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Summary

Efforts to reduce the flux of strontium-90 (°°Sr) to the Columbia River from past-practice liquid
waste disposal sites have been underway since the early 1990s in the 100-N Area at the Hanford Site.
Termination of all liquid discharges to the ground in 1993 was a major step toward meeting this goal.
However, ’Sr adsorbed on aquifer solids beneath the liquid waste disposal sites and extending beneath
the near-shore riverbed remains a continuing source to groundwater and the Columbia River. Researchers
realized from the onset that the initial pump-and-treat system was unlikely to be an effective long-term
solution because of the geochemical characteristics of *°Sr; subsequent performance monitoring has
substantiated this theory. Accordingly, the first Comprehensive Environmental Response, Compensation,
and Liability Act of 1980 (CERCLA) 5-year review re-emphasized the need to pursue alternative methods
to reduce impacts on the Columbia River.'

Following an evaluation of potential *’Sr treatment technologies and their applicability under
100-NR-2 hydrogeologic conditions, U.S. Department of Energy, Fluor Hanford, Inc. (FH), Pacific
Northwest National Laboratory, and the Washington State Department of Ecology agreed the long-term
strategy for groundwater remediation at the 100-N Area will include apatite sequestration as the primary
treatment, followed by a secondary treatment—or polishing step—if necessary (most likely phytore-
mediation). Since then, the agencies have worked together to agree on which apatite-sequestration
technology has the greatest chance of reducing *°Sr flux to the Columbia River at a reasonable cost. In
July 2005, aqueous injection, (i.e., the introduction of apatite-forming chemicals into the subsurface) was
endorsed as the interim remedy and selected for field testing. Studies are in progress to assess the
efficacy of in situ apatite formation by aqueous solution injection to address both the vadose zone and the
shallow aquifer along the 91 m (300 ft) of shoreline where *’Sr concentrations are highest. This report
describes the field testing of the shallow aquifer treatment that was funded by FH.

A low-concentration, apatite-forming solution was injected into the shallow aquifer in 10 injection
wells during fiscal years 2006 and 2007, and performance monitoring is underway. The low-
concentration, apatite-forming solution consists primarily of calcium chloride, trisodium citrate, and
sodium phosphate. The objective of the low-concentration Ca-citrate-PO, injections is to stabilize the
%0Sr in the aquifer at the test site, to be followed by high-concentration injections to provide for long-term
Sr treatment. Two pilot test sites at the east and west ends of the barrier, which are equipped with
extensive monitoring well networks, were used for the initial injections to develop the injection design for
the remaining portions of the barrier. Based on a comparison of hydraulic and transport response data at
the two pilot test sites, it was determined the apparent permeability contrast between the Hanford and
Ringold Formations was significantly less over the upstream portion of the barrier, allowing for treatment
of the entire Hanford/Ringold Formation screened interval with a single-injection operation at the high-
river stage. Because of a larger contrast over the downstream portion of the barrier, wells screened only
across the contaminated portion of the Ringold Formation will be installed before future injections to
allow for better treatment efficiency and coverage.

! Comprehensive Environmental Response, Compensation, and Liability Act. 1980. Public Law 96-510, as
amended, 94 Stat. 2767, 42 USC 9601 et seq.
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Analysis of the operational and early monitoring results of the pilot tests were used to modify the
injection solution composition, injection volumes, and operational parameters. A tracer injection test and
the first pilot apatite injection test were conducted at the upstream end of the barrier in the spring of 2006
during high-river stage conditions. A second pilot test was conducted at the downstream end of the
barrier in September 2006 during low-river stage conditions. Injections in the 10 barrier wells were
conducted during two phases: the first in February-March 2007, which was supposed to target low-river
stage conditions but resulted in both low- and high-river stage conditions, and a second phase in June-July
2007 during high-river stage conditions.

River stage during the barrier injection was an important parameter in the depth interval treated and
treatment efficiency. River stage along this section of the Columbia River is controlled by the rate of
discharge at Priest Rapids Dam, located approximately 29 km (18 mi) upstream of the 100-N Area.
Initially, researchers theorized that conducting injections during low-river stage would provide treatment
in the Ringold Formation, while injections during high-river stage would provide treatment in the
Hanford formation. For the upstream portion of the barrier, the contrast between permeability in the
Hanford and Ringold Formations was sufficiently small that injections at high-river stage alone were
successful in treating both the Hanford and Ringold Formations. However, for the downstream portion of
the barrier, multiple injections did not provide complete treatment. High-river stage conditions provided
a hydraulic barrier that contained the injection solution in the Hanford formation, allowing adequate
treatment. Unfortunately, it appeared that injections conducted during low-river stage were of limited
success in providing adequate treatment in the Ringold Formation. The large contrast in permeability
between the Hanford and Ringold Formations along the downstream portion of the barrier resulted in the
loss of a significant portion of the injection volume to the relatively thin saturated Hanford formation
interval, associated shoreline seeps, and limited treatment of the Ringold Formation.

Design specifications for the barrier installation stipulated that the chemical concentrations should
be at least 50% of injection concentration 6 m (20 ft) from each injection well. This specification is
considered a sufficient radial extent of treatment to provide overlap of treatment between injection wells.
While monitoring points were not installed between injection wells outside the pilot test sites, monitoring
was conducted in adjacent injection wells during treatment operations. Because no monitoring wells were
available at a 6 m (20 ft) radial distance to assess the extent of treatment, arrival data from adjacent
injection wells (9-m [30-ft] spacing) were used as an indicator. To account for the increase in radial
distance to this monitoring point, the phosphate-concentration metric for arrival at adjacent injection wells
was reduced to 20% to 30% of the injection concentration (from 50% at a 6-m [20-ft] distance). Based on
this injection-performance metric, phosphate concentrations measured in adjacent, fully screened injec-
tion wells indicated generally satisfactory treatment. However, data from available Ringold Formation
monitoring wells indicated treatment of the Ringold Formation over the downstream portion of the barrier
(where Hanford/Ringold Formation permeability contrast is larger) was not as effective.

Temporary increases in strontium and *’Sr were expected during the low-concentration Ca-citrate-
PO, field injection tests, which were designed based on bench-scale laboratory studies with low-
concentration formulation and sediments from the 100-N Area. The observed increases in *°Sr
concentration are caused by the higher ionic strength of the solution and increases in calcium concen-
tration resulting from this process. Concentrations are expected to decline over time (months, years) as
the *°Sr is incorporated through initial precipitation and adsorption/slow incorporation into the apatite,
and as the reagent plume dissipates.
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The *°Sr concentrations in monitoring wells at the first pilot test site, conducted in the spring of 2006,
showed an average increase in peak *’Sr concentrations of 8.4 times the average baseline measurements at
the site measured earlier in the year. Based on these results and additional laboratory measurements, the
Ca-citrate-PO, injection concentrations were revised with lower calcium and citrate concentrations
(2.5 times) for the second pilot test conducted in the fall of 2006. Average peak *°Sr concentrations
following the second pilot test injection were significantly lower than the first pilot test (3.8 times the
average baseline *Sr concentrations) while still targeting the same level of apatite formation. The
injection formulation was revised again following the second pilot test with further decreases in calcium
and citrate concentrations, and a ~4 times increase in the phosphate concentration to maximize the apatite
precipitate mass and minimize the initial *°Sr increase. This final low-concentration formulation was used
for the barrier well injections conducted in 2007. Monitoring of %Sr concentrations at the two pilot test
sites in 2007 using the final low-concentration formulation showed average peak increases of 2.8 times
the baseline average *’Sr at the first pilot test site and 2.3 times the baseline average *°Sr at the second test
site.

The *°Sr concentrations in groundwater along the Columbia River at the 100-N Area show significant
temporal variability based on measurements from aquifer tubes and compliance monitoring wells installed
prior to the apatite treatability test. Additionally, there is a general spatial trend in *’Sr concentrations in
the aquifer along the river, with the highest concentrations existing over the central/downstream portion
of the barrier, and concentrations decreasing from this high in both the upstream and downstream
directions. Because of the short time between the installation of compliance, injection, and pilot test
monitoring wells at the 100-N Area apatite treatability test site and the Ca-citrate-PO; injections (started
at the site in the spring of 2006), there were insufficient data from these wells to establish baseline
conditions for *Sr. Therefore, baseline *’Sr ranges were developed for the injection and compliance
wells at the treatability test site based on gross beta concentrations from nearby aquifer tubes and limited
preinjection *’Sr monitoring from the treatability test wells.

The *°Sr, gross beta, and SpC monitoring data available for inclusion in this interim report (up to and
including samples collected on November 14, 2007) showed post-treatment increases in these values at
the injection wells, compliance wells, and aquifer tubes. However, this initial spike in *’Sr concentration
was followed by a generally decreasing trend at all injection well locations. Longer-term post-treatment
Sr concentrations at most injection well locations showed that levels were maintained near or below the
low end of the estimated range in baseline *°Sr concentrations, indicating the low-concentration treat-
ments likely had an impact on aqueous °*°Sr concentrations within the treatment zone. Additional
monitoring that encompasses the full extent of seasonal variability in Columbia River stage would be
required to fully assess the effectiveness of the low-concentration treatments. Note also that wells
screened only in the Hanford formation at the pilot test sites have been dry since shortly after the 2007
injections. Monitoring in these Hanford formation-screened wells will resume after the river stage
increases in the spring of 2008. Because high-concentration injections will be conducted during the
upcoming spring/summer high-river stage period, continued assessment of the effectiveness of the low-
concentration treatments cannot be continued after these injections commence. Attention will shift
instead to performance assessment of high-concentration treatments, which is the primary objective of the
apatite treatability studies.

Longer-term, post-treatment *’Sr concentrations in the compliance monitoring wells and river tubes
have generally remained high relative to baseline ranges, although values had started to drop by the end of
the monitoring period. Elevated *Sr concentrations were well correlated with elevated SpC values,




indicating elevated *°Sr concentrations are likely associated with impacts from residual high-ionic
strength injection solutions. Compliance monitoring wells and river tubes are located outside the primary
treatment zone and therefore are expected to take additional time for *°Sr concentrations to decline to
treatment zone levels.

The objectives of the field treatability testing, as stated in the treatability test plan (DOE/RL 2006), is
to address the following:*

e Will apatite precipitate in the target zone?
e Does the apatite result in reducing *Sr in groundwater?

e Given a fixed well spacing of 9 m (30 ft), what is the optimal injection volume per well for
installation of a 91-m (300-ft) barrier wall?

As anticipated, the objectives outlined in the treatability test plan were not fully met during this
initial, low-concentration treatment phase of the project. Injections using a higher-concentration chemical
formulation will be required to fully assess the first two objectives. However, injection volume
requirements for installation of the 91-m (300-ft) PRB were determined.

2 DOE/RL -US. Department of Energy, Richland Operations Office. 2006. Strontium-90 Treatability Test Plan
for 100-NR-2 Groundwater Operable Unit. DOE/RL-2005-96, Rev. 0, U.S. Department of Energy, Richland
Operations Office, Richland, Washington.
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1.0 Introduction

Efforts to reduce the flux of strontium-90 (*°Sr) to the Columbia River from past-practice liquid
waste disposal sites have been underway since the early 1990s in the 100-N Area at the Hanford Site
(Figures 1.1 and 1.2). Termination of all liquid discharges to the ground by 1993 was a major step toward
meeting this goal. However, *’Sr adsorbed on aquifer solids beneath the liquid waste disposal sites and
extending to beneath the near-shore riverbed remains a continuing source to groundwater and the
Columbia River.

The remedy specified in the 100-NR-1/2 Interim Action Record of Decision (Ecology 1999) included
operation of a pump-and-treat system, as well as a requirement to evaluate alternative *’Sr treatment
technologies. Researchers recognized from the onset that the pump-and-treat system was unlikely to be
an effective long-term treatment method because of the geochemical characteristics of °°Sr, the primary
contaminant of concern. Subsequent performance monitoring has substantiated this expectation.
Accordingly, the first Comprehensive Environmental Response, Compensation, and Liability Act of 1980
(CERCLA) 5-year review re-emphasized the need to pursue alternative methods to reduce impacts on the
Columbia River.

With the presentation of the Evaluation of *’Sr Treatment Technologies for the 100 NR-2 Ground-
water Operable Unit ' at the December 8, 2004, public meeting, U.S. Department of Energy (DOE),
Fluor Hanford, Inc. (FH), Pacific Northwest National Laboratory (PNNL), and the Washington State
Department of Ecology (Ecology) agreed that the long-term strategy for groundwater remediation at the
100-N Area will include apatite sequestration as the primary treatment, followed by a secondary
treatment—or polishing step—if necessary (most likely phytoremediation). Since then, the agencies have
worked together to agree on which apatite sequestration technology has the greatest chance of reducing
%Sr flux to the Columbia River at a reasonable cost. In July 2005, aqueous injection, (i.e., the
introduction of apatite-forming chemicals into the subsurface) was endorsed as the interim remedy and
selected for field testing. Studies are in progress to assess the efficacy of in situ apatite formation by
aqueous solution injection to address both the vadose zone and the shallow aquifer along the 91 m (300 ft)
of shoreline where *’Sr concentrations are highest (see Figures 1.2 to 1.4).

A low-concentration, apatite-forming solution was injected into the shallow aquifer in 10 injection
wells during fiscal year (FY) 2006 and 2007, and performance monitoring is underway. The low-
concentration, apatite-forming solution consists primarily of calcium chloride, trisodium citrate, and
sodium phosphate. The objective of the low-concentration Ca-citrate-PO, solution injections is to
stabilize the *Sr in the aquifer at the test site, to be followed by high-concentration injections to provide
for long-term *°Sr treatment. Two pilot test sites at the east and west ends of the barrier, which are
equipped with extensive monitoring well networks, were used for the initial injections to develop the
injection design for the remaining portions of the barrier. A detailed discussion of objectives and
technical approach for these field activities is provided in a project-specific treatability test plan (DOE/RL
2006).

! Fluor Hanford, Inc. and CH2M HILL Hanford Group. 2004. Evaluation of Strontium-90 Treatment Technologies
for the 100-NR-2 Groundwater Operable Unit. Letter Report available online at
http://www.washingtonclosure.com/projects/endstate/risk_library.html#narea.
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The objective of the field treatability testing, as stated in the treatability test plan (DOE/RL 2006), is
to address the following:

o Will apatite precipitate in the target zone?
e Does the apatite result in reducing *°Sr in groundwater?

¢ Given a fixed well spacing of 9 m (30 ft), what is the optimal injection volume per well for
installation of a 91-m (300-ft) barrier wall?

The first two questions are not addressed in this interim report for the low Ca-citrate-POy, injections,
but will be addressed from analysis of sediment samples collected from coreholes within the treatment
zone and performance groundwater monitoring following the high-concentration Ca-citrate-PO,
injections scheduled to begin in 2008. Injection volumes for the fixed 9.1-m (30-ft) spacing injection
wells to create the barrier were determined based on the field-sampling results of the low-concentration
Ca-citrate-POy injections described in Section 7 of this report. In addition to the injection volumes,
recommendations were made for installation of injection wells targeting only the lower portion of the
contaminated zone for improved and more efficient reagent coverage for the downstream section of the
barrier. These additional wells are planned to be installed in the winter and spring of 2008. Higher-
concentration Ca-citrate-PO, solution injections are planned for FY 2008.

This report describes the technology, laboratory development, and field testing of a saturated zone
injection approach using low-concentration Ca-citrate-PO, solutions at the 100-N Area for the treatment
of *°Sr contamination in situ. The studies presented in this report were funded by FH.

Section 2.0 of this report describes the general characteristics of apatite and mineral apatite; the
aqueous injection technique; potential chemical effects of this treatment; and the testing that has been
done using this technology. Section 3.0 describes bench tests conducted at Sandia National Laboratories
and at PNNL to demonstrate the feasibility of aqueous injection, and to quantify various processes
involved in the technology. Section 4.0 presents site setup and initial characterization for the 91-m
(300-ft) long barrier at 100-N Area, and Section 5.0 describes pilot field testing with detailed short-term
monitoring results. Section 6.0 contains the design analysis, and Section 7.0 describes the barrier
installation injections of the revised low-concentration, apatite-forming solution. Section 8.0 contains the
longer-term performance monitoring results, Section 9.0 the summary and path forward, and Section 10.0
provides the cited references.

1.1 Background

The Hanford Site is a DOE-owned site located in southeastern Washington State near Richland,
Washington (Figure 1.1). The 100-N Area is located along the Columbia River and includes the 100-N
Reactor, a DOE nuclear reac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>