3). 
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Fig. 3. Illustration of the approach to strontium-90 remediation at the Hanford 100-N Area. 
 
Sequestration of Strontium-90 Subsurface Contamination in the Hanford 100-N Area by 
Surface Infiltration of an Apatite Solution 
 
Strontium-90 discharge from past-practice liquid waste disposal sites at  the Hanford 100-N Area 
resulted in strontium-90 release to groundwater, Columbia River, and biota on the river bank.  
Although liquid discharges were terminated in 1993, strontium-90 adsorbed on aquifer solids 
remains as a continuing source to the Columbia River.  Due to strontium-90 radioactive decay 
and adsorption, only the strontium-90 within the near river environment is at risk to discharge to 
the river, so the inland pump-and-treat system that removes strontium-90 does not reduce 
potential discharge to the river and, therefore, does not meet the remedial action objectives of the 
ROD [17].  Therefore, the pump-and-treat system has been placed on standby.  A treatability test 
plan is in place to install a 90-m apatite permeable reactive barrier test wall near the shore in FY 
2006/2007.  Strontium-90 sequestration by this technology occurs by injection of Ca-PO4-citrate 
solution, in situ biodegradation of citrate resulting in apatite [Ca6(PO4)10(OH)2] precipitation, 
adsorption of strontium-90 to the apatite, then apatite recrystallization with strontium-90 
substitution for Ca (permanent) with radioactive decay of strontium-90.  Laboratory-scale studies 
have quantified the sequential processes of this technology in 100-N Area sediment.  Because 
most (60 to 70%) of the strontium-90 contamination is in the shallow, variably saturated Hanford 
formation, the most efficient means of treating this zone may be surface infiltration of the apatite 
solution, but there has been no development of this technology for vadose zone application. 
 
The primary objectives are to develop an infiltration strategy that defines apatite solution 
precipitation rate and strontium sequestration processes under variably saturated (low water 
content) conditions, and with variable apatite concentrations.  This understanding will be 
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developed through small-scale column studies, intermediate-scale two-dimensional experiments, 
and numerical modeling, which will help to quantify individual and coupled processes associated 
with apatite formation and strontium-90 transport during and after infiltration of the Ca-PO4-
citrate solution.  Development of capabilities to simulate these coupled biogeochemical 
processes during both injection and infiltration will be used to determine the most cost effective 
means to emplace an in situ apatite barrier with longevity of 300 years to permanently sequester 
strontium-90 until it decays.  Biogeochemical processes that will be investigated are citrate 
biodegradation and apatite precipitation rates at varying water contents.  Coupled processes that 
will be investigated include the influence of the formation of apatite precipitation (which 
occupies pore space) on the hydraulic and transport properties of the porous media during 
infiltration. 
 
Phytoremediation - Treatability Study along the 100-N Riparian Zone 
 
Strontium-90  exceeds the U.S. Environmental Protection Agency’s drinking water standards for 
groundwater (8pCi/L) by as much as a factor of 1000 at several locations along the 100-N Area.  
Strontium-90 is present in the aquifer near the Columbia River and within the vadose zone of the 
river’s shoreline at 100-N Area.  A radiological survey of shoreline vegetation along the Hanford 
Reach found areas where the vegetation exhibited elevated levels of radionuclides.  Of major 
concern was the 100-N Area where elevated strontium-90 was found in a number of species [18, 
19, 20].   
 
The bulk of the strontium-90 in the sediments between the bluffs and the river’s edge (about 30 
m) is bound to the sediments in a relatively thin layer that corresponds to the top of the elevated 
water table formed during the period of active disposal from 1963 to 1991 and the current water 
table.  The layer of contaminated vadose zone is fairly shallow, between 1 and 3 m thick.  The 
riparian zone, approximately 10 m, is shallow (0.2 to 1.5 m) and contains approximately 1 Ci of 
strontium-90.  Strontium-90 (both stable and fission product) is held by the soil/sediment 
primarily via an ion-exchange mechanism that retards  strontium-90 transport [21].  Its sorption 
coefficient, or Kd, is between 15 mL/g to 40 mL/g, which means approximately 99% of the  
strontium-90 is sorbed to the sediment with 1% associated with the groundwater.   
 
Phytoremediation is a managed, remediation technology in which plants or integrated 
plant/rhizosphere systems are employed to extract and/or sequester soil contaminants [22].  The 
100-N Area Innovative Treatment and Remediation Demonstration (ITRD) identified 
phytoremediation as a potential technology both for the removal of  strontium-90 from the soil of 
the riparian zone, and as a filter for groundwater along the Columbia River.  Recent greenhouse 
and growth chamber studies have demonstrated the viability of phytoextraction to remove  
strontium-90 from this area’s soil and water; in conjunction with monitored natural attenuation 
and an apatite barrier, the process would make an effective treatment for remediation of the 100-
N Area  strontium-90 plume. 
 
Once established along the riparian zone, the willows would be harvested twice a year, e.g., prior 
to high water (June) and prior to winter senescence (November).  Harvested material would be 
disposed of in an appropriate manner.   The growth and harvest cycle continues over the life of 
the remediation process, which may last between 5 and 30 years depending on the extraction rate 
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and the proximity of the upgradient apatite barrier.  The primary determinant for the required 
remediation is biomass production, which is dependent on planting density, fertilization, and 
other management practices.   
 
The primary objectives of this study are to (1) determine the most efficient fertilization method 
for Coyote willow that will generate the greatest biomass possible while protecting the Columbia 
River from excess nutrient runoff, and (2) demonstrate the efficacy of using Coyote willow as a  
strontium-90 phytoremediation tool along the riparian zone associated with the 100-N Area of 
the Hanford Site.  In performing these two tasks the additional benefits accrued will be (1) 
accelerating the Columbia River 100-N Area corridor cleanup, and (2) developing alternatives to 
the existing pump-and-treat system as specified in the interim ROD [17] for  strontium-90 in the 
100-N Area.   
 
PROJECT TARGETED AT URANIUM CONTAMINATION 
 
300 Area Uranium Plume Treatability Demonstration Project: Uranium Stabilization 
through Polyphosphate Injection 
 
A groundwater plume containing uranium from past-practice discharges of liquid waste 
associated with nuclear fuel fabrication activities has persisted beneath the Hanford Site 300 
Area for many years. The uranium plume is just upstream of the city of Richland municipal 
water supply intake on the Columbia River. In addition, elevated uranium concentrations enter 
the river along the shoreline and enter the riparian and river biota through seeps. The 1996 record 
of decision (ROD) [23] for the 300-FF-5 Operable Unit stipulated an interim action program of 
natural attenuation process accompanied by increased groundwater monitoring. The remedial 
action objective of the ROD is to lower the concentration of groundwater uranium to the U. S. 
Environmental Protection Agency maximum contaminant level concentration of 30 µg/l.  
Despite the cessation of uranium releases and the removal of shallow vadose zone source 
materials, the second five-year review of the ROD will state that as of 2006, dissolved uranium 
concentration below the cleanup criteria established by the ROD have not been achieved within 
the anticipated 10-year time period. A Phase III Feasibility Study was begun in 2005 to identify 
and evaluate remedial alternatives that will accelerate monitored natural attenuation of the 
uranium plume. Polyphosphate application is judged to be the most promising among five other 
active remedial technologies for uranium at this site. Presently, a focused application of 
polyphosphate is proposed in source or “hot spot” areas to reduce the inventory of available 
uranium that contributes to the groundwater plume (Fig. 4) through direct precipitation of uranyl-
phosphate solids and secondary containment via precipitation of apatite acting as a long-term 
sorbent for uranium [24, 25, 26, 27]. 
 
The objective of the proposed treatability test is to evaluate the efficacy of using polyphosphate 
injections to treat uranium contaminated groundwater in situ. This study will be used to (1) 
develop implementation cost estimates, (2) identify implementation challenges, and (3) 
investigate the technology’s ability to meet remedial objectives. 
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Fig. 4.  Schematic depicting the 300-FF-5 Operable Unit geology and proposed treatability test of 

polyphosphate to sequester uranium. 

 
These activities will be conducted in parallel with a limited field investigation, which is currently 
underway, to more accurately define the vertical extent of uranium in the vadose zone and in the 
capillary fringe zone laterally throughout the plume.  The treatability test will establish the 
viability of the method and, along with characterization data from the limited field investigation, 
will provide the means to determine how best to implement the technology in the field. By 
conducting the treatability work in parallel with the ongoing limited field investigation, the 
resulting feasibility study  will provide proven, site-specific information to evaluate 
polyphosphate application and select a suitable remediation strategy for the uranium plume 
within the feasibility study time frame at an overall cost savings. 
 
PROJECT TARGETED AT CARBON TETRACHLORIDE AND CHLOROFORM 
CONTAMINATION 
 
Between 1955 and 1973, an estimated 750,000 kg of carbon tetrachloride were discharged to the 
soil in the 200 West Area of the Hanford Site as part of the plutonium production process.  Of 
this amount, some carbon tetrachloride reached the groundwater more than 70 m below the 
ground surface and formed a plume of 10 km2.  Recent information has shown that the  carbon 
tetrachloride plume extends to a depth of at least 60 m below the water table.  Some  carbon 
tetrachloride has been degraded either by the original process or subsequent transformations in 
the subsurface to form a co-existing chloroform plume.   
 
Although current characterization efforts are improving the conceptual model of the source area, 
more information is needed to effectively assess the fate and transport of carbon tetrachloride 
and chloroform  to support upcoming remediation decisions for the plume.  As noted in a 
simulation study by Truex et al. [28], parameters describing porosity, sorption, and abiotic 
degradation have the largest influence on predicted plume behavior.  The new project will 
improve the ability to predict future plume movement by better quantifying abiotic degradation 
mechanisms and rate.  This effort will help define how much active remediation may be needed 
and estimate where the plume will eventually stabilize – key factors in determining the most 
appropriate remedy for the plume.  
 



WM ’07 Conference, February 25-March 1, 2007, Tucson, AZ 

A preliminary evaluation of remediation alternatives for the plume [29] drew the following 
conclusions:   

“The conditions present at the 200 West Area appear favorable to the successful 
implementation of the MNA [Monitored Natural Attenuation] approach.  
Application of this technique in conjunction with source-term removal or 
containment and control in both the vadose zone and the ground water could be a 
potentially cost-effective strategy.  The most significant requirement is to identify 
and quantify the natural attenuation mechanisms in both the soil and ground 
water at Hanford.”   

Of the possible natural attenuation mechanisms, biodegradation is not likely to contribute 
significantly [28].  In contrast, abiotic degradation processes such as hydrolysis and reduction are 
likely to contribute significantly [28], and, therefore, are important to understand in the context 
of selecting how active remedies will be applied to the carbon tetrachloride and chloroform 
plume at Hanford.  Previous field and modeling efforts have focused on determining the impacts 
of other attenuation mechanisms including dispersion and dilution processes and  carbon 
tetrachloride sorption to Hanford sediments [30].  The abiotic degradation processes, however, 
are not well understood.  
 
Previous determinations of the hydrolysis rate for  carbon tetrachloride in water (i.e., 
homogeneous hydrolysis) have been made [31, 32], but they involved experiments at high 
temperature (>70oC).  Arrhenius parameters developed from these data were used to extrapolate 
the hydrolysis rate to ambient groundwater temperatures.  However, the uncertainty in these 
values is so large that the current information is not sufficient to determine whether the 
attenuation rate by hydrolysis will have a significant impact on the plume.   
 
To our knowledge, no studies have been made of the possible effects of interactions with solid 
phases (i.e., heterogeneous effects) on hydrolysis of either carbon tetrachloride or chloroform.  A 
limited body of work exists for other organic compounds at high temperatures.  For example, 
Jeffers et al. [33] attempted to measure the possible effect of mineral surfaces on hydrolysis rate 
of trichloroethane, trichloroethene, and perchloroethene, and found the rates for these 
compounds unchanged, even in the presence of sulfide minerals.  The possible mechanism by 
which heterogeneous hydrolysis differs from homogeneous hydrolysis is associated with the 
sorption of carbon tetrachloride or chloroform to the solid phase.  By analogy to heterogeneous 
catalysis theory, sorption can increase the hydrolysis rate by the immediate release of energy that 
occurs when the surface complex forms.  This energy temporarily raises the local temperature 
and effectively lowers the activation energy for the reaction.  Because amount of sorption is 
greater at low temperatures, a heterogeneous effect on hydrolysis would be expected to have its 
greatest impact at low temperatures such as found in groundwater. 
 
The primary objectives of the project are to (1) determine the neutral and base-catalyzed 
homogeneous hydrolysis rates for  chloroform under near-ambient temperatures, (2) determine 
the impact and mechanisms of representative Hanford mineral surfaces on the hydrolysis of  
carbon tetrachloride at near-ambient temperatures and (3) determine the impact and mechanisms 
of representative Hanford mineral surfaces on the neutral and base-catalyzed hydrolysis of  
chloroform at near-ambient temperatures. 
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CONCLUSION 
 
Using a peer review process, nine projects have been selected for funding by the US Department 
of Energy’s EM-22 Columbia River Protection Supplemental Technologies Project. These 
projects are targeted at developing new treatment technologies for four of the major groundwater 
contaminants at the Hanford site: hexavalent chromium, strontium-90, uranium and carbon 
tetrachloride. It is anticipated that these new technologies will augment the existing groundwater 
clean up technologies at Hanford in order to accelerate the time table for achieving the remedial 
action objectives for the various CERCLA groundwater operable units. 
 
REFERENCES 
 
1. CERCLA – Comprehensive Environmental Response, Compensation, and Liability Act, 

Public Law 96-150, as amended, 94 Stat. 2767, 42 USC 9601 et seq (1980). 
2. 40 CFR 300.  “National Oil and Hazardous Substances Pollution Contingency Plan.”  Code 

of Federal Regulations, as amended. 
3. M. Ginder-Vogel, T. Borch, M.A. Mayes, P.M. Jardine, and S. Fendorf, “Chromate 

Reduction and Retention Processes within Arid Subsurface Environments,” Environ. Sci. 
Technol. 39:7833-7839 (2005). 

4. S. Fendorf and G. Li, “Kinetics of Chromate Reduction by Ferrous Iron,” Environ. Sci. 
Technol. 30:1614-1617 (1996). 

5. S. Fendorf B.W. Wielinga, and C.M. Hansel, “Chromium Transformations in Natural 
Environments: The Role of Biological and Abiological Processes in Chromium(VI) 
Reduction,”  International Geology Review 42: 691-701 (2000). 

6. D.S. Oliver, F.R. Brockman, R.S Bowman, and T.L. Kieft, “Microbial Reduction of 
Hexavalent Chromium under Vadose Zone Conditions,” J. Environ. Qual. 32:317-324 
(2003). 

7. J.M. Zachara, C.C. Ainsworth, G.E. Brown, J.G. Catalano, J.P. Mckinley, O.S. Qafoku, S.C. 
Smith, J.E. Szecsody, S.J. Traina, and J.A. Warner, “Chromium Speciation and Mobility in a 
High Level Nuclear Waste Vadose Zone Plume,” Geochem. Cosmochim. Acta 68:13-30 
(2004). 

8. N.P. Qafoku, C.C. Ainsworth, J.E. Szecsody, and O.S. Qafoku, “Effect of Coupled 
Dissolution and Redox Reactions on Cr(VI)aq Attenuation during Transport in the Hanford 
Sediments under Hyperalkaline Conditions,” Environ. Sci. Technol. 37:3640-3646 (2003). 

9. FHI, Mending The In Situ Redox Manipulation Barrier, WMP-28119, Rev. 0, Fluor Hanford, 
Inc., Richland, Washington (2005). 

10. M. Alam A. Hossain, D. Yonge, B. Peyton, and J. PETERSEN, “Bioreduction of Hexavalent 
Chromium in Flow-Through Quartz Sand Columns,”  J. Environ. Engineering  132(3):358-
366 (2006). 

11. T.C. Hazen, D. Joyner, S. Borglin, B. Faybishenko, M. Conrad, C. Rios-Valezquez, 
J.Malave, R.E.Martinez, G.L.Andersen, M.Firestone, E.Brodie, P.E.Long, A.Willet, and 
S.Koenigsberg, Functional Microbial Changes During Lactate and HRC-Stimulated 
Bioreduction of Cr(VI) in Hanford 100H Sediments, American Society for Microbiology 
104th Meeting, New Orleans, Louisiana, May 19-23, (2004). 

12. T.C. Hazen, B. Faybishenko, E. Brodie, D. Joyner, S. E. Borglin, R. Chakraborty, M. 
Conrad, T. Tokunaga, J. Wan, S. Hubbard, K. Williams, J. Peterson, M. Firestone, G. 



WM ’07 Conference, February 25-March 1, 2007, Tucson, AZ 

Andersen, T. Desantis, P. E. Long, D. R. Newcomer, A. Willett, and S. Koenigsberg, Long-
Term Chromium Bio-Immobilization at the Hanford 100H Site: Geochemical and 
Microbiological Response to Slow Release Electron Donor.  American Society for 
Microbiology Annual Meeting, Orlando, Florida, May (2006). 

13. P.E. Long, D. R. Newcomer, C. T. Resch, K. Cantrell, B. Faybishenko, T. C. Hazen, E. 
Brodie, D. Joyner, S. Borglin, J. Hanlon, M. Conrad, T. Tokunaga, J. Wan, S. Hubbard, K. 
Williams, J. Peterson, M. Firestone, G. Andersen, T. Desantis, A. Willett, and S. 
Koenigsberg.   Evaluation of the Effectiveness of Cr(VI) Biostimulation in Groundwater at 
Hanford 100H Site.  Spring meeting of American Geophysical Union, Baltimore, Maryland, 
May (2006). 

14. B. Faybishenko, T. C. Hazen, E. Brodie, D. Joyner, S. Borglin, J. Hanlon, M. Conrad, T. 
Tokunaga, J. Wan, S. Hubbard, K. Williams, J. Peterson, M. Firestone, G. Andersen, T. 
Desantis, P. E. Long, D. R. Newcomer, C. T. Resch, A. Willett, and S. Koenigsberg, Tracer 
Tests and Field Monitoring of In situ Cr(VI) Bioreduction at the Hanford 100H Site,  Spring 
meeting of American Geophysical Union, Baltimore, Maryland, May (2006). 

15.  W. Hunter, “Use of Vegetable Oil in a Pilot-Scale Denitrifying Barrier,” J. Contam. Hydrol. 
53:119-131 (2001). 

16. B.S. Hooker, R.S. Skeen, M.J. Truex, C.D. Johnson, B.M. Peyton, and D.B. Anderson, “In 
Situ Bioremediation of Carbon Tetrachloride: Field Test Results,” Bioremediation Journal, 
3: 181-193 (1998). 

17. EPA,  Record of Decision for the DOE Hanford 100-NR-1 Operable Unit Interim Remedial 
Actions.  EPA/ROD/R10-00-120, U.S. Environmental Protection Agency, Region 10, Seattle, 
Washington (2000). 

18. E.J. Antonio, Tm Poston, and W.H. Rickard, Jr., Radiological Survey of Shoreline Vegetation 
from the Hanford Reach of the Columbia River, 1990-1992, PNL-8797, Pacific Northwest 
National Laboratory, Richland, Washington (1993). 

19. S.P. Van Verst, C.L. Albin, G.W. Patton, and M.L. Blanton, Survey of Radiological 
Contaminants in the Near-Shore Environment at the Hanford Site 100-N Reactor Area, 
PNNL-11933, Pacific Northwest National Laboratory, Richland, Washington (1998). 

20. T.M. Poston, R.W. Hanf, and R.L. Dirkes (eds.), Hanford Site Environmental Report for 
Calendar Year 1999, PNNL-13230, Pacific Northwest National Laboratory, Richland,  
Washington (2000). 

21. R. J. Serne and V.L. Legore, Strontium-90 Adsorption-Desorption Properties and Sediment 
Characterization at the 100-N Area, PNL-10899, Pacific Northwest National Laboratory,  
Richland, Washington (1996). 

22. INEEL, Proceedings from the Workshop on Phtyoremediation of Inorganic Contaminants,   
INEEL/EXT-2000-00207, Argonne National Laboratory, Chicago, Illinois, Idaho National 
Engineering and Environmental Laboratory, Idaho Falls, Idaho (2000). 

23. EPA, Record of Decision for the USDOE Hanford 300-FF-1 and 300-FF-5 Operable Units 
Remedial Actions.  EPA/ROD/R10-96/143, U.S. Environmental Protection Agency, Region 
10, Seattle, Washington (2000). 

24. J.S. Arey, J.C. Seaman, and P.M. Bertsch, “Immobilization of Uranium in Contaminated 
Sediments by Hydroxyapatite Addition,” Environmental Science and Technology, 33, 337-
342 (1999). 



WM ’07 Conference, February 25-March 1, 2007, Tucson, AZ 

25. C.C. Fuller, J.R. Bargar, J.A. Davis, and M.J. Piana, “Mechanisms of Uranium Interactions 
with Hydroxyapatite: Implication for Groundwater Remediation,” Environmental Science 
and Technology, 36, 158-165 (2002). 

26. C.C. Fuller, J.R. Bargar, and J.A. Davis, “Molecular-Scale Characterization of Uranium 
Sorption by Bone Apatite Materials for a Permeable Reactive Barrier Demonstration,” 
Environmental Science and Technology, 37, 4642-4649 (2003). 

27. P. Thakur, R.C. Moore, and G.R. Choppin, “Sorption of U(VI) Species on Hydroxyapatite,” 
Radiochimica Acta, 93, 385-391 (2005). 

28. M.J. Truex, C.J. Murray, C.R. Cole, R.J. Cameron, M.D. Johnson, R.S. Skeen, and C.D. 
Johnson, Assessment of Carbon Tetrachloride Groundwater Transport in Support of the 
Hanford Carbon Tetrachloride Innovative Technology Demonstration Program, PNNL-
13650, Pacific Northwest National Laboratory, Richland, Washington (2001). 

29. M. Siegel, G. Ballew, W.C. Cheng, M. Hightower, L. Maffitt, and Y. McClellan, Hanford 
200 West Area Carbon Tetrachloride Project Innovative Remediation Technology Review 
1999-2000, SAND2003-0150P, Sandia National Laboratories, Albuquerque, New Mexico 
(2003). 

30. R.G. Riley, D.S. Sklarew, C.F. Brown, P.M. Gent, J.E. Szecsody, A.V. Mitroshkov, and C.J. 
Thompson, Carbon Tetrachloride and Chloroform Partition Coefficients Derived from 
Aqueous Desorption of Contaminated Hanford Sediments, PNNL-15239, Pacific Northwest 
National Laboratory, Richland, Washington (2005). 

31. P.M. Jeffers, L.M. Ward, L.M. Woytowitch, and N.L. Wolfe, “Homogeneous Hydrolysis 
Rate Constants for Selected Chlorinated Methanes, Ethanes, Ethenes, and Propanes,” 
Environ. Sci. Technol. 23:965-969 (1989). 

32. P.M. Jeffers, C. Brenner, and N.L. Wolfe, “Hydrolysis of Carbon Tetrachloride,” Environ. 
Toxicol. Chem. 15:1064-1065 (1996). 

33. P.M. Jeffers, P. Coty, S. Luczak, and N.L. Wolfe, “Halocarbon Hydrolysis Rates—A Search 
for Ionic Strength and Heterogeneous Effects,” J. Environ. Sci. Health A29:821-831 (1994). 

 


